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Foreword 

The A C S S Y M P O S I U M SERIES was founded in 1974 to provide a 
medium for publ ishing symposia qu i ck ly in book form. The 
format of the Series parallels that of the continuing A D V A N C E S 
IN C H E M I S T R Y SERIES except that, in order to save t ime, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of th
Adv i sory Board and are selected to maintain the integrity of the 
symposia ; however, verbat im reproductions of previously pub
lished papers are not accepted. Both reviews and reports o f 
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

X L A N T C E L L WALLS A R E COMPLEX, H E T E R O G E N E O U S STRUCTURES 
composed mainly of polymers, such as cellulose, hemicelluloses, and 
lignins. In spite of several decades of research, cell wall assembly and the 
biosynthesis and ultimate biodegradative pathways of individual polymers 
are still far from being fully understood. One simple example will suffice: 
Even today, no enzyme capabl
has been obtained. 

The objective of the symposium on which this book is based was to 
bring together scientists from different plant-related disciplines, who do 
not often interact with each other, to discuss the subjects of cell wall 
polymer biogenesis and biodégradation. These individuals, linked by a 
common interest in plant polymers, exchanged, promoted, and at times 
discarded ideas, often in spirited discussions. This book attempts to 
place current and emerging concepts that were discussed into a common 
perspective. This approach is timely because within the past five years 
several subject areas have advanced rapidly. For example, an increased 
understanding of lignin biogenesis and structure has been achieved by in 
situ labeling, and new techniques for structural analysis of other plant 
polymers (e.g., cutin, suberin, and hemicelluloses) have been developed. 
Additionally, scientists have made substantial progress in localizing the 
enzymes associated with cell wall polymer formation and have an 
improved understanding of the temporal and spatial distribution of 
polymer constituents within the plant cell wall. This progress leads to 
the conclusion that we can make an optimistic prognosis for the eventual 
understanding of the mechanism of cell wall assembly. 

The same facts apply to biodegradative processes: Five years ago, 
little was known about the enzymology of lignin biodégradation, and the 
molecular biology of cellulases was in its infancy. Advances have since 
been made in leaps and bounds; these advances are fully discussed within 
this volume. 

This book is divided into eight sections, spanning cell wall 
development, biogenesis, plant-microbe interactions, and bio-
degradation. Each section contains informative, up-to-date reviews and 
original reports by some of the leading researchers in their fields. 

xi 
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Chapter 1 

Control of Plant Cell Wall Biogenesis 

An Overview 

D. H . Northcote 

Department of Biochemistry, University of Cambridge, Tennis Court 
Road, Cambridge CB2 1QW, England 

All the polysaccharides of the cell wall are synthesized 
in association with phospholipid membranes. The hemi
celluloses and pectin polysaccharides are formed at the 
membranes of the Golgi apparatus, cellulose at the 
plasma membrane. Control of the rate of polysaccharide 
synthesized and the type of polymer formed is exerted 
by the transport of donor nucleoside diphosphate sugar 
molecules across the membranes, the amount, type, and 
activity of the synthases (glycosyltransferases) and fusion 
and targetting of vesicles containing the polysaccharides 
at specific sites at the plasma membrane. The formation 
of a polysaccharide typically depends on an enzyme com
plex organized on a membrane. The complex consists of 
transporters, glycosyltransferases, epimerases and bind
ing proteins to hold the acceptor molecules. In addition 
to these, subsidiary proteins may also be present which 
may act to bring about and control the assembly of the 
complex and its location on the membrane. They may 
also act as modulators of the polysaccharide synthesis 
in conjunction with smaller molecules or ions. During 
xylem formation, lignin is deposited as well as polysac
charides. Part of the control mechanism for the forma
tion of lignin is the level of phenylalanine ammonia lyase 
activity. Proteins and lipids are also deposited in the 
wall and although these constituents are not present in 
large amounts, they are very important for the function 
of the wall and the cell during growth. 

0097-6156/89/0399-0001$06.00/0 
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2 PLANT C E L L WALL POLYMERS 

T h e cell wal l is formed f rom mater ials w i t h i n the cy top lasm w h i c h are 
subsequently transported either as monomers or polymers to the outside 
of the cel l . D u r i n g growth and differentiation of the cell its composi t ion 
and structure changes, and i t can also alter i n response to environmental 
factors. There is therefore a dialogue between the outside of the cell and 
the synthet ic and transport systems at the inside of the cell so that the 
changes i n the wa l l are brought about i n an ordered manner at par t i cu lar 
stages of its development (1). 

T h e ma jor polymers that make up the wa l l are polysaccharides and 
l i gn in . These occur together w i t h more minor but very i m p o r t a n t con
st ituents such as prote in and l i p i d . Water constitutes a major and very 
i m p o r t a n t mater ia l of young, p r i m a r y walls (2). T h e l i gn in is t ransported 
in the f orm of its b u i l d i n g units (these may be present as glucosides) and 
is po lymerized w i t h i n the w a l l . Those polysaccharides w h i c h make up the 
m a t r i x of the w a l l (hemicelluloses and pect in mater ia l ) are po lymerized i n 
the endomembrane system
outside of the cel l . Further modif ications of the polysaccharides (such as 
acetylation) may occur w i t h i n the wal l after deposi t ion. Cel lulose is po ly 
merized at the cell surface by a complex enzyme system transported to the 
p l a s m a membrane (3). 

T h e contro l of the development of the cell w a l l must be regulated at the 
various processes which make the constituents and w h i c h deposits t h e m to 
the outside of the cel l . These may be summar ized as follows: (1) regulat ion 
of synthesis by the amounts of the synthase; this is direct ly control led 
by gene regulat ion ; (2) b iochemical feed-back control mechanisms which 
regulate the level of the precursors of the polymers or the act ivit ies of the 
synthases which f orm them; (3) regulat ion of the segregation and targett ing 
of mater ia l formed w i t h i n the endoplasmic re t i cu lum and G o l g i apparatus ; 
(4) control of t ransport of monomers to the synthases of the polymers ; (5) 
contro l of vesicle fusion and targett ing of the membrane b o u n d m a t e r i a l to 
specific sites at the cell surface; (6) receptors for plant growth substances 
and mechanisms for cell s ignal l ing at the cytoplasmic surface and other cell 
membranes. T h i s chapter reviews some of these topics i n more deta i l for 
the polysaccharides, l i gn in , prote in and l i p i d of the w a l l . 

Polysaccharides 

T h i s section describes a detailed hypothesis for the control of polysaccharide 
synthesis and deposit ion i n the wal l dur ing growth . 

M o s t of the b iochemical studies on polysaccharide synthesis to date 
have been concerned w i t h the formation of homopolymers even when it is 
k n o w n that the synthesis of the homopolymer chain occurs in vivo as part 
of a heteropolysaccharide (4-6). C y t o c h e m i c a l investigations have made no 
such dist inct ions and the polymers located by these studies have nearly a l 
ways been sites at which heteropolymers were present and where deposit ion 
in the wa l l occurred. T h e bu lk of the polysaccharides that occur i n the w a l l , 
w i t h the exception of cellulose and callose, are heteropolymers. Genera l l y 
the polysaccharides of the hemicelluloses and pectins are composed of po ly -
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1. N O R T H C O T E Control of Plant Cell Wall Biogenesis 3 

mers conta in ing different monosaccharides combined by different linkages 
(2,7-10) . U s u a l l y there is a backbone made up of a single cha in , b u i l t of 
the same monosaccharide (two i n the case of g lucomannans , see below) usu 
al ly combined by a specific l inkage, onto which short branches are attached 
whi ch may be just a single monosaccharide different f rom that of the units 
of the m a i n chain , e.g., g lucuronoxy lan , arabinoglucuronoxylans , x y l o g l u -
cans. In add i t i on more complicated polymers such as the arabinogalactans 
occur but even i n these polymers there is a central core onto w h i c h the 
branches are constructed (2). T h e influence of the incorporat i on of the 
side branches on the synthesis of the m a i n chain and vice versa is of some 
significance for the contro l of the polysaccharide synthesis a n d introduces 
the idea of an enzyme complex at the site for the po lymer synthesis. 

T h e backbone chain can i n most cases be synthesized separately when 
an in vitro system is used. These investigations have shown that the s y n 
thase act iv i t ies w h i c h transfer the sugar f r om a nucleoside diphosphate 
sugar donor to the growin
of polysaccharide which is formed at any stage of the growth and develop
ment of the wal l (5, 6 ,11 ,12) . There is also strong c i r cumstant ia l evidence 
which indicates that these variat ions i n ac t iv i ty are due to changes i n the 
amounts of the synthases which are available at the par t i cu lar sites at a 
par t i cu lar t ime (13). T h u s the development of the wal l has some contro l 
mechanisms direct ly related to the regulat ion of the genome d u r i n g dif
ferentiat ion; this controls the amounts of the synthases wh i ch are formed, 
probab ly at the level of t ranscr ip t i on rather t h a n t rans la t i on . 

Synthesis. T h e synthases are present at the endomembrane system of the 
cell and have been isolated on membrane fractions prepared f r om the cells 
(5 ,6) . T h e nucleoside diphosphate sugars w h i c h are used by the synthases 
are formed i n the cy top lasm, and usual ly the epimerases a n d the other en
zymes (e.g., dehydrogenases and decarboxylases) w h i c h interconvert t h e m 
are also soluble and probably occur i n the cy top lasm (14). Nevertheless 
some epimerases are membrane bound and this may be i m p o r t a n t for 
the regulat ion of the synthases which use the different epimers i n a het-
eropolysaccharide. T h i s is especially significant because the avai lab i l i ty of 
the donor compounds at the site of the transglycosylases (the synthases) 
is of obvious importance for contro l of the synthesis. T h e synthases are 
located at the lumen side of the membrane and the nucleoside diphosphate 
sugars must therefore cross the membrane i n order to take part i n the re
act ion . M o d u l a t i o n of this transport mechanism is an obvious po int for 
the contro l not on ly for the rate of synthesis but for the type of synthesis 
wh i ch occurs i n the par t i cu lar lumen of the membrane system. Obv ious ly 
the synthase cannot funct ion unless the donor molecule is t ransported to 
its active site and the transporters may only be present at certa in regions 
w i t h i n the endomembrane system. It has been observed that when intact 
cells are fed radioactive monosaccharides wh i ch w i l l f o rm and label polysac
charides, these cannot always be found at a l l the membrane sites w i t h i n the 
cell where the synthase act ivit ies are known to occur (15). A possible rea
son for this difference may be the selection of precursors by the transport 
mechanism. 
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4 PLANT C E L L WALL POLYMERS 

T h e preformed polysaccharides before they are deposited i n the wal l 
can be detected in the G o l g i apparatus either by radioact ive labe l l ing tech
niques and direct analysis of the isolated organelle, or by cytochemical 
stains, the most specific of w h i c h are identi f ications us ing antibodies. F i g 
ure 1 shows a section of a developing secondary w a l l f r om the hypoco ty l 
cells of bean. T h e ant ibody was raised i n rabbits against oligosaccharides 
prepared f rom walnut β 1 —• 4 x y l a n (5) and conjugated to bovine serum 
a l b u m i n . T h e ant ibody to the prote in was removed by affinity chromatog
raphy and the resultant puri f ied ant ibody was specific to antigens carry ing 
β 1 —• 4 xylose uni ts . It d id not cross-react w i t h xy log lucan , β 1 —• 4 g l u -
can, arab inan or m a n n a n . T h e section shown in F igure 1 was treated w i t h 
the ant ibody and stained w i t h gold- label led goat -ant irabbi t serum. T h e 
x y l a n is present at the secondary wa l l (st) and i n the vesicles of the G o l g i 
apparatus (v) . F igure 2 shows a meristematic cell f r om the root of bean, 
treated w i t h an ant ibody specific for L-arabinofuranose and stained w i t h 
gold- label led goat -ant irabbi
(cw) and the developing cell -plate (cp) where pect in was being la id down. 

Glucomannan Synthesis. A l t h o u g h the heteropolymers are usual ly s imi lar 
to the g lucuronoarabinoxylans , there are heteropolymers in which two dif
ferent monosaccharides occur i n the m a i n cha in , e.g., g lucomannans and 
galactoglucomannans. For a discussion of the construct ion and contro l of 
the synthesis of a heteropolymer the synthesis of g lucomannan in the h e m i -
cellulose of gymnosperms serves as a good example (16,17) . 

A membrane preparat ion isolated f rom pine stem tissues incorporated 
glucose into glucans f rom both U D P G l c and G D P G l c . These were m i x e d 
polymers containing β 1 —• 3 and β 1 —> 4 l inked glucose. It also carried 
an epimerase which interconverted G D P G l c and G D P M a n (18). T h e m e m 
brane preparat ion formed a g lucomannan in the presence of added G D P 
M a n and i n the presence of G D P M a n the formation of g lucan containing 
β 1 —• 3 l inks f r om G D P G l c was repressed and the β 1 —• 4 g lucomannan 
was formed (whether a separate β 1 —*· 4 g lucan was synthesized i n a d d i 
t ion was difficult to determine) (Table I) (18). T h e a c t i v i t y of the g lucan 
synthase w h i c h used U D P G l c was unaffected by the presence of G D P M a n . 
These observations can best be explained i n terms of an enzyme complex 
carried on the membrane. T h i s complex has a m i n i m u m of three act iv i t ies : 
(1) an epimerase for the interconversion of G D P M a n and G D P G l c ; (2) a 
synthase which used U D P G l c ; (3) a synthase which used both G D P G l c 
and G D P M a n . T h i s latter synthase had a greater affinity for G D P G l c 
t h a n G D P M a n and , in vitro, i n the presence of G D P G l c but i n the ab
sence of added G D P M a n , i t formed a glucan in spite of the presence of the 
epimerase. Since the influence of the presence-of the G D P M a n on the i n 
corporat ion f rom G D P G l c into a different type of po lymer is so direct , the 
two act iv i t ies , one for the transfer of glucose and the other for the transfer 
of mannose f rom the G D P sugars, must either be carried out by the same 
transglycosylase or the two transglycosylases must be very close together 
so that they can influence one another. 
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1. N O R T H C O T E Control of Plant Cell Wall Biogenesis S 

Figure 1. Deve lop ing secondary thickened wal l of the hypoco ty l of Phaseolus 
vulgaris. T h e section was treated w i t h an ant ibody specific for β 1 —• 4 
l inked D-xylose units and stained w i t h gold- label led goat -ant i rabbi t serum. 
T h e label is seen at the secondary thickening (st) and the vesicles of the 
G o l g i apparatus (v) . 

F igure 2. Mer i s temat i c cell of the root - t ip of Phaseolus vulgaris. T h e section 
was treated w i t h an ant ibody specific for L-arabinofuranose and stained 
w i t h gold-labelled goat -ant irabbit serum. T h e label is seen at the developing 
cell plate (cp) and the young wal l (cw) of the mother cel l . 
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6 PLANT C E L L WALL POLYMERS 

Table I. T h e influence of the presence of exogenous G D P M a n on the s y n 
thesis of a mixed βΐ —• 3, 1 —• 4 g lucan f rom G D P G l c by a 
membrane preparat ion f rom pine stem tissue. Measurements were 
made f r om the incorporat ion of radioactive glucose from G D P [ U -
1 4 C ] G l c (18). ( - indicates that no g lucan carry ing a βΐ —• 3 
linkage was formed.) 

G D P [ U - 1 4 C ] G l c as the P r i m a r y Substrate (1.0 nmol ) 

G D P M a n βΐ —• 3,1 —» 4 g lucan β! —» 4 g lucomannan 
A d d i t i o n s formed formed 

n m o l n m o l . m i n " 1 n m o l . m i n " 
(mg p r o t e i n ) " 1 (mg protein) 

0.0 0.28 0.0 
0.5 -
1.0 - 0.56 
2.5 - 1.0 
5.0 - 0.70 

10.0 - 0.39 

It is l ikely that i n add i t i on to the synthases and epimerases there is also 
present at the membrane i n close p r o x i m i t y to these, transporter systems 
for the transfer of the nucleoside diphosphate donor compounds to the 
transglycosylases s i tuated on the lumen side of the membrane. 

T h e po lymer w h i c h formed was either a m i x e d /? 1 —• 3, β I —• 4 g lucan 
or a β 1 —* 4 g lucomannan and runs of β 1 —• 4 l inked glucose occurred in 
the g lucomannan (18). T h e glucosyl transferase that used G D P G l c added 
glucose either at the 3 pos i t ion of the receiving sugar, or at the 4 pos i t ion . It 
was also shown that the transglucosylase added the glucosyl rad ica l to water 
to f o r m free glucose (18). In this system, therefore, the transglycosylase 
using G D P G l c was not specific for the receptor molecule since this may be 
water , glucose at the 3 pos i t ion , glucose at the 4 pos i t i on , or mannose at 
the 4 pos i t ion . W h e n a g lucomannan was formed, the linkage was always 
made at the 4 pos i t ion . T h e acceptor molecule, a l though it was not specific 
in the transglycosyl react ion, influenced how the transfer occurred. 

These diverse actions of the transglycosylase can be most easily ex
p la ined by postu lat ing the existence of a b ind ing prote in whi ch holds the 
acceptor molecules. T h e n dur ing the transglycosylase reaction that forms 
the g lucomannan chain , a glucosyl rad ica l could first be transferred to wa
ter w i t h i n an associated b i n d i n g protein and the resultant sugar could then 
be extended by subsequent transfers to the non-reducing end of the growing 
cha in , either f rom G D P M a n or G D P G l c . It is possible to have the acceptor 
sugar precisely or ientated by such a b i n d i n g prote in , i n order to receive 
the new glycosyl residue by the transglycosylase at the par t i cu lar h y d r o x y l 
w h i c h is presented to the donor molecule. T h e transglycosylase itsel f could 
have a d o m a i n at wh i ch the acceptor oligosaccharide was held but since the 
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1. N O R T H C O T E Control of Plant Cell Wall Biogenesis 7 

or ientat ion of the acceptor molecule is altered independently of the trans
glycosylase there are probably at least two proteins invo lved : one used for 
transfer and ho ld ing the donor and another necessary for ho ld ing the accep
tor. T h e transglycosylase prote in is not therefore specific for the acceptor 
molecule. T h i s is i n contrast to the way i n w h i c h the g lycosy lat ion of cer
t a i n glycoproteins is thought to occur (19). Definite sequences of sugars 
are b u i l t on the prote in because the various transglycosylases involved are 
specific for the acceptor oligosaccharide w h i c h changes i n a stepwise m a n 
ner. A t each stage a definite glycosyltransferase can act to f o rm a definite 
sequence of sugars. 

Binding Protein and Enzyme Complex. T h a t sugars and oligosaccharides 
can specif ically b i n d to prote in is wel l k n o w n . Hexokinase is known to ho ld 
glucose w i t h i n a cleft of the enzyme by hydrogen bonds; indeed, the pres
ence of glucose causes a movement in the conformational structure of the 
prote in so that i t folds aroun
posi t ion is presented to the kinase for the transfer of the phosphate group 
f rom the A T P (20). Specific associations between proteins and oligosaccha
rides and polysaccharides are also wel l documented. Lysozyme and taka -
amylase are k n o w n to ho ld oligosaccharides i n a r ibbon- l ike configuration 
by hydrogen bond ing and van der Waals forces w i t h i n a b inding-s i te groove 
(21). Precise and stereospecific interactions are formed and mainta ined 
by the or ientat ion of hydrogen-bonding residues which are i n t u r n fixed by 
complex hydrogen bond networks to other residues w i t h i n the b i n d i n g sites. 
D u r i n g b i n d i n g , conformational changes may occur which allow the carbo
hydrates to be oriented for the b i n d i n g to progress and specific interact ion 
between protein and carbohydrate results (22). 

D u r i n g the synthesis of a m i x e d polysaccharide such as a g lucuronoxy-
lan or a xy log lucan , at least two transglycosylases are involved w h i c h work 
i n conjunct ion w i t h one another (23-27). It is possible to envisage the m a i n 
chain of either glucose or xylose being held by a b i n d i n g prote in and the 
side chains being guided onto the backbone w h i c h is held i n such a way 
as to present the appropriate h y d r o x y l to the subst ituent sugar a n d the 
appropriate transglycosylase. 

W h a t e v e r the mechanism, the coordinated synthesis of a polysaccha
ride, such as g lucomannan or g lucuronoxylan or the arabinogalactans of the 
pectins or even a homopolymer such as single cellulose chains (3), needs the 
cooperation of a set of proteins. These must be organized close to one a n 
other i n correct or ientat ion for the synthesis to occur i n an economical and 
r a p i d manner . There is thus a mult ienzyme system organized on the m e m 
brane and held i n a coordinated way. T h e membrane on and i n w h i c h the 
proteins are held becomes an i m p o r t a n t part of the synthet ic process. D i s 
r u p t i o n of the membrane w i l l b r i n g about loss of organizat ion and the in 
vitro preparations made f rom intact cells may form polysaccharides differ
ent f r om those formed in vivo (e.g., callose instead of cellulose) (28) or for a 
heteropolysaccharide the dependence of one transglycosylase on the act ion 
of another w i l l become less precise (24,29) i n the in vitro preparat ion t h a n 
i n the intact cel l . 
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It seems l ikely that the enzyme complexes for hemicelluloses, pectins 
and cellulose are constructed, at least in part , on the endoplasmic r e t i c u l u m 
and then transferred to the G o l g i apparatus , where they are modif ied and 
sorted so that they can be segregated w i t h i n the compartments of the G o l g i 
cisternae (30,31). T h e complex for cellulose synthesis is not n o r m a l l y active 
w i t h i n the G o l g i apparatus and i t is transported to active sites at the p l a s m a 
membrane (1). T h e hemicelluloses and pectins are formed w i t h i n vesicles 
and cisternae of the G o l g i apparatus and the vesicles are transported to the 
p l a s m a membrane, where fusion occurs and the polysaccharides are packed 
into the wal l (1). It is not k n o w n whether part i cu lar polysaccharides such as 
the xy lans of the hemicellulose and the arabinogalactans of the pectins are 
transported i n separate vesicles or together i n one vesicle. N o r is i t k n o w n 
i f the complex for cellulose synthesis is transported by vesicles wh i ch carry 
hemicellulose and pect in polysaccharides. 

Deposition of Wall Polysaccharides.
polysaccharides and synthas
vesicles to part i cu lar sites and the rate of fusion w i t h the p lasmamembrane 
constitute impor tant control points for the deposit ion of the mater ia l into 
the w a l l . It is known that at sites of active w a l l deposit ion vesicles are d i 
rected to the p lasmamembrane by microtubules (32). However, i t is possible 
that other signals and receptors at the membrane surface may be involved 
in recognit ion of the sites for incorporat ion . P a r t of the contro l for vesicle 
fusion at the surface is mediated by the ionic atmosphere at the membrane , 
and C a 2 + is necessary for the fusion to occur. T h e rate of vesicle fusion 
can be a l i m i t i n g process for the rate of cell wal l f o rmat ion , since at any 
one t ime the number of vesicles ready for fusion exceeds the number that 
are fusing and deposit ing mater ia l into the w a l l . In this way the compos i 
t i on and amount of wal l mater ia l deposited may respond very quickly to a 
s t imulus at the cell surface which allows the rate of vesicle fusion to vary. 
For instance, the mater ia l deposited in the cell wa l l , especially the pec t in , 
changes very quickly at the i n i t i a l stages of plasmolysis when the wal l is 
just separated f rom the p lasmamembrane. A new steady state would then 
be achieved that produced the requisite number of vesicles f rom the G o l g i 
apparatus to m a i n t a i n the altered rate of fusion (32-34). 

L i g n i n Precursors a n d L i g n i n F o r m a t i o n 

Phenylalanine Ammonia-Lyase. T h e b u i l d i n g units of l i g n i n are formed 
f rom carbohydrate v i a the sh ik imic acid pathway to give aromat ic amino 
acids. Once the aromatic amino acids are formed, a key enzyme for the 
contro l of l ignin precursor synthesis is phenylalanine ammonia- lyase ( P A L ) 
(1). T h i s enzyme catalyzes the product ion of c innamic ac id f rom p h e n y l 
alanine. It is very active i n those tissues of the plant that become lignified 
and it is also a central enzyme for the product ion of other pheny lpropano id -
derived compounds such as flavonoids and coumarins , w h i c h can occur in 
many parts of the plant and in many different organs (35). Radioact ive 
phenylalanine and c innamic acid are direct ly incorporated into l i gn in in 
vascular tissue (36). 
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T h e i n d u c t i o n of P A L ac t iv i ty at the onset of vascular di f ferentiation 
can be shown by the use of p lant tissue cultures (37-39). X y l e m cells w i t h 
secondary and l ignif ied walls are differentiated over a t ime course of 3-14 
days by the appl i cat ion of the plant growth factors naphthylene acetic ac id 
( N A A ) and k i n e t i n i n the rat io 5:1 (1.0 m g / l i t e r N A A , 0.2 m g / l i t e r k ine t in ) 
to tissue cultures of bean cells (Phaseolus vulgaris) (37,40) . T h e t ime for 
dif ferentiation varies w i t h the type of culture , so l id or suspension, and w i t h 
the frequency and durat i on of subculture , but for any one culture i t is r e l 
at ively constant (37 ,41,42) . A t the t ime of dif ferentiation when the x y l e m 
vessels f o rm, the ac t iv i ty of P A L rises to a m a x i m u m . T h e r is ing phase 
of the enzyme ac t iv i ty was i n h i b i t e d by ac t inomyc in D and by D-2 ,4 - (4 -
methy l -2 ,6 -d in i t roan i l ino ) -N-methy lprop ionamide ( M D M P ) appl ied under 
carefully control led condit ions (42). T h i s indicated that bo th t ranscr ip t ion 
a n d t rans lat ion were necessary for the response to the hormones. E x p e r i 
ments us ing an ant ibody for P A L a n d a c D N A probe for the P A L - m R N A 
have also shown that ther
P A L d u r i n g the format ion of l i g n i n when Z i n n i a mesophyl l cells are induced 
to f o r m x y l e m elements in culture ( L i n and Northcote , unpubl i shed work) . 

T h e induc t i on of P A L ac t i v i ty by the two growth factors can be sep
arated i n t ime so that they may act at different sites w i t h i n the cell to 
b r i n g about the response (40). A u x i n added at the t ime of subculture of 
the tissue changes the pattern of protein synthesis of the cells by changing 
the t ranscr ipt ion pattern of the m R N A after two hours (43). K i n e t i n does 
not have this effect (44). 

Hydroxylation and Methylation. T h e pathway for the produc t i on of the 
l i gn in b u i l d i n g uni ts involves hydroxy la t i on of the aromatic r i n g and m e t h y 
l a t i o n of the h y d r o x y l groups. It has been demonstrated that the methy -
lat ions are brought about by S-adenosylmethionine:caffeic ac id , 3-0-methyl 
transferase. T h i s transferase is meta specific and can also methylate 5-
hydroxyferul ic ac id and 3 , 4 , 5 - t r i h y d r o x y c i n n a m i c ac id to s inapic ac id (45). 
T h e induc t i on of th is enzyme i n bean cultures dur ing dif ferentiation is co in 
cident w i t h the rise i n P A L ac t iv i ty (46). T h e hydroxy la t i on of the aromat i c 
r i n g of c innamic ac id is brought about by c innamic ac id 4-hydroxylase, and 
a further hydroxylase , p -coumaric ac id 3-hydroxylase, also occurs to give 
caffeic ac id (47). T h e 4-hydroxylase act iv i ty , i n some tissue, is induced at 
the same t ime as the P A L ac t iv i ty (48,49) . Therefore, some coordinated 
induc t i on of gene expression for the product i on of l i g n i n precursors d u r i n g 
dif ferentiation is possible. 

T h e P A L ac t iv i ty that is necessary for l i g n i n format ion occurs i n the 
cy top lasm or bound to the cytoplasmic surface of the endoplasmic re t i cu 
l u m membranes. T h e c innamic acid produced is probab ly carried on the 
l i p i d surface of the membranes, since i t is l i poph i l i c , and i t is sequential ly 
hydroxy la ted by the membrane-bound hydroxylases (47,50) . In this way 
there is the poss ib i l i ty of at least a two-step channel ing route f r om pheny
lalanine to p-coumaric ac id . T h e transmethylases then direct the m e t h y l 
groups to the m e t a posit ions. There is a difference between the t ransmethy
lases f r om angiosperms and those f rom gymnosperms, since w i t h the latter 
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preparations the enzyme is relative inactive on 5-hydroxyferulate. T h u s i t 
is possible that these transmethylases may have some part i n the contro l 
of the type of l i gn in formed. T h e guaiacy l type (3-methoxy-4-hydroxy) is 
found i n gymnosperms and the syr ingy l -guaiacy l type (3 ,5 -d imethoxy -4 -
hydroxy ) i n dicotyledons (51). 

Formation and Polymerization of the Building Units of Lignin. T h e ac id 
b u i l d i n g units are reduced to the corresponding alcohols before po lymer 
i za t i on to l i g n i n . T h i s reduct ion occurs as a two-step process i n v o l v i n g 
the C o A ester of the ac id a n d using N A D P H as cofactor. T h e enzymes 
C o A ligase, c i n n a m o y l - C o A : N A D P H oxidoreductase, and c i n n a m y l alcohol 
dehydrogenase are involved , and they give f inal ly the three b u i l d i n g uni ts 
of l i g n i n : p - coumary l a lcohol , coniferyl a lcohol , and s inapy l a lcohol (51). 
Var ious isoenzymes of the C o A ligases m a y also contro l the type of l i gn in 
that is formed, since the isoenzymes have different affinities and act iv i t ies 
for p -coumaric , ferulic an
ferent proport ions i n different plants and i n different tissues of the same 
plant (51). 

T h e act ivat ion of the phenylpropionic acids and their subsequent re
duc t i on may occur i n vesicles that fuse w i t h the p l a s m a membrane and 
empty the precursors of l i gn in in to the wa l l (52). T h e N A D P H for the 
reduct ion is provided by the pentose phosphate pathway (53,54) . T h e con
t ro l for the f inal steps that produce the c i n n a m y l alcohols, which are the 
immediate b u i l d i n g units of the l i gn in , is therefore dependent on the en
ergy status of the cel l , since A T P is necessary for the ligase act iv i ty , and i t 
is also dependent on the d i s t r ibut i on of carbohydrate metabo l i sm between 
the pentose phosphate pathway and glycolysis . It is w i t h i n the wa l l that 
the po lymer i za t i on process to f o r m a complex l i gn in cage occurs. 

T h e c i n n a m y l alcohols may reach the wa l l as the free alcohols or as 
/?-glucosides formed by glucosyltransferases w i t h U D P G l c (55). For po ly 
mer i za t i on , the free alcohol is necessary, a n d /?-glucosidases occur i n the 
walls of tissues that are l ignified (56). Glucosides may be i m p o r t a n t for the 
t ransport of the alcohols to the walls , but they are not obl igatory for l i gn in 
synthesis . T h e y may act as reservoirs o f the l ign in precursors. T h e precur
sors arise i n cells that are undergoing l igni f i cat ion , or they may arise f r om 
neighbor ing cells of young dif ferentiating x y l e m , w h i c h themselves are not 
at the stage of massive l igni f icat ion (36). L ign i f i cat ion is brought about by 
the ox idat ion of the alcohols to y ie ld mesomeric phenoxy radicals w i t h hal f -
lives of about 45 sec, so that r a p i d po lymer izat ion occurs. A t the same t ime , 
linkages of these radicals , and hence the l i g n i n , to carbohydrate can take 
place (56,57) . It is probable that the final ox idat ion of the phenolic hydroxy 
group to give the free radicals is brought about by a specific isoenzyme of 
peroxidase that occurs i n the walls of p lant cells (58-60). T h i s isoenzyme, 
on electrophoresis, is an anod i c -migrat ing component . In Zinnia elegans, 
the ac t iv i ty of wal l -bound peroxidase increases dur ing the onset of l ign i f i ca 
t i o n , a l though the to ta l soluble peroxidase a c t i v i ty of the cell m a y decrease 
(39,46) . A n o t h e r isoenzyme of peroxidase might be required to produce 
the hydrogen peroxide on whi ch the ox idat ive po lymer izat i on process de-
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pends (61). T h e synthesis and ac t i v i ty of some isoenzymes of peroxidase 
are therefore possible contro l sites for l igni f i cat ion . 

Establ ishment of Cross Linkages in the W a l l 

In the r i g i d secondary wal l of woody tissue, the l i gn in replaces the water 
of the growing cell wa l l and forms a hydrophobic m a t r i x around the m i 
crofibri ls . Strong hydrogen bonds occur between the polysaccharides at 
the mi c ro f i b r i l l a r -matr ix interface and between components of the m a t r i x . 
These, together w i t h the covalent bonds formed between carbohydrate and 
l i g n i n , make the w a l l a composite i n wh i ch the l inear polysaccharide po ly 
mers are enclosed i n a cross- l inked polymer cage. T h e wa l l has great tensile 
strength because of the microf ibr i ls and a r i g i d structure because of the l i g -
nified m a t r i x (2). 

T h e peroxidase of the wa l l m a y also establish other covalent linkages 
between wal l polymers . T h
of the proteins may be oxidized by peroxidase to give cross-linkages of 
isodityrosine between the polypeptides (62,63) . Ferul ic ac id occurs i n the 
cell walls of some herbaceous plants and grasses and this may be oxidized to 
give di ferul ic ac id ester linkages j o in ing polysaccharide chains (64,65) . T h e 
possible f o rmat ion of these covalent cross linkages between the polymers 
of the p r i m a r y wa l l is believed by some workers to l i m i t plant cell wal l 
extens ib i l i ty and have some part i n the mechanisms for the contro l of cell 
g rowth and extension by plant growth factors (66). 

P r o t e i n i n the W a l l 

M o s t of the proteins found i n the cell wal l are glycoproteins. These can be 
enzymes such as isoenzymes of peroxidase, phosphatase a n d amylase or the 
hydroxypro l ine -r i ch glycoproteins (67) and glyc ine-r ich proteins (68). T h e 
hydroxypro l ine -r i ch glycoproteins may be classified on the basis of the size 
of their sugar prosthetic groups. T h e soluble lectins a n d agglut inins and 
the insoluble wa l l glycoproteins have smal l oligosaccharides of arabinose ( a -
L - A r a f ( l -+ 3 ) -0 - / ? -L -Ara f (1 -+ 2 ) - 0 - / ? - L - A r a f ( l - » 2 ) - 0 - / ? - L - A r a f - l H y p ) 
l inked to the hydroxypro l ine (Hyp ) and also single galactose units attached 
to serine (69-71), whi le the arabinogalactan proteins are m a i n l y large molec
ular weight polysaccharides attached to prote in , the resultant molecule be
ing about 80-90% carbohydrate (72,73). H y d r o x y l a t i o n of p e p t i d y l prol ine 
occurs as a pos t - t rans lat iona l process i n the endoplasmic r e t i c u l u m (74-76), 
and the add i t i on of the s m a l l arabinosyl oligosaccharides probably occurs 
w i t h i n the G o l g i apparatus w i thout the necessity for assembly on a l i p i d i n 
termediate (77). However, w i t h the large molecular weight arabinogalactan 
prote in a l i p i d carrier might be involved, especially as repeat ing subunits 
w i t h i n the arabinogalactan por t ion of the molecule have been detected. 
Oligosaccharides l inked to polyisoprenyl -pyrophosphate have been found 
to conta in arabinose (78) and galactose (79); the galactose was l inked by 
1 —• 6, 1 —+ 4 and 1 —• 3 bonds and the arabinose was 1 —• 5 l inked . These 
isoprenyl diphosphate oligosaccharides were formed by membranes of pea 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



12 PLANT C E L L WALL POLYMERS 

cells when they were incubated w i t h the appropriate radioact ive U D P sugar 
compounds, and they could serve as precursors of the arabinogalactan-
glycoproteins. 

T h e possible inc lus ion of l i p i d - l i n k e d intermediates i n the transglyco-
sylat ions involved i n g lycoprotein and polysaccharide format ion provides 
a further step at which contro l of the synthase system can be exercised. 
However, a l though l i p i d intermediates are wel l established for the f o rma
t ion of N- l inked glycoproteins and , in some instances, for polysaccharides 
where glycoproteins can funct ion as intermediates d u r i n g the format ion of 
these polysaccharides (80-82), there is, at present, no evidence for the direct 
transfer f rom l ipid-ol igosaccharide onto polysaccharide. One of the i m p o r 
tant consequences of the par t i c ipa t i on of l ipid-ol igosaccharide intermediates 
is that the sequence of sugars formed on the l i p i d can be successively trans
ferred so that a repeating ordered sequence of the m i x e d sugars i n the 
oligosaccharide could occur i n the synthesized po lymer (83-85). 

F o r m a t i o n of L i p i d a n d T r a n s p o r t to the W a l l 

M a n y cell walls have layers i n the outer regions of the wal l that carry 
l i p i d m a t e r i a l . These are c u t i n , suber in , and waxes (67). H o w these are 
transported to the outside of the cell wal l is not known. Pores have not 
been found, nor has a volati le l i p i d solvent been detected that would carry 
the l i p i d through the hydrophi l i c wa l l . 

T h e fat ty acids are synthesized i n chloroplasts or proplast ids and 
moved into the cytop lasm and the endomembrane system for further m o d 
i f icat ion and synthesis of neutra l fats, phosphol ip ids , and other compounds 
(86). T h e fat ty acids could be carried by proteins by a process s imi lar to 
the way i n which serum a l b u m i n binds fatty acid in the b loodstream of 
m a m m a l s . Other types of l i p i d might be formed into complexes analogous 
to low-density l ipoproteins of the type found i n a n i m a l tissues, where the 
l i p i d core of the l ipoprote in is surrounded by a hydrophi l i c cortex made 
up of prote in , phosphol ip id , and cholesterol (87). T h i s allows the l i p i d 
to be moved in an aqueous environment. T h e prote in of the l ipoprote in 
shell could also act as possible l igands for part i cu lar receptors at the m e m 
brane of the cell at which the export occurs. T h e l ipoproteins , i f they are 
present, would probably be formed w i t h i n the endomembrane lumen and 
would receive the proteins at the endoplasmic r e t i cu lum. 

S u m m a r y 

T h i s chapter has attempted to suggest how the synthesis of the m a i n con
st ituents of the wal l (polysaccharides, l i g n i n , protein and l ip id ) are con
tro l led dur ing their deposit ion into the w a l l . A hypothesis is developed for 
the synthesis of polysaccharides. It arises f rom the evidence for g lucoman
nan synthesis (18), and also for cellulose and callose synthesis (28). D i f 
ferent glycosidic linkages are formed f rom the same membrane preparat ion 
under different condit ions. T h i s is most easily explained by pos tu la t ing 
the existence of a b ind ing prote in to ho ld the acceptor molecules of the 
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transglycosylase react ion. T h e hypothesis suggests that there is a com
plex o f proteins, w i t h different functions, organized close together at the 
membrane of the cel l . A transglycosylase, nucleoside diphosphate sugar 
transporters , and the b i n d i n g prote in are a l l necessary. T h e latter pro te in , 
since i t holds the growing polysaccharide cha in , can modulate the transg ly 
cosylase reaction by or ientat ing the receptor molecule. In this way the same 
transglycosylase may transfer the glycosyl group to different hydroxy ls o f 
the acceptor, e.g., to give 1 —• 3 or 1 —• 4 linkages. 
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Chapter 2 

Formation and Functions of Xyloglucan and 
Derivatives 

David A . Brummell and Gordon A. Maclachlan 

Biology Department, McGi l l University, 1205 Avenue D r Penfield, 
Montreal, Quebec H3A 1B1, Canada 

Xyloglucan is a matrix polysaccharide which in primary 
cell walls associates with cellulose microfibrils by hydro
gen bonding to form a relatively rigid structure. Its syn
thesis by Golgi membranes requires the activity of at 
least four enzymes: 1,4-β-glucosyl-, 1,6-α-xylosyl-, 1,2-
β-galactosyl-, and 1,2-α-fucosyl-transferases. Continued 
chain elongation by the β-glucosyltransferase is depen
dent upon concurrent α-xylosyl transfer. The xyloglu
can backbone is substituted with galactosyl and fuco
syl residues at very specific xylosyl side groups to com
plete a polysaccharide with regular alternating subunits 
of Glc4·Xyl3 and Glc4·Xyl3·Gal·Fuc. Auxin treatment of 
young dicot tissues induces both growth and the produc
tion of an endo-1,4-β-glucanase, the main substrate of 
which appears to be cell wall xyloglucan. Auxin evokes 
a net increase in xyloglucan levels, but depolymerization 
and turnover also take place during growth. Although 
oligosaccharide products of xyloglucan hydrolysis inhibit 
auxin-stimulated growth, at the same time they stimu
late endo-1,4-β-glucanase activity versus xyloglucan in 
vitro. 

T h e p r i m a r y cell walls of growing tissues i n higher plants are composed of 
h igh ly hydrated po lymer ic mater ia ls consisting m a i n l y of complex polysac
charides, w i t h smaller amounts of g lycoprote in . Genera l ly 20-30% of the 
dry weight of the wa l l is cellulose, w i t h the balance of the polysaccharides 
be ing made up of pectins and hemicelluloses. In dicots, the predominant 
hemicellulose is xy log lucan , wh i ch forms about 2 0 % of the w a l l (1). In the 
typ i ca l growing region of pea stems, for example , the rat io of xy l og lucan 
to cellulose is about 0.7:1 on a weight basis (2). In monocots, the m a i n 
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hemicelluloses are glucans and arabinoxylans , w i t h xy log lucan apparent ly 
f o rming only a minor fract ion of the w a l l . However, i n monocots the g lucan 
backbone of xy log lucan is much less subst i tuted t h a n i n dicots (3), w h i c h 
may result i n their under -est imat ion . A r a b i n o x y l a n s i n monocots appear 
to exhib i t m a n y of the same properties as do xyloglucans i n dicots (4 ,5) . 

T h e extraprotoplasmic wa l l defines the cell shape, and metabol i c reg
u l a t i o n of cell wa l l s tructure is believed to contro l the d irect ion and rate of 
cell expansion. X y l o g l u c a n , unl ike cellulose, is c learly subject to turnover 
d u r i n g growth . Decreases i n xy log lucan average molecular weight d u r i n g 
development have been noted, par t i cu lar ly after a u x i n treatment , as well 
as the release of s m a l l quantit ies of solubi l ized mater ia l i n c l u d i n g x y l o g l u 
can oligosaccharide subunits of characteristic s tructure (6). T h i s review 
examines the synthesis of xy log lucan and its functions i n the cell walls of 
young growing regions of dicot stems. T h e roles i n growth of xy l og lucan 
turnover and of oligosaccharide fragments derived by p a r t i a l hydrolys is of 
xy log lucan are also considered

Structure of X y l o g l u c a n 

M a t u r e xyloglucans of dicot p lants possess a very regular s tructure com
posed of a l , 4 - / ? - D - g l u c a n backbone w i t h D - x y l o s y l residues 1 ,6 -a - l inked 
to three ( in growing tissue) or an average of two ( in seeds) out of four 
sequential g lucosyl residues (1,7) . T h e add i t i on either of L - f u c o s y l - 1 , 2 - a -
D-galactose ( in growing tissue) or D-galactose alone ( in seeds) l inked 1,2-/? 
to specific x y l o s y l residues further extends the side chains at selected i n 
tervals ( F i g . 1). In some species t e r m i n a l L - a r a b i n o s y l residues are found 
instead of fucose (1). X y l o g l u c a n f rom growing monocot tissue is less sub
st i tuted w i t h xylose and galactose t h a n i n dicots (3) and appears to lack 
fucose (8), whereas that f rom gymnosperms resembles dicot xy l og lucan (9). 

T h e structure of xy log lucan has been determined through e x a m i n a t i o n 
of digestion products after hydrolysis w i t h specific endo- l ,4- /? -glucanases 
and analysis of the linkages present i n the result ing fragments after m e t h y -
l a t i o n . P a r t i a l hydrolys is of pea xy log lucan ( F i g . 1) results i n a nonasaccha-
ride ( G l c 4 X y l 3 G a l F u c ) and a heptasaccharide (GIC4XVI3) (2). Ident ical 
structures have been determined for sycamore (10), soybean (11), and m u n g 
bean (12) xy log lucan . In m u n g bean s m a l l amounts of a decasaccharide 
( G l c 4 - X y l 3 - G a l 2 - F u c ) were also found. 

W h e n xy log lucan f rom pea epicoty l cell walls was hydro lyzed in vitro 
w i t h purif ied endo- l ,4- /? -glucanase f rom Streptomyces, reducing sugar was 
produced at a l inear rate for at least 48 h (2). F r a c t i o n a t i o n of the h y -
drolysate on B i o - G e l P 6 columns showed that endo-1,4-/?-glucanase cleaved 
the l ,4 - / ? -g lucan backbone at unsubst i tuted glucosyl residues to generate 
equal amounts of heptasaccharide and nonasaccharide ( F i g . 1). These units 
accumulated w i t h t ime of hydrolys is u n t i l they were essentially the only 
end products . Transient amounts of higher molecular weight products were 
also found, identif ied as dimers of the result ing oligosaccharides. These 
were m a i n l y composed of the 16 saccharide un i t (a nonasaccharide plus a 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



20 PLANT C E L L WALL POLYMERS 

heptasaccharide, F i g . 1), w i t h smaller amounts of 18 (two nona-) and 14 
(two hepta-) saccharides. 

Since the nonasaccharide and the heptasaccharide were present i n 
approx imate ly a 1:1 molar rat io and the m a i n dimer contained the two 
oligosaccharides, i t appears that pea xy log lucan is composed of these two 
subunits arranged p r i m a r i l y i n a l ternat ing sequence. However, the pres
ence of the 14 and 18 saccharide dimers showed that this d i s t r ibut i on is 
not perfect. T h e molecular weight of xy log lucan varies w i t h species and 
stage of g rowth . In young cell walls , xy log lucan has a molecular weight 
of 250 k D to 350 k D , w h i c h represents a degree of po lymer i za t i on ( D P ) of 
the g lucan backbone of 800 to 1200, suggesting that 100 or more of each 
oligosaccharide subunit are present (2). 

Treatment of xy log lucan w i t h fungal m i x e d endo- a n d exo-glycosidase 
preparat ions , such as f r om Aspergillus, degraded the molecule to monosac
charides and isoprimeverose (6 -O-a -D-xy lopyranosy l -D-g lucopyranose ) (13, 
14). T h e presence of thi
teristic of xy log lucan , and the incorporat ion of U D P - [ 1 4 C ] x y l o s e into iso
primeverose has been used as an unambiguous assay for xy log lucan b iosyn 
thesis (14). 

Biosynthesis of the X y l o g l u c a n B a c k b o n e 

X y l o g l u c a n , l ike the other non-cellulosic wa l l polysaccharides, is synthesized 
and secreted by membranes of the G o l g i apparatus . T h e transferases re
sponsible for xy log lucan biosynthesis co-sedimented w i t h markers for G o l g i 
membranes i n density gradients (13,15), and immunogo ld l oca l i zat ion s t u d 
ies us ing a po lyc lona l ant ibody to xy log lucan found the polysaccharide to 
be present i n G o l g i cisternae and vesicles (16). N o labe l was seen over the 
endoplasmic r e t i cu lum, ind i ca t ing that synthesis of xy log lucan occurs i n 
the G o l g i . T h e very regular structure of the final po lymer implies a precise 
coordinat ion of the enzymes responsible for xy log lucan biosynthesis. 

T h e glucose-xylose backbone of xy log lucan is synthesized by coord i 
nated ac t iv i ty of a specific glucosyltransferase and a xylosyltransferase 
w h i c h appear to funct ion independently to on ly a very l i m i t e d extent. E a r l y 
studies on pea membranes suggested that some glucosyl transfer could occur 
i n the absence of x y l o s y l transfer, and i t was concluded that x y l o s y l transfer 
took place onto a preformed glucan chain (13). However, w i t h membranes 
f r o m soybean cultured cells, incorporat ion of glucose f r o m U D P - g l u c o s e 
into xy log lucan was almost completely dependent on the concentrat ion of 
U D P - x y l o s e i n the incubat i on mix ture (14). Conversely, membranes i n 
corporated only a sma l l amount of label led mater ia l when incubated w i t h 
U D P - [ 1 4 C ] x y l o s e alone, but substant ia l incorporat ion ensued i n the pres
ence of U D P - g l u c o s e and U D P - [ 1 4 C ] x y l o s e together (14). T h e products 
formed in vitro were composed main ly of two subunits , a pentasaccharide 
( G l c 3 - X y l 2 ) and a heptasaccharide ( G l c 4 - X y l 3 ) . Pulse-chase experiments 
indicated that the pentasaccharide was converted to the heptasaccharide, 
and that this process was dependent u p o n and regulated by the concentra
t i on of U D P - x y l o s e (17). 
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Recently, the molecular size of water- insoluble 1,4-/?-l inked polysac
charides newly synthesized by pea membranes f r om U D P - [ 1 4 C ] g l u c o s e has 
been determined (18). React ion products were first exhaust ive ly hydro lyzed 
w i t h puri f ied 1,3-/?-glucanase to remove 1,3-/?-linked products . T h e 1,4-
/?- l inked polymers so obtained were dissolved i n anhydrous paraformalde
hyde :dimethylsulfoxide (40-45%, w / v ) and fract ionated by exclusion chro
matography on columns of control led pore glass beads. T h e 1,4-/?-linked 
products formed f rom 1 m M U D P - [ 1 4 C ] g l u c o s e alone displayed a peak of 
molecular size equivalent to the e lut ion volume of commerc ia l a - d e x t r a n 
w i t h a molecular weight of 70 k D ( F i g . 2). T h i s product contained only a 
few [ 1 4 C]glucose units added w i t h 1,4-/?-linkages to the non-reducing end of 
an u n k n o w n endogenous acceptor. It was clearly unable to elongate further 
i n this reaction system since its size remained the same even i n the presence 
of higher substrate concentrations and after longer incubat i on periods (19). 

However, when U D P - x y l o s e was present i n the reaction m e d i u m i n a d 
d i t i on to U D P - [ 1 4 C ] g l u c o s e
per iod and the e lut ion peak f rom glass bead columns increased i n apparent 
size w i t h t ime to approach that of authentic xy log lucan ( F i g . 2, cf. 20). 
E n z y m i c hydrolysis confirmed that the product contained isoprimeverose, 
thereby establ ishing unambiguously that a xy log lucan backbone had been 
formed. Pulse-chase experiments provided unequivocal evidence that the 
truncated product formed f rom U D P - g l u c o s e alone was a precursor for the 
xy log lucan formed when U D P - x y l o s e was also present (18). These s t u d 
ies suggested that formation of the g lucan backbone of xy log lucan was re
str icted in the absence of x y l o s y l transfer, and that b o t h glucose and xylose 
must be incorporated in a concerted manner for the complete xy l og lucan 
backbone to f orm. Synthesis of the glucose-xylose backbone in vitro d i d not 
require the presence of U D P - g a l a c t o s e or G D P - f u c o s e , and the g lucosy l - and 
xylosyltransferases appeared to act together independently of the a d d i t i o n 
of t e r m i n a l sugars. 

A d d i t i o n s to the X y l o g l u c a n B a c k b o n e 

P e a membrane preparations incorporated [ 1 4 C]fucose f rom G D P - [ 1 4 C ] f u -
cose into large pre-made pr imer chains w h i c h d i d not undergo detectable 
e longation w i t h t ime (20). Incorporat ion of fucose occurred only onto h igh 
molecular weight (up to 300 k D ) acceptors, even w i t h very short incubat i on 
times ( F i g . 3), and these products hydro lyzed to the nonasaccharide subuni t 
of xy log lucan . T h e transfer of fucose f rom G D P - [ 1 4 C ] f u c o s e to these p r o d 
ucts was promoted by, but not dependent on , the presence of U D P - g l u c o s e , 
U D P - x y l o s e or U D P - g a l a c t o s e i n the reaction m i x t u r e . T h i s suggests that 
fucosyl transfer is independent of glucose and xylose transfer (and thus 
chain elongation) , and that the pre-made primers were already par t ia l l y 
galactosylated. Nevertheless, when double- label l ing experiments were per
formed i n the presence of a l l four nucleotide sugars needed for xy l og lucan 
biosynthesis, i n c l u d i n g U D P - [ 3 H ] x y l o s e and G D P - [ 1 4 C ] f u c o s e , nonasaccha
ride conta in ing both labels could be isolated f rom the reaction products 
(20). T h i s indicates that the xy log lucan backbone can be decorated w i t h 
galactose and fucose even whi le elongation occurs. 
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Figure 1. Repeat ing subunits of pea epicoty l xy log lucan . T h e molecule is 
composed of a nonasaccharide (G l c4 -Xy l3 -Ga l -Fuc ) and a heptasaccharide 
(Glc4 -Xy l3 ) arranged p r i m a r i l
d imer is repeated about 100 times in the average molecule. A r r o w s show 
where hydrolysis by purif ied pea or fungal endo-1,4-/?-glucanase occurs (2). 
Ident ica l structures have been determined for sycamore (10), soybean (11) 
and m u n g bean (12) xy log lucan . 
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Figure 2. E l u t i o n profile f rom columns (100 x 1.0 cm) of control led pore 
glass beads of 1,4-/?-linked products formed in vitro by pea membranes 
i n 30 m i n . P r o d u c t s were dissolved i n hot p a r a f o r m a l d e h y d e : D M S O and 
eluted w i t h D M S O i n 1 m l fractions. O p e n circles, 1 m M U D P - [ 1 4 C ] g l u c o s e 
alone; closed circles, 1 m M U D P - [ 1 4 C ] g l u c o s e plus 50 μΜ U D P - x y l o s e . Size 
markers show the molecular weight of peak e lut ion volumes of s tandard 
dextrans, 264 = 264000 D ; 70 = 70000 D . (Taken w i t h permiss ion f rom 
Ref. 18. © 1 9 8 8 J . W i l e y k Sons.) 
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Fucosyltransferase in pea microsomal preparations also fucosylated 
exogenously-added xy log lucan acceptors in add i t i on to endogenous primers 
(21). E x t r a c t s of pea cell wal l xy log lucan were found to be a poor fucosyl 
acceptor, presumably because they were almost completely fucosylated a l 
ready. T a m a r i n d seed xy log lucan , however, w h i c h is galactosylated but con
tains no fucose, strongly promoted fucosyl transfer f r om G D P - [ 1 4 C ] f u c o s e , 
g i v i n g rise to typ i ca l xy log lucan nonasaccharides upon endoglucanase diges
t i o n . X y l o g l u c a n oligosaccharides up to the octasaccharide d i d not act as 
fucosyl acceptors but instead inh ib i t ed fucosyl transfer to both endogenous 
and exogenous acceptors, showing that the active site of the fucosyltrans
ferase recognized a fragment longer t h a n the galactosylated octasaccha
ride. T h i s work confirmed that fucosylat ion of xy log lucan proceeds inde
pendent ly of the e laborat ion of the glucose-xylose backbone. Note , however, 
that complete in vitro synthesis of the xy log lucan molecule f rom the four 
nucleotide sugars wi thout the involvement of pre-made pr imers has so far 
not been achieved. 

Local izat ion of X y l o g l u c a n in C e l l Walls 

X y l o g l u c a n is believed to play a key role i n the architecture of dicot cell 
walls by l i n k i n g together cellulose microf ibr i ls and possibly other compo
nents of the wa l l i n order to achieve s t r u c t u r a l r ig id i ty (1). M o s t cell wa l l 
components can be solubi l ized by hot water, chelat ing agents or d i lute a lka l i 
(4% K O H ) . However, the association between xy log lucan and cellulose is so 
strong that it requires concentrated a lka l i (24% K O H ) to dissolve x y l o g l u 
can f rom the xyloglucan-cel lulose macromolecular complex (2). X y l o g l u c a n 
binds to cellulose in vitro i n a pH-dependent manner (22), suggesting that 
the polymers are associated by hydrogen bonds. T h e 1,4-/?-linkage of the 
g lucan backbone of xy log lucan creates a l inear molecule, and the ga lactosy l -
fucose side chain may curl around one side of the backbone, thus a l lowing 
unimpeded hydrogen bonding between the other side of the backbone and 
cellulose microf ibr i ls (10). T h e presence of the galactosyl-fucose side chain 
may also prevent further hydrogen bonding of xy log lucan w i t h other x y 
loglucan molecules, creating cellulose microf ibr i ls coated w i t h a single layer 
of xy log lucan (10). E n z y m i c and chemical f ract ionat ion of cell walls f rom 
sycamore (Acer) and Rosa indicated hydrogen bonding between xy log lucan 
and cellulose in vivo, and impl i ed the presence of glycosidic linkages be
tween xy log lucan and pectic polymers (10,23) . Subsequent work, however, 
suggested that the bond ing between xy log lucan and pectins was p r i n c i p a l l y 
noncovalent (24). 

Autorad iography of cell walls f rom l i v ing tissue previously incubated 
w i t h [ 3H]fucose (2) and immunogo ld loca l izat ion using po lyc lona l a n t i b o d 
ies to xy log lucan (16) suggested that xy log lucan was d is t r ibuted throughout 
the cel lulose-containing part of the w a l l , and was absent only i n the midd le 
lame l la (16). W h e n cell wal l "ghosts" (the cell wa l l xyloglucan-cel lulose 
complex, which retained the shape of the cell) were prepared by extract ion 
of pea stem tissue w i t h hot 7 0 % ethanol , 0.1 M E D T A and 4% K O H , the 
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residues contained only xy log lucan and cellulose (2). Treatment of these 
"ghosts" w i t h a fluorescent fucose-binding lect in clearly showed xy log lucan 
d is tr ibuted over the entire surface ( F i g . 4). 

E lec t ron microscopical observations of shadowed "ghost" preparations 
showed xy log lucan to be d is tr ibuted both on and between cellulose m i 
crofibrils (2). E v e n i n the cell walls of m a t u r i n g tissues, as the content 
of xy log lucan i n the wa l l substant ia l ly decl ined, cellulose was s t i l l almost 
completely coated w i t h xy log lucan (22). T h u s , xy l og lucan exists in situ 
i n in t imate association w i t h cellulose throughout the wal l at a l l stages of 
g rowth . 

M e t a b o l i s m of X y l o g l u c a n 

Structural Function of Xyloglucan. T h e cell wal l has sufficient r i g id i ty to 
counteract the forces of turgor generated by the pro top lasm, and break
down of key components ma
cellulose microf ibr i ls to move relative to one another and the cell to ex
pand . T h a t cell w a l l "ghosts" , essentially consisting on ly of xy l og lucan 
and cellulose, retained the shape of the cell suggests that xy log lucan not 
on ly coats i n d i v i d u a l cellulose microf ibr i ls but also bonds the micro f ibr i l s 
together (2). Endohydro lys i s of xy log lucan may be essential i n order to 
p e r m i t the movement of cellulose microf ibr i ls relative to one another, and 
consequently cell wa l l extension. A requirement for exposed xy log lucan in 
growth has been demonstrated i n studies using fucose-binding lectins (25). 
T h e lectins bound to the cell wa l l of a z u k i bean ep icoty l segments, and 
inh ib i t ed b o t h auxin - induced cell wal l loosening and growth, presumably 
by protect ing xy log lucan f r om turnover. 

Deposition of Xyloglucan. In dicot stem segments, a u x i n rap id ly (after 
about 1 h) promoted an increase i n the rate of deposit ion of cellulosic and 
non-cellulosic cell wal l mater ia ls , even i f growth were inh ib i t ed (26,27) . In 
pea ep icoty l apices, a u x i n treatment for 48 h resulted i n a s m a l l increase 
in cellulose content but more than a doub l ing of xy log lucan as the cells 
expanded (Table I). T h e synthesis and incorporat ion of xy log lucan into 
the wal l may thus be hormonal ly control led. T h e a c t i v i t y of "xy log lucan 
synthase" (xy log lucan xylosyltransferase was actual ly measured) declined 
i n the growing region of the stem of whole pea plants as this zone m a t u r e d , 
but treatment of the plants w i t h a u x i n prevented the decline (28). A u x i n 
treatment of decapitated whole plants a n d of isolated s tem segments also 
mainta ined the ac t iv i ty of ^ -g lucan synthase (29,30) , an enzyme w h i c h may 
be responsible for the synthesis of the 1,4-/?-glucan backbone of xy l og lucan 
(18). 

Degradation of Xyloglucan. In addi t ion to p r o m o t i n g xy log lucan deposi 
t i o n , a u x i n treatment brings about a massive induct i on (up to 30-fold after 
72 h) of endo- l ,4- /? -glucanase ac t i v i ty (31). Concomi tant w i t h this induc 
t i o n , a marked decline i n the average molecular weight of xy log lucan , but 
not cellulose, was observed (Table I). These changes occurred despite the 
increases i n net deposits of xy log lucan and cellulose. In vitro i n cubat i on 
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V 0 I 2 3 4 Glc 

I 1 — ι — ι — ι I 

Figure 3. G e l filtration of alkali -soluble xy log lucan on co lumns (95 χ 1.5 
cm) of Sepharose C L - 6 B . P e a microsomal membranes were incubated for 
various periods w i t h G D P - [ 1 4 C ] f u c o s e and unlabel led sugar nucleotides. 
P r o d u c t s were eluted w i t h 0.1 M N a O H i n 1 m l fractions. M o l e c u l a r weights 
of dextran markers , 1 = 264000 D ; 2 = 70000 D ; 3 = 40000 D ; 4 = 10600 
D ; Glc=glucose . R e d r a w n f rom C a m i r a n d and M a c l a c h l a n (20). 

F igure 4. P e a s tem mater ia l was sequential ly extracted w i t h hot 7 0 % 
ethano l , 0.1 M E D T A and 4% K O H - 0 . 1 % N a B H 4 to leave x y l o g l u c a n -
cellulose cell wa l l "ghosts" . B i n d i n g of fluorescent fucose-binding lect in 
f rom Ulex europeus as visual ized by fluorescence microscopy shows x y l o g l u 
can d is tr ibuted over the whole wa l l surface. Pho tograph courtesy of D r . T . 
Hayash i . 
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of pea cell wa l l "ghosts" w i t h purif ied endo-1,4-/?-glucanase dr a ma t i ca l l y 
increased the number of residual reducing ends and brought about so lu 
b i l i za t i on of xy log lucan before any hydrolysis of cellulose took place (32). 
T h e loca l i zat ion of xy log lucan i n the w a l l , where cellulose microf ibr i ls are 
sheathed by a layer of xy log lucan , may make xy log lucan more accessible to 
the enzyme than is cellulose. T h i s study confirmed that i n cell walls a u x i n -
induced endo-1,4-/?-glucanase ( commonly called "cel lulase") preferential ly 
hydrolyzes xy l og lucan over cellulose. 

Table I. Effects of a u x i n treatment on pea epicoty l apices. A p i c a l 5 m m 
regions of et io lated epicotyls were delineated, seedlings sprayed 
once at zero t ime w i t h or w i thout 4.5 m M 2 , 4 - D and marked 
regions examined after 48 h . D a t a compi led f rom refs. 28 and 32 

Parameter Zero T i m e 48 h 

Untreated A u x i n 

L e n g t h (mm/seg) 5 25 7.5 
Fresh weight (mg/seg) 12 56 44 
W e i g h t / L e n g t h ( m g / m m ) 2.4 2.2 5.9 

X y l o g l u c a n ^ g / s e g ) 28 59 137 
Cel lulose (pg/seg) 40 515 615 

X y l o g l u c a n ( D P x l O - 3 ) 1.1 0.8 0.2 
Cel lulose ( D P x l 0 ~ 3 ) 8.4 11.0 9.2 

E n do-1,4-/?-glucanase 
ac t iv i ty (units /seg) 13 40 234 

In soybean hypoco ty l , the ac t i v i ty of cell wal l endo-1,4-/?-glucanase 
was higher i n regions of the stem act ively undergoing cell expansion, and 
this increased ac t iv i ty was correlated w i t h a reduced average molecular 
weight of cell wa l l xy log lucan (33). In azuk i bean epicoty l cell wal ls , a u x i n 
treatment reduced the average molecular weight of xy log lucan w i t h i n 2 h , 
a l though a decrease i n the average molecular weight of the t o ta l hemice l 
lulose fract ion was observed after only 30 m i n (34). A u x i n also r a p i d l y 
evoked a reduct ion i n average molecular weight of the xy log lucan compo
nent of Avena coleoptile cell walls (35). These changes were not a result 
of cell expansion, since they occurred even when growth was osmot ica l ly 
suppressed by m a n n i t o l . 

W h e n pea epicoty l segments were pulse-chased w i t h [ 1 4 C]glucose , sub
sequent incubat ion w i t h a u x i n brought about a loss of cell wal l glucose and 
xylose and the appearance i n the incubat ion m e d i u m of soluble po lymer ic 
mater ia l containing xylose and glucose (36). T h e apparent so lub i l i zat ion 
of cell wal l xy log lucan was detectable after on ly 15 m i n of a u x i n treatment 
and thus occurred as quickly as the increased growth rate (37). Moreover , 
so lub i l i zat ion increased as growth rate increased, and was not prevented 
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when growth was inhib i ted by m a n n i t o l (37), suggesting that xy l og lucan 
hydrolysis reflected the wall - loosening process. Subsequent work confirmed 
a decrease i n cell wal l xy log lucan upon a u x i n treatment (38). C o l l e c t i o n of 
cell wa l l free space solutions using a low-speed centri fugation technique also 
found an auxin- induced product i on of water-soluble mater ia ls possessing 
the properties of xy log lucan (39). X y l o g l u c a n subunits have been detected 
i n the ba th ing m e d i u m of cul tured cells d u r i n g growth (6). 

Enzymes capable of h y d r o l y z i n g xy log lucan to monosaccharides have 
been detected i n extracts f rom soybean cell walls (33,40) . H i g h levels of 
endo-1,4-/?-glucanase ac t i v i ty were found i n e longating regions of the stem, 
where xy log lucan appeared to be cleaved into comparat ive ly large f rag
ments. Other enzymes, however, presumably i n c l u d i n g an α-xylosidase, a 
/?-glucosidase, a /?-galactosidase and an α-fucosidase, showed higher ac t iv i ty 
i n non-elongating regions. These findings suggest that p a r t l y degraded x y 
log lucan eventually w i l l become completely broken down and that oligosac
charides w i l l not accumulat
treatment enhanced the ac t iv i ty of enzymes cleaving glucosidic , xy los id i c 
and galactosidic bonds (41), a l though it was not shown that these enzymes 
were local ized in the cell w a l l . 

T h e fu l l induc t i on of endo-1,4-/?-glucanase by a u x i n treatment required 
a per iod of many hours or even days (31) rather t h a n minutes , p rec lud 
ing the appearance of new endo-1,4-/?-glucanase as m e d i a t i n g the " r a p i d 
ac t i on" of a u x i n on growth. Changes i n the a c t i v i ty of pre-exist ing endo-
l ,4- /? -glucanase seem more l ikely, perhaps related to the suggestion that 
a u x i n promotes growth by causing the acidi f icat ion of the cell wa l l space 
by the pro top lasm (42). Consistent w i t h this are the findings that buffer 
of p H 7 prevented both growth and the release of soluble xy l og lucan f rom 
the wa l l induced by a u x i n , and that buffer of p H 4 caused a s imi lar release 
of xy log lucan as d id a u x i n , and i n the short - term also caused a s i m i l a r pro
mot i on of growth (43). A c i d treatment at 0°C d id not result i n xy log lucan 
release, suggesting that xy log lucan degradation was enzyme mediated (39). 
T h e act ivit ies of a /?-glucosidase and a /?-galactosidase i n Avena coleoptile 
cell walls were promoted by changing the p H f rom 7 to around 5 (44), but 
i t is not known i f these enzymes act on xy log lucan i n the w a l l . E n d o - 1 , 4 -
/?-glucanase, which does act on xy log lucan i n the w a l l , has a broad p H 
o p t i m u m of 6.0-6.5 (45). Furthermore , the occurrence i n the whole plant 
of changes in cell wal l p H of the magnitude of those described above has 
been questioned (46). T h u s , the mechanism by whi ch a u x i n regulates the 
very r a p i d changes observed i n xy log lucan D P is not yet fu l ly c lari f ied. 

T h e continued incorporat ion of m a t r i x wa l l polymers in to the w a l l also 
seems to be essential for long- term growth (27), i m p l y i n g that incorporat ion 
as wel l as breakdown of xy log lucan may be impor tant i n the wal l -expansion 
process. Further study of how synthesis and breakdown of w a l l components 
are coordinated to regulate cell wal l loosening is required. 

X y l o g l u c a n Subunits as Oligosaccharins 

Fragments of cell wal l polysaccharides of specific structure can br ing about 
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regulatory effects on plant cells. Oligoglucosides f rom fungal cell walls and 
fragments of homogalacturonan, released f rom the p lant ' s own cell wa l l 
by enzymes i n pathogens, can induce the de novo p roduc t i on of m R N A ' s 
and enzymes responsible for the synthesis of phytoalexins , n a t u r a l p lant 
antibiot ics (47). Fragments of pectic polysaccharides can also induce the 
formation of protease inh ib i tors which protect plants f rom digestive at 
tack by insects and microbes. C e l l wal l polysaccharide fragments have 
several other morphogenetic effects on plants , for they may modi fy such 
processes as flowering and vegetative growth (48). B io log i ca l ly active cell 
wa l l polysaccharide fragments have been termed oligosaccharins (48). 

T h e endo-1,4-/?-glucanase whose format ion was induced by a u x i n u l 
t imate ly hydro lyzed xy log lucan to characteristic oligosaccharides. T h e 
nonasaccharide derived f r om cultured sycamore xy l og lucan , when added i n 
very low concentrations to pea stem segments, inh ib i ted aux in - s t imula ted 
growth (49). T h i s report was recently confirmed using nonasaccharides de
r ived f r om Rosa cell wall
an o p t i m u m for growth- inh ib i tory act ion , being less effective or to ta l ly i n 
effective at higher concentrations (Table II). T h e o p t i m u m was around 
10 n M (49) or 1 n M (50) in the two studies, and concentrations above 
about 100 n M were ineffective. Considerable var iab i l i ty i n the degree of 
i n h i b i t i o n by the nonasaccharide was observed, ranging f r om 70 to almost 
100% i n the experiments reported by Y o r k et ai (49), and f rom about 30 
to 7 0 % i n those shown by M c D o u g a l l and F r y (50). In bo th reports the 
heptasaccharide was found to be wi thout growth - inh ib i to ry effect. 

Tab le II . Effects of xy log lucan oligosaccharide subunits on aux in - s t imulated 
growth of pea epicoty l segments in vivo and pea endo-1,4-/?-
glucanase ac t i v i ty in vitro. G r o w t h of segments i n 1 μ Μ 2 , 4 - D 
was measured after 18 h . Endo-1,4- /? -glucanase a c t i v i ty was de
termined v iscometr ica l ly after 30 m i n using t a m a r i n d xy log lucan 
as substrate . D a t a calculated f rom refs. 50 and 51 

X y l o g l u c a n 
Oligosaccharide 

concentrat ion Heptasaccharide Nonasaccharide 

Inh ib i t i on of aux in -s t imulated growth (%) 

O . l n M 3 0 
1.0 4 65 

10.0 0 50 
100.0 0 20 

S t i m u l a t i o n of /?-glucanase a c t i v i ty (%) 

50μΜ 210 430 
100 280 550 
150 350 640 
200 410 700 
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Effects of xy log lucan oligosaccharides on endo-1,4-/?-glucanase ac t iv 
i ty in viiro have also been observed (51). P e a nona- and heptasaccharide 
both dramat i ca l l y s t imulated pea endo-1,4- /?-glucan ase ac t iv i ty as deter
mined v iscometr ica l ly using t a m a r i n d xy log lucan as substrate (Table II). 
S t i m u l a t i o n was concentration-dependent, and approached saturat ion at 
200 μ Μ . Nonasaccharide was the more effective, causing over 700% s t i m 
u l a t i o n at 200 μ Μ , a concentration at wh i ch the heptasaccharide caused 
400% ac t ivat ion . E v e n xy log lucan pentasaccharide caused a doub l ing of 
act iv i ty . T h e s t i m u l a t i o n was both substrate- and enzyme-specific. A c t i v a 
t i on by oligosaccharides was not detected using carboxymethylcel lulose as 
substrate , nor w i t h endo-1,4-/?-glucanase f rom Trichoderma us ing x y l o g l u 
can as substrate. 

T h u s , at n M concentrations in vivo, nonasaccharide produced by the 
metabo l i sm of cell wa l l xy log lucan appears to act as a negative feedback 
modula tor of aux in -s t imulate
late endo-1,4-/?-glucanase act io
to magnify the decay rate of cell wa l l xy log lucan further, and lead to the 
produc t i on of more oligosaccharide. T h i s could perhaps raise the concentra
t i on of nonasaccharide in vivo to above that wh i ch was i n h i b i t o r y towards 
g rowth . In cul tured spinach cells, a fucose-containing nonasaccharide ac
cumulated i n the culture m e d i u m to a steady-state concentrat ion of about 
430 n M (6). However, the levels of nonasaccharide ex ist ing in vivo at the 
load-bear ing region of the innermost wal l layers of cells i n the expansion 
zone of the stem, where regulat ion of growth presumably occurs, are not 
k n o w n . 

O f course, i n a given tissue nonasaccharide may i n h i b i t g rowth and 
st imulate endo-1,4-/?-glucanase ac t i v i ty independently of one another. T h e 
observation that heptasaccharide was inactive i n one system but active in 
the other suggested that the effects were mediated by different mechanisms. 
T h e heptasaccharide was not itself i n h i b i t o r y to growth , nor d i d i t inter
fere w i t h the nonasaccharide effect (50), suggesting great specif icity i n the 
perception of nonasaccharide for growth i n h i b i t i o n . T h e existence of two 
independent mechanisms m a y exp la in the loss of i n h i b i t o r y effect of x y 
log lucan nonasaccharides on aux in -s t imulated growth when concentrations 
exceeded 10 n M . A t higher concentrations oligosaccharides m a y act d irect ly 
on cell wa l l endo-1,4-/?-glucanase, increasing its ac t iv i ty and p r o m o t i n g x y 
loglucan hydrolysis and cell wal l loosening. T h i s m a y then override the 
mechanism produc ing the growth- inh ib i tory effect at lower concentrations 
of nonasaccharide. Another alternative is that the two mechanisms are 
spat ia l ly separated and occur i n different regions of the stem. Perhaps 
low concentrations of nonasaccharide are found only near cells approach
ing fu l l size, where they act to inh ib i t aux in -s t imulated g r o w t h , whereas 
higher concentrations are found i n regions where cells are already fu l ly 
expanded. Here the oligosaccharides may st imulate the act iv i t ies of var
ious glycosidases i n the w a l l , result ing i n the complete hydrolysis of the 
comparat ive ly large xy log lucan pieces and oligosaccharides to monosaccha
rides. T h i s would remove any biological ac t iv i ty of the fragments, and the 
monosaccharides could be absorbed by the cell and reused. 
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Conclusions 

T h e picture that emerges is that xy log lucan functions i n the walls of growing 
tissues as a b i n d i n g polysaccharide which contributes to the r ig id i ty of the 
cellulose framework. D u r i n g the s t imula t i on of growth evoked by a u x i n , 
endo-1,4-/?-glucanase is induced which hydrolyzes xy log lucan preferentially. 
Such a hydrolysis is correlated w i t h the wall - loosening process. P r e s u m a b l y 
new synthesis is required i n order to preserve the strength of the w a l l , and 
to m a i n t a i n i t i n a state capable of further loosening dur ing l ong - term 
growth . T h e relat ionship between new wal l synthesis and the degradat ion 
of ex is t ing w a l l polymers i n wal l loosening is poor ly understood at present. 

T h e role played i n growth by xy log lucan oligosaccharide fragments is 
just beginning to be investigated. X y l o g l u c a n nonasaccharide specif ical ly 
i n h i b i t e d auxin-evoked growth at certain concentrations i n the n M range, 
but nona- , hepta- and pentasaccharide a l l s t imulated endo-1,4-/?-glucanase 
ac t iv i ty in vitro i n the μΜ range. T h i s latter effect, i f i t occurs in vivo at 
concentrations of oligosaccharide
would be expected to enhance xy log lucan depo lymer izat ion , wa l l loosening 
and growth. These apparent ly opposite effects of nonasaccharide on growth 
and the putat ive wall - loosening process constitute a challenging prob lem for 
future work to resolve. 
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Chapter 3 

Toward a Working Model of the Growing Plant Cell 
Wall 

Phenolic Cross-Linking Reactions in the Primary Cell Walls 
of Dicotyledons 

Stephen C. Fry and Janice G. Miller 

Department of Botany, University of Edinburgh, The King's Buildings, 
Mayfield Road, Edinburgh E H 9 3JH, Scotland 

The efficient formation of inter-polymeric cross-links by 
oxidative coupling of the small number of polymer-bound 
phenolic side-chains present in the non-lignified, growing 
plant cell wall requires considerable specificity in the re
actions concerned. In this paper we summarize some of 
the evidence that such specificity exists. We suggest that 
the cell wall is initially assembled by non-covalent in
teractions, especially involving the hydrogen-bonding of 
neutral xyloglucan chains to several microfibrils, thereby 
tethering these microfibrils. Oxidative coupling of other 
matrix polymers [acidic polysaccharides and/or basic 
glycoproteins] via their phenolic side-chains is seen as a 
subsequent wall-modification reaction whereby xyloglu
can chains may be strapped to their current microfibrils 
so that the existing architecture is rendered more nearly 
permanent. Efficient strapping (i.e., fastening the maxi
mum amount of material with fewest "buckles") requires 
chemical specificity—the formation of cross-links at ap
propriate sites. There is great specificity both in the 
biosynthetic reactions by which phenolic side-chains be
come attached to the wall polymers and also in the choice 
of phenolic partners and orientation during coupling. 

T h e growing plant cell wal l contains polymers which bear a smal l propor
t ion of phenolic side-chains. These side-chains appear to be subject in vivo 
to oxidative phenolic coupl ing and thus to part ic ipate i n cross- l inking re
actions that may be highly significant in the control of wal l extensibi l i ty 
(and therefore i n cell growth) and of enzymic digest ibi l i ty (1,2). For phe
nolic cross- l inking to be biological ly effective, despite the presence of only 
low levels of phenolic compounds in the p r i m a r y cell w a l l , the reactions 
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must be accurately and efficiently steered: they must be specific. Here we 
summarize evidence that the necessary specificity exists. 

Hypothesis 

In order to th ink about the nature and consequences of cell wal l po ly 
mer phenolic cross- l inking, we need a working model of the mode of as
sembly and the final structure of the p r i m a r y cell w a l l . Unfortunate ly , 
there is no universal ly acceptable model : that proposed by A l b e r s h e i m and 
co-workers (3) is not now widely accepted because the postulated inter-
polysaccharide glycosidic bonds have not been demonstrated (4); and the 
'warp-weft ' model of L a m p o r t (5) rests on the assumptions that extensin 
(i) forms a defined-porosity network (not proven); (ii) is or ientated a n t i -
c l ina l ly to the cell surface [some evidence against (6)]; and (iii) is a major 
component of a l l p r imary cell walls (not true) . 

Major Structural Polymers of the Cell Wall. A wa l l model requires a de
scr ipt ion of the major polymers involved. T h e major polymers of the grow
ing Dicoty ledon cell wal l are shown, approximately to scale, in F igure 1. 
T h e y are described in more detai l elsewhere (2); in brief, they are: 

1. The microfibrillar cellulose. T h i s forms the skeletal scaffolding of the 
cell wa l l . Micro f ibr i l s are about 4 n m in diameter (6) and are of inde
terminate length. 

2. The neutral hemicelluloses. These are xy log lucan in Dicotyledonous 
p r i m a r y walls and pr inc ipa l ly mixed- l inked β-(1—»3), (1—*4)-D-glu-
cans in members of the Graminaceae (grasses, inc lud ing cereals). In 
isolat ion, xy log lucan is water-soluble, a l though the molecule is a re la
t ively stiff rod approximately 150 to 1500 n m in to ta l contour length 
(8). One xy log lucan had a measured a x i a l rat io of about 100 (9). In 
the intact cell w a l l , the xylog lucan is firmly attached to the surface of 
the cellulosic microf ibri ls , pr inc ipa l ly by hydrogen-bonding (2,8,10-13), 
a l though some more secure bonds may also be present (2,10). 

3. The acidic polysaccharides. In Dicotyledons, the major acidic polysac
charides are the pectins (part ia l ly methyl-esterif led homogalacturo-
nans and rhamnogalacturonans) and smaller amounts of arabinoglu-
curonoxylans (2). [In growing grass cell walls , the arabinoglucuronoxy-
lans usual ly predominate over pectins.] 

4. The basic extensins. These are hydroxy prol ine- , lys ine- and tyrosine-
r ich glycoproteins consisting of r ig id molecular rods about 80 n m long 
(14,15), bearing short mono- to tetrasaccharide side-chains (2,14). 
W h e n newly secreted they b i n d ionical ly to the acidic polysaccharides 
of the cell wal l and can be extracted w i t h cold salt solutions; later 
they become much more resistant to sal t -extract ion and are said to be 
covalently bound , probably v i a d imer izat ion of their tyrosine residues 
to form isodityrosine (15). 
Some of the acidic and basic polymers of the cell wal l bear pheno

lic side-chains. T h e acidic polysaccharides carry ferulic and p-coumaric 
acid and related cinnamate-derivatives, esterified to specific hydroxy groups 
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Cellulose microfibri l 

Xyloglucan molecule 

Extensin molecule 

s c a l e 
100 nm 

Figure 1. T h e pr inc ipa l s t ruc tura l components of the growing cell walls of 
a Dicoty ledon. T h e drawings are approximate ly to scale. 
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(1,2,17-22). Feruloylated pectins have been found in the parenchyma
tous cell walls of many Dicotyledons (main ly i n the Centrospermae and 
Solanaceae), but UV-fluorescence microscopy suggests that at least the epi
dermal cell walls of a l l Dicotyledons contain phenolic residues; i t remains 
to be seen whether these phenolic residues are attached to polysaccharides 
or to cu t in , but locat ion of even a smal l quant i ty of, say, feruloyl -pect in in 
the epidermal wal l would be par t i cu lar ly significant in the control of g rowth 
because the extensibi l i ty of the epidermis controls the expansion of whole 
stems (23) and leaves (Fry, unpubl ished observations). T h e extensins, as 
already mentioned, are r i ch i n the phenolic amino ac id tyrosine (2). 

Assembly of a Xyloglucan-Microfibril Framework to the Wall. T h e i n i t i a l 
assembly of the cell w a l l is l ikely to be v i a non-covalent bonding , especially 
hydrogen-bonding. These i n i t i a l steps are believed to be non-enzymic . T h e 
microf ibri ls are synthesized by enzyme complexes which are mobile i n the 
p l a s m a membrane. T h e
come to lie i n a p lane—the innermost, accreting face of the cell w a l l . A t 
the same t ime , Golg i -der ived vesicles deposit the essentially soluble m a 
t r i x polymers ( F i g . 2a). Evidence suggesting that the m a t r i x polymers are 
indeed water-soluble when newly secreted was provided by observation of 
the polysaccharides secreted by naked protoplasts direct ly into the culture 
m e d i u m (24). O f the various m a t r i x polymers in this mix ture (hemicel 
luloses, pectins and extensin) , it is par t i cu lar ly the xy log lucan that w i l l 
s trongly hydrogen-bond to the microf ibri ls , c lothing them w i t h a molecular 
monolayer (10-12). 

Since the t o ta l contour length of a xy log lucan molecule is 40 to 400 
times greater than the diameter of a micro f ibr i l (8), i t wou ld seem inevitable 
that most of the newly deposited xyloglucan chains w i l l have the oppor tu 
n i ty to b i nd to the several microf ibri ls across which they are randomly l a i d 
down ( F i g . 2b) (25). 

A n y tendency for a xy log lucan molecule to re-orientate and come to 
lie w i t h its entire length along a single micro f ibr i l w i l l be min imized by 
the presence in the space between the adjacent microf ibri ls of other m a t r i x 
polymers which are not strongly hydrogen-bonding (pectins and extensins) 
and which w i l l (a) retard the molecular mot ion of the xylog lucan and (b) 
[by some of them l y i n g w i t h their main-chains perpendicular to the m i 
crofibrils] physica l ly prevent the xy log lucan chain f rom l i n i n g up along any 
favored micro f ibr i l . T h e consequence of this is that the i n d i v i d u a l x y l o g l u 
can molecules w i l l come to be hydrogen-bonded along discrete segments of 
several microf ibr i ls , tethering them, and the intervening lengths of x y l o g l u 
can w i l l be suspended between the microf ibri ls ( F i g . 2b). 

It may be noted parenthetical ly that evidence that extensins are not 
strongly hydrogen-bonded i n the cell wal l is the ease w i t h which they 
can be leached out of the wa l l w i t h 25-50 m M L a C l 3 or AICI3 (2U)—a 
treatment that effectively breaks ionic bonds but not hydrogen bonds—so 
long as the treatment is appl ied before the extensin has become covalently 
bonded in the cell wa l l . Evidence that at least one pectic polysaccha
ride (rhamnogalacturonan-I) is not strongly hydrogen-bonded in the cell 
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Figure 2. A speculative model for the assembly and growth of the Dico ty le 
donous cell w a l l . For c larity, the model shows two microf ibr i ls = = = , = = = ) 
and on ly one of the m a n y xy log lucan molecules ( ) that are proposed 
to interconnect them. T h e loops i n the lower d iagram represent other m a 
t r i x polymers (extensin a n d / o r pectins) whose phenolic side-chains have 
become oxidat ively coupled. Steps (d) and (g) are proposed to be catalyzed 
by cellulase. For further details , see ref. (25). 
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wal l is the fact that , despite its large size [ D P 2,000 (27); s imi lar to an 
average xyloglucan] , i t is released intact f rom the cell wa l l into cold neu
t r a l water fol lowing treatment w i t h pure endo-polygalacturonase, an en
zyme that hydrolyzes homogalacturonan (wi th which the backbone of the 
rhamnogalacturonan had presumably been contiguous) but does not affect 
the rhamnogalacturonan itself. 

An Important Requirement for Cell Growth. W i t h continued cell expansion, 
the intermicrof ibr i l lar segments of xy loglucan w i l l become stretched taut 
( F i g . 2c) and w i l l eventually come to bear the burden of turgor . Further 
growth w i l l then be impossible unless one or both of two things happens: 

1. the inter -microf ibr i l lar segments of xy log lucan are hydro lyzed ( F i g . 2d) 
by an endo-/?-(l—>4)-D-glucanase (cellulase), a well-established plant 
cell wal l enzyme (28); 

2. the xyloglucan-cellulose hydrogen-bonds are physical ly pul led open, 
unz ipp ing the xylog luca
hydrogen-bonds are considerabl
whi ch the i n d i v i d u a l polysaccharide chains are constructed (13). 

Consequences and Requirements of Oxidative Phenolic Coupling in the Cell 
Wall. If the phenolic side-chains present on pectins a n d / o r extensins can 
cross-l ink i n an appropriate manner and place, they could form loops 
that would encircle microf ibri ls and thereby strap part i cu lar xy log lucan 
molecules on to part i cu lar microf ibri ls ( F i g . 2f). T h i s would prevent the 
" u n z i p p i n g " mode of growth , but would not affect the "hydro ly t i c " mode. 
T h u s , while cross- l inking could potent ia l ly decelerate growth very r a p i d l y 
( F i g . 2h) , such an effect need not be irreversible ( F i g . 2g). T h e importance 
of this conclusion can be considered by reference to a physiological e x a m 
ple: T h e rapid ly - imposed inh ib i t o ry effect of blue l ight on the growth of 
stems has been hypothesized to be mediated by peroxidase-catalyzed cross-
l i n k i n g of wal l po lymer-bound phenolics (29); since the i n i t i a l growth rate 
is rap id ly restored when the blue light is switched off, the hypothesis only 
stands i f the mechanism of growth inh ib i t i on is reversible. 

Efficient cross-link formation by a smal l number of wal l po lymer -bound 
phenolics requires great precision i n the metabol ic reactions involved. It is 
not sufficient to f orm cross-links: the cross-links need to be formed i n the 
proper place w i t h i n the polymer molecule and w i t h i n the cell w a l l . Evidence 
that cross-links f orm at a l l [albeit sometimes as a low percentage of the to ta l 
wal l phenolics] is presented elsewhere (1,2,13,16,30-32). Here we present 
evidence that sufficient molecular specificity exists to be compatib le w i t h 
useful cross-link formation. 

E v i d e n c e for Specificity in the Reactions b y which Phenol ic 
G r o u p s are Introduced into W a l l Polymers 

Background. In order to maximize the efficiency of cross- l inking based on a 
smal l number of phenolic groups, i t is impor tant that these groups should 
be sited on the wal l polymers at appropriate loci rather than randomly. In 
the case of the phenolic side-chains of extensins this cr i ter ion is met since 
the s i t ing of the tyrosines is genetically encoded (27). 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



3. F R Y & M I L L E R Working Model of Growing Plant Cell Wall 39 

Siting of Ferulic Acid in the Wall Polysaccharides. T h e or ig in of the fer-
u loy l residues of the acidic wal l polysaccharides is not so s tra ight forward. 
However, there is good evidence that these phenolic side-chains are very 
specif ically s i ted. T h e posit ion of the feruloyl groups can most easily be 
explored by enzymic "dissection" of the polysaccharides w i t h commerc ia l 
mixtures of enzymes such as that known as Driselase (available f rom S i g m a 
C h e m i c a l Co . ) . Driselase, which is widely used for the iso lat ion of plant 
protoplasts because i t possesses enzymes that hydrolyze most of the g ly -
cosidic linkages of the p r i m a r y cell w a l l , lacks feruloyl-esterase ac t iv i ty 
and therefore leaves the feruloyl groups attached to the appropriate sugar 
un i t of the polysaccharide. In add i t i on , the endo- and exo-glycanases of 
Driselase cannot hydrolyze those glycose residues that bear feruloyl groups. 
T h e expected products of hydrolysis of a feruloyl-polysaccharide are thus 
ma in ly monosaccharides plus feruloyl-disaccharides (2). [Driselase lacks 
α-xylosidase ac t iv i ty and therefore also yields large amounts of a s imple 
disaccharide, D - x y l o p y r a n o s y l - a - (

T h e cell walls of Dicotyledons, especially i n the CaryophyHales , 
y ie ld upon Driselase digestion two major feruloyl-disaccharides, namely 
3 -0 - (3 -0 - f eru loy l -a -L -arab inopyranosy l ) -L -arab inose (Fer -Ara2) and 4 - 0 -
(6-0- feruloyl - /? -D-galactopyranosyl ) -D-galactose ( F e r - G a l 2 ) (17). These 
two compounds together account for 60-70% of the feruloyl residues 
of the p r i m a r y walls of cultured spinach cells. In the grasses, the 
major feruloyl-disaccharide obtained w i t h Driselase is 3 -0 - ( 5 -0 - f e ru l oy l -
a -L-arab ino furanosy l ) -D-xy lose ( F e r - A r a - X y l ) , but larger amounts of a 
feruloyl -tr isaccharide, 4 -0 - [3 -0 - (5 -0 - f e ru loy l -a -L -arab ino furanosy l ) - / ? -D -
xylopyranosyl ] -D-xylose ( F e r - A r a - X y l 2 ) , usual ly predominate because D r i 
selase is inefficient at hydro lyz ing xylobiose (19,20). 

T h e impor tant conclusion is that much of the wal l ' s ferulic ac id is l inked 
to specific hydroxy groups on specific sugars of specific polysaccharides. 
T h e specificity is par t i cu lar ly notable i n the case of F e r - A r a 2 , since the 
feruloylated arabinose residues are i n the rare pyranose r ing - form (17). It 
is clear that the feruloylat ion reactions are not r a n d o m , but are carefully 
steered biosynthetic steps. 

Evidence for Intracellular Feruloylation Reactions. T h e reactions by which 
feruloyl residues are added to polysaccharides occur intracel lular ly . T h i s 
was established for the F e r - A r a 2 units of the pectic polysaccharides of c u l 
ture spinach cells by admin is t ra t i on of [ 3 H]arabinose so that the careers of 
po lymer -bound pentose residues could be followed f rom their intrace l lu lar 
incorporat ion into nascent polysaccharides and glycoproteins, v i a their se
cretion through the p lasma membrane, to their u l t imate fate w i t h i n the 
wal l (28). T h e cells were fed [ 3 H]arabinose for various defined periods of 
t ime, after which two dist inct analyses were performed ( F i g . 3): 

a. A sample of the cells was k i l l ed i n ethanol and the alcohol- insoluble 
residue (containing the polysaccharides and glycoproteins) was d i 
gested exhaustively w i t h Driselase. T h i s converted the various pentose-
containing units of the polymers to the fol lowing major breakdown 
products : 
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[3H]Arabinose 

Spinach 
cel ls 

Ethanol Driselase 

time 
t 

Culture 
f i l t r a te 

Washings 
rejected 

Digestion 
products 

O r i g i n — ! 

O -

o -

o -

o — 

Ι Λ Λ Λ Λ Λ / V V V V V V N 

- - Polymers 

- X y l - a - ( l - 6 ) -
Glc 

-Ara 

- x y i 

--Fer-Ara2 

Figure 3. Scheme of an experiment to demonstrate the intracel lular nature 
of polysaccharide- feruloylation. 
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arab inan —• [ 3 H]arabinose 
feruloyl -arabinan —• [ 3 H]arabinose + Fer - [ 3 H ] A r a 2 

arab inoxy lan —• [ 3 H]arabinose + [ 3 H]xylose + [ 3 H]xylobiose 
xy log lucan —• [ 3 H ] x y l o s y l - a - ( l —• 6) glucose 

— w h i c h were then separated by paper chromatography and assayed 
i n d i v i d u a l l y for 3 H by sc int i l lat ion-count ing , 

b. A sample of the culture filtrate was also analyzed by paper chro
matography to separate the unchanged [ 3 H]arabinose f r om any secreted 
polysaccharide present. T h e 3 H in the latter ( R p = 0.00) was measured 
by sc int i l lat ion-count ing . 
B y step (a), a picture could be formed of the kinetics o f the intrace l lu 

lar incorporat ion of 3 H from [ 3 H]arabinose into the major polysaccharides 
of the cell w a l l . R a d i o a c t i v i t y was incorporated into po lymer -bound ara -
binose and xylosyl-glucose units after lag periods of about 3.5 m i n and 
6.5 m i n , respectively. Thes
[ 3 H]arabinose to be take
polysaccharide biosynthesis 

[ 3 H ] A r a — [ 3 H ] A r a - l - P ~ U D P - [ 3 H ] A r a ( ~ U D P - [ 3 H ] X y l ) 

(1,35) and possibly for the U D P - s u g a r s to be transported into the en-
domembrane system where the polysaccharides are synthesized. A f ter the 
lag , the rate of incorporat ion of 3 H into polymers remained fa ir ly constant 
for several hours. 

T h e incorporat ion of 3 H from [ 3 H]arabinose into Fer - A r a 2 units showed 
a lag of about 4.2 m i n , after which i t too became l inear . T h i s means 
that as l i t t l e as 0.7 m i n after their incorporat ion into a (possibly s t i l l 
nascent) polysaccharide, [ 3 H]arabinose residues were susceptible to feruloy-
l a t i o n . T h e feruloylat ion reaction is thus l ikely to have been occurr ing i n 
the endomembrane system, co-synthetically, as one of the h ighly regulated 
parts o f the sophisticated polysaccharide-biosynthetic machinery. T h i s can 
be compared to the co - translat ional modi f icat ion known to occur i n many 
proteins. 

B y step (b), further evidence was obtained that the feruloylat ion was 
intrace l lu lar . T h e extracel lular polysaccharides and glycoproteins only 
started to acquire 3 L after a lag of about 25 m i n (34). T h i s is inter
preted to mean that before 25 m i n essentially a l l the [ 3 H]polysaccharide 
was s t i l l intrace l lu lar , either i n the G o l g i bodies or packaged into G o l g i -
derived vesicles, but not yet passed through the p lasma membrane. T h e 
fact that these sugar residues were being feruloylated, at the m a x i m a l rate, 
wel l before 25 m i n supports the conclusion that feruloylat ion was largely 
intrace l lu lar . 

Possible Extracellular Feruloylation. It has been suggested (36) that fer
u loy lat ion occurs extracel lularly . Evidence i n support of this contention 
was the observation that i n m a t u r i n g coleoptiles of barley the amount of 
polysaccharide-bound ferulate continued to increase for at least one day 
after t o t a l polysaccharide accumulat ion had ceased. However, this fact is 
open to the alternative explanat ion that relatively s m a l l amounts of a h igh ly 
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feruloylated polysaccharide continued to be synthesized ( intrace l lu lar ly ) i n 
mature coleoptiles even after t o ta l wal l polysaccharide synthesis had decel
erated and been approximate ly equalled by polysaccharide breakdown so 
that the net rate of polysaccharide accumulat ion was zero. 

Further evidence apparently i n favor of some feruloylat ion being ex
trace l lu lar was the observation that [ 1 4 C ] f e r u l o y l - C o A w i l l b i n d covalently 
to coleoptile cell walls i n vitro (37). It was suggested that this was due 
to the operation of an extracel lular feruloyltransferase cata lyz ing a trans-
esterif ication reaction whereby the feruloyl residue is transferred f r om the 
C o A donor to a polysaccharide acceptor. However, i t remains to be seen (i) 
whether f e r u l o y l - C o A , the proposed donor, occurs extrace l lu lar ly ; and (ii) 
whether, i n the in-vitro system, the 1 4 C remains as [ 1 4 C] feru loy l residues 
or whether the [ 1 4 C] feru loy l residues become bound to other wal l -bound 
(non-radioactive) phenolic groups, perhaps by oxidat ive coupl ing . [Ox ida 
tive coupl ing i n isolated cell walls i n the absence of added  has been 
observed (38).] Such a reactio
possibly catalase (31). If [ 1 4 C ] f e r u l o y l - C o A does indeed b i n d to cell walls 
in vitro v i a the format ion of ester bonds, it w i l l be of great interest to see 
whether the 1 4 C can be recovered by Driselase digestion i n the f o rm of 
[ 1 4 C ] F e r - A r a - X y l and [ 1 4 C ] F e r - A r a - X y l 2 ind i ca t ing that the h ighly specific 
feruloyl -sugar bond characteristic of grass cell walls had been synthesized 
by an extracel lular enzyme system. Biosynthesis of ester bonds i n the cell 
wa l l has a precedent i n the proposed biosynthesis of cu t in f rom fatty a c y l -
C o A thioesters i n the epidermal cell wa l l (for a review, see 39). It is possible 
that Y a m a m o t o et ai (37) have detected the biosynthetic system by w h i c h 
feruloyl residues are attached to the al iphat ic core of cu t in rather t h a n to 
the wa l l polysaccharides. T h e current evidence seems to favor intrace l lu lar 
feruloylat ion of polysaccharides. 

E v i d e n c e for Specificity i n the Oxidat ive C o u p l i n g of Phenol ic 
S i d e - C h a i n s i n the C e l l W a l l 

T h e previous section has presented evidence that phenolic units are care
fu l ly posit ioned w i t h i n the w a l l polymers. W h e n these uni ts undergo ox
idative phenolic coupl ing reactions in the cell w a l l , the coupl ing reactions 
themselves are also remarkably specific. T h i s can be i l lus trated by reference 
to the tyrosine residues of extensin. 

Orientation of Coupling in Protein-Bound Tyrosine Residues. Tyros ine can 
couple to form either of two isomeric dimers, dityrosine and isodityrosine 
(1,16) ( F i g . 4). T h e choice between these two dimers is governed by the 
condit ions under which the coupl ing is carried out; some examples are given 
i n Tab le I. 

In an imal s t ruc tura l proteins in vivo, the only k n o w n dimer of tyrosine 
is dityrosine (40,41); i n the extensin of plant cell walls , i n contrast, the on ly 
dimer formed in vivo is isodityrosine (16). How is the coupl ing of tyrosine i n 
plants confined to the format ion of isodityrosine? There is noth ing unique 
about the local environment of the tyrosine residues in (pure) extensin, since 
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Table I. D i m e r i c Produc ts of the Ox ida t ive C o u p l i n g of P r o t e i n - B o u n d T y 
rosine Residues under Various Cond i t i ons 

Substrate System P H P r o d u c t s Reference 

R e s i l i n in vivo insect cuticle > 7 DÎT (40) 
Col lagen in vivo nematode cyst > 7 D i T (41) 
E x t e n s i n in vivo Dicot p r i m a r y cell wal l < 7 Idt (16) 
E x t e n s i n in vitro peroxidase + H2O2 9 D i T (38) 
Bovine serum 
a l b u m i n in vitro peroxidase + H2O2 9 D i T (42) 

E x t e n s i n in vitro isolated cell wa l l 6 Idt (38) 

OH 
I 

O  1 

kJ Κ 
ÇH2 ÇH2 

CHNH2 ÇHNH2 

COOH COOH 

Tyrosine •tyrosine Isodityrosine 

Figure 4. Structures of tyrosine, dityrosine and isodityrosine. [Reproduced 
w i t h permission f rom Journal of Expenmental Botany 38, 853-62; © O x 
ford Univers i ty Press, 1987. 

these residues are quite capable of forming dityrosine (38) under the same 
o p t i m a l in vitro condit ions as work for v i r t u a l l y any other prote in (e.g., 
bovine serum a lbumin) (42). T h e only in vitro system i n w h i c h isodityrosine 
product i on predominates is in extensin treated w i t h isolated plant cell walls 
(38) at p H 6. 

T w o factors associated w i t h the plant cell wal l were considered w h i c h 
might direct exclusive isodityrosine format ion : 

a. The pH of the plant cell wall T h i s p H is always l ikely to be below 7.0 
in vivo, and therefore wel l below the o p t i m u m ( p H ca. 9.0) for t o t a l 
d imer izat ion of tyrosine; p H 9.0 was used in most in vitro assays other 
t h a n those where cell walls were the source of peroxidase. 

b . Specific isoperoxidases. T h e cell wal l contains a number of peroxidase 
isozymes, quite dist inct f rom the major basic isozyme obtained f r o m 
horseradish and used i n most in vitro assays; i t is possible that some 
of these other isozymes have a propensity to catalyze isodityrosine 
format ion . 
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Evidence Against Cell Wall pH and Isoperoxidase Specificity as Determi
nants of Isodityrosine Formation. T o test these possible explanat ions for 
the exclusive formation of isodityrosine i n the p lant cell w a l l , samples of 
[ 1 4 C]tyros ine were oxidized by H2O2 i n the presence of three sharply con
trast ing horseradish-isoperoxidases [two l o w - p i (acidic) and one h i g h - p i (ba
sic)] at a wide range of p H values (37). 

T h e two l o w - p i isozymes were considerably poorer than the h i g h - p l 
isozyme at cata lyz ing to ta l tyrosine-oxidation [the comparison was based 
on the use of a constant 1.2 / / k a t / m l of each isozyme, 1 / ikat be ing the 
amount that w i l l catalyze the ox idat ion of pyrogal lo l to purpuroga l l in at 
1 μηιοΐ/s at p H 6.0 and 25°C] . T h e lower-p i isozyme oxidized tyrosine 
o p t i m a l l y at p H 6, and the h i g h - p i isozyme had an o p t i m u m of p H 9. T h e 
rate of ox idat ion by the h i g h - p i isozyme at p H 9 was about seven t imes 
greater than that of the lower-pl isozyme at p H 6. T h i s confirms that the 
isozymes exhibi ted considerable differences i n cata lyt i c properties, as well 
as differing i n p i . 

W h e n the dimers produced by these isozymes, at a wide range of ρ H 
values, were analyzed ind iv idua l ly , no great difference was found (37). A t 
h igh p H values ( p H 8-10), bo th the l ow-p l and h i g h - p i isozymes generated 
ca. 20 t imes more dityrosine than isodityrosine. A s the p H was lowered, 
the y ie ld of isodityrosine increased and that of dityrosine decreased u n t i l 
at p H 3 there was only about 2-3 times more dityrosine than isodityrosine; 
however, under no condit ions d i d the y ie ld of isodityrosine ever exceed that 
of d i tyrosine . 

It m a y be concluded that neither p H nor isozyme-specif icity is l ike ly to 
direct the exclusive format ion of isodityrosine i n the plant cell wal l i n vivo. 
Indeed, i t might be argued that isozyme-specificity is in tr ins i ca l ly un l ike ly 
to direct the or ientat ion of coupl ing (dityrosine vs. isodityrosine) since the 
role of the enzyme is thought to be merely the product ion of tyrosine free 
radicals (44) wh i ch then non-enzymically pa ir off. 

Role of Neighboring Polysaccharide Molecules in Determining the Orienta
tion of Tyrosine Residues During Coupling. These considerations suggest 
a t h i r d possible explanat ion for the exclusive formation of isodityrosine i n 
the plant cell wa l l i n vivo: that the neighboring s t ruc tura l molecules of the 
wal l constrain extensin to prevent dityrosine f ormat ion . T h i s would mean 
that the biological ly relevant substrate for peroxidase i n the plant cell wal l 
is not naked extensin but extensin complexed w i t h another wal l compo
nent, possibly an acidic polysaccharide to wh i ch the extensin would b i n d 
ionical ly . 

Conclusions 

In conclusion, i t seems fair to say that specificity exists i n both the b iosyn
thesis and i n the oxidative coupl ing of po lymer -bound phenols in the grow
ing cell w a l l , (a) Tyros ine residues are placed at specific sites along the 
extensin molecule by genetically-encoded in format ion , (b) Tyros ine cross-
l i n k i n g i n vivo is a very specific, carefully steered process i n that i t occurs 
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only when the extensin is i n a precise molecular environment , possibly as an 
ionic complex w i t h an acidic polysaccharide. T h i s is evidenced by the fact 
that cell walls couple their tyrosine residues to make isodityrosine rather 
than dityrosine, whereas the same residues in the absence of a cell wal l 
generate m a i n l y dityrosine. (c) T h e feruloylat ion and p-coumaroy lat ion 
of acidic polysaccharides occurs on highly specific hydroxy groups, (d) It 
remains to be seen how precise or r a n d o m the coupl ing of polysaccharide-
bound phenolic side-chains is. 

T h e significance of this precision is that i t suggests that adequate speci 
ficity exists for the coupl ing reactions to take part efficiently i n the "s t rap
p i n g " of hemicellulose molecules to microf ibri ls mentioned earlier. It w i l l be 
of great interest i n future research to explore whether and to what extent 
such " s t rapp ing" occurs. 
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Chapter 4 

Deposition of C e l l W a l l Components in Coni fer 
Tracheids 

Keiji Takabe1, Kazumi Fukazawa 1, and Hiroshi Harada 2 
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Sapporo, Japan 

2Rector Office, Kasetsart University, Bangkhen, Bangkok, 10900, 
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The cell wal  depositio  processes,
cell wall components, and cell organellae involved in 
the biosynthesis of polysaccharides and lignin in conifer 
tracheids were investigated using several chemical and 
microscopy techniques. The deposition process for cel
lulose was found to differ from that of hemicelluloses. 
Cellulose deposited actively between the S1 and S3 de
velopmental stages, especially in the middle part of the 
S2 stage. On the other hand, mannans and xylans were 
laid down between the latter part of S1 and the early 
part of S2 development, and between the latter part of 
the S2 and S3 stages. These results suggest that (i) the 
middle portion of S2 is rich in cellulose, and (ii) hemi
celluloses are abundant in S1, and the outer and inner 
portions of S2 and S3 tissue. Lignification was initiated 
at the outer surface of the primary wall cell corners, and 
proceeded into the intercellular layers, and the intercel
lular substances between cell corners. Lignification of 
the secondary walls was initiated at the S1 cell corner, 
then proceeded to the unlignified S1 layer and toward the 
lumen, while lagging behind cell wall thickening. Cellu
lose synthesis occurred at the plasma membrane. The 
Golgi-body, and a small circular vesicle derived from 
the rough endoplasmic reticulum, were involved in the 
biosynthesis and/or transport of hemicelluloses, while 
the Golgi-body and smooth-endoplasmic reticulum were 
involved in the biosynthesis and/or transport of mono
lignols. 
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Cellulose , hemicelluloses, and l ign in are the m a i n components of cell walls 
i n woody plants. For a long t ime, these plant polymers have s t imulated the 
interest of many plant botanists and biochemists in terms of their b iosyn-
thetic pathways , funct ional interrelat ionships, and anatomica l d i s t r i b u t i o n . 

T h e cell wal l of conifer tracheids consists of both p r i m a r y and sec
ondary walls . T h e p r i m a r y wal l is formed dur ing cell d iv is ion and sub
sequent cell enlargement, whereas secondary wal l f o rmat ion only occurs 
after cell enlargement has been completed. Secondary walls are subdiv ided 
into three layers, named S i , S2, and S3, respectively. A large effort has 
been devoted to e luc idat ing (i) s t ruc tura l and chemical properties of the 
polysaccharides and l i gn in i n each cell w a l l layer and their funct ional inter
relationships, and (ii) the role of cell organellae i n cell wal l biosynthesis. In 
spite of th is , our knowledge of the entire process of cell w a l l construct ion 
and the interrelat ionship

Depos i t ion of Polysaccharides 

Pioneer ing work on polysaccharide d i s t r ibut ion in the cell wal l was car
ried out by Meier and W i l k i e (1) and Meier (2). T h e y isolated r a d i a l 
sections f rom the differentiating x y l e m of Pinus sylvestris, Picea abies, and 
Betula verrucosa, separated each into subcel lular fractions by a m i c r o m a 
n ipu la tor , and analyzed the monosaccharide composit ion of the different 
polysaccharide fractions by paper chromatography. F r o m these studies i t 
was concluded that , i n softwood tracheids, the outer part of the S2 layer 
was richest in cellulose, whereas the S3 layer was richest in g lucuronoara-
b inoxy lan and the g lucomannan content gradual ly increased towards the 
lumen . O n the other hand , in hardwood fibers, the inner part of S 2 and S3 

were richest in cellulose, while S i and the outer part of S2 showed a h igh 
g lucuronoxylan content. Côté et al. (3) also investigated the polysaccha
ride d i s t r ibut i on in Abies balsamea tracheids according to the method of 
Meier and obtained s imi lar conclusions. 

Larson (4,5) fed 1 4 C 0 2 photosynthetical ly to Pinus resinosa, d iv ided 
the dif ferentiating x y l e m into several fractions, and counted the radioac
t i v i t y of each cell wa l l component. F r o m these studies, i t was concluded 
that as tracheid m a t u r a t i o n occurred, xylose deposit ion increased, whereas 
mannose remained relat ively constant, and both arabinose and galactose 
decreased considerably. 

In recent years, Harde l l and Westermark (6) scratched Picea abies t r a 
cheids w i t h tweezers, collected i n d i v i d u a l cell wal l layers, and then analyzed 
the average monosaccharide composit ion. Surpris ingly , among the i n d i v i d 
ua l cell wal l layers no significant difference i n the mannose:xylose:glucose 
rat io among i n d i v i d u a l cell wal l layers was observed. 

We have also studied polysaccharide deposit ion processes dur ing cell 
wal l formation (7), by gas- l iquid chromatographic analysis of fractions sep-
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arated by microfract ionat ion and enriched i n cells at different developmen
t a l stages. In that invest igat ion, the dif ferentiating system of Cryptome
ria japonica was separated into twelve fractions and each h a d its neutra l 
monosaccharide content and type determined (Figs . 1 and 2). (Note that 
glucose, mannose, and xylose are ma in ly derived f rom cellulose, mannans , 
and xy lans , respectively.) T h u s , i t was concluded that cellulose was m a i n l y 
deposited i n the midd le part of the S2 layer, whereas hemicelluloses ( m a n -
nans, xy lan ) were found m a i n l y i n the S i and the outer part of the S2 and 
S3 layers ( F i g . 3). These results were further confirmed f rom our t ransmis 
sion electron microscopy ( T E M ) studies on dif ferentiating x y l e m stained 
w i t h P A T A g . T h i s technique, developed by Thiéry (8), is specific for h e m i 
celluloses and showed heavy s ta in ing of the S i , outer S2 and S3 layers. 
Interestingly, the warty layer was also heavily stained by P A T A g , ind i ca t 
ing i t to be m a i n l y compose

We next investigated
wal l polymers dur ing cell wa l l formation (9). A f ter incorporat ion of the 
labelled sugar, the dif ferentiating x y l e m of Cryptomeria japonica was sepa
rated into 8 fractions, each of which was subjected to m i l d ac id hydrolys is . 
T h e monosaccharides, so released from the polysaccharides, were then sep
arated by thin- layer chromatography (tic) and the i n d i v i d u a l rad ioac t iv i ty 
content for each sugar was visual ized by autoradiography and measured 
by sc int i l la t ion counting. A s can be seen f rom Figure 4, the d i s t r ibut i on 
of rad ioac t iv i ty into the i n d i v i d u a l sugars was i n good agreement w i t h our 
previous analyses of the polymers, i .e., cellulose deposit ion m a i n l y occurred 
i n the midd le part of the S2 to S3 developmental stage, whereas x y l a n de
pos i t ion was i n the S i to early S2 and again i n the S3 developmental layers. 
M a n n a n deposit ion occurred m a i n l y dur ing secondary wa l l f ormat ion rather 
t h a n dur ing format ion of the p r i m a r y w a l l . 

Lignif ication of Tracheids 

T h e first s tudy on l ignif icat ion of conifer tracheids was carried out by 
W a r d r o p (10). F r o m examinat i on of the dif ferentiating x y l e m of Pinus 
radiata under an ultraviolet microscope, he observed that l igni f icat ion was 
in i t ia ted at the cell corners of the p r i m a r y w a l l , then extended to the m i d 
dle lamel la a n d secondary w a l l . Imagawa et al. (11) subsequently took 
U V - p h o t o m i c r o g r a p h s of the differentiating x y l e m of Larix leptolepis and 
demonstrated that l igni f icat ion proceeded as follows: l i g n i n accumulat ion 
begins i n the intercel lular layer at the cell corners and p i t borders, then 
extends to both rad ia l and tangent ia l midd le lamel la , and then towards the 
l u m e n . F u j i t a et al. (12) investigated l igni f icat ion of Cryptomeria japonica 
compression wood by the same method. These authors found that there are 
two types of l i gn in deposit ion processes: One was p r i m a r y wa l l l igni f icat ion 
w h i c h occurred f rom the early phase of S i deposit ion to the early phase of 
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Figure 1. Changes i n the absolute amount of sugars w i t h tracheid m a t u 
ra t i on . T h e various components are designated as follows: glucose, • ; 
mannose, A ; xylose, Δ ; arabinose, Q î a n d galactose, φ . 
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Figure 2. T h e amount of increase i n sugars (the difference of the absolute 
amounts of sugar between the neighboring fractions) . T h e dashed l ine shows 
the s u m of arabinose, galactose, xylose, and mannose. 
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Figure 3. D i s t r i b u t i o n of polysaccharides through the cell w a l l . C, cellulose; 
M , galacto-g lucomannan; X , arabino -4 -O-methylglucuronoxylan. 
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F igure 4. T h e composi t ion of rad ioact iv i ty i n neutra l sugars. A r a b i c n u 
merals are the fract ion numbers. T h e dif ferentiating stages i n each fract ion 
are as follows: Fract ions 1-2, p r i m a r y wa l l stage; 3, S i stage; 4-6, S2 stage; 
7-8, S 3 stage. 
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S2 th ickening ; the other was secondary wa l l l igni f icat ion whi ch proceeded 
after S2 th ickening. 

A l t h o u g h U V - m i c r o s c o p y has provided much in format ion on the l i g n i 
fication process and l i g n i n d i s t r ibut i on through the cell w a l l , i t has been 
of l imi ted value because of i ts low resolving power as compared to electron 
microscopy. Consequently , some workers, using specimens fixed w i t h potas
s i u m permanganate , studied l igni f icat ion using T E M . In this way, W a r d r o p 
(13,14) found that w i t h Eucalyptus elaeophora, l i g n i n format ion was i n i t i 
ated at the midd le lamel la of the cell corners, and subsequently at the outer 
part of the S i layer. It then proceeded along the midd le lamel la , through the 
p r i m a r y w a l l , and u l t i m a t e l y to the secondary w a l l . K u t s c h a and Schwarz-
m a n n (15) also examined the l ignif icat ion of Abies balsamea tracheids by 
T E M and showed that it was in i t iated i n the midd le l ame l la between pi t 
borders of adjacent tracheids
cell corners. In cell corners, i t occurred at either the outer p o r t i o n of the 
p r i m a r y w a l l or the midd le lamel la . A f ter that , l igni f icat ion took place i n 
the cell corner region of the S i layer, leaving the p r i m a r y wal l unl igni f ied , 
and then proceeded subsequently toward the lumen . T h i s technique, using 
permanganate fixation, can, however, cause swell ing of b o t h the cell and 
the cell w a l l , and the extract ion of many cell components. Indeed, K i s h i 
et ai (16) reported that the s ta in ing intensity produced by permanganate 
does not reflect true l ign in content, thus leaving the aforesaid results i n 
some doubt . 

Saka and T h o m a s (17) also investigated the l igni f icat ion of Pinus taeda 
tracheids by the S E M - E D X A technique, and showed that i t was in i t ia ted 
i n the cell corner midd le lamel la and compound midd le lamel la regions 
dur ing S i f o rmat ion . Subsequently, r a p i d l ign in deposit ion occurred i n 
both regions. Secondary wal l l ignif icat ion was in i t ia ted when the midd le 
lamel la l i g n i n concentration approached 5 0 % of its m a x i m u m , and then 
proceeded towards the lumen . 

We (18-20) have also investigated the l ignif icat ion process using Cryp
tomeria japonica tracheids. Techniques employed were a d m i n i s t r a t i o n of 
t r i t ia ted phenylalanine as a l ign in precursor, followed by a combinat ion of 
UV-microscopy , l ight microscopic autoradiography, and T E M coupled w i t h 
appropriate chemical treatments of u l t r a - t h i n sections. F igure 5 shows 
densitometer traces of UV-photonegat ives of dif ferentiating x y l e m . T h e 
U V - a b s o r p t i o n of the compound middle lamel la was first detected i n the 
tracheid at the S i developmental stage, then increased dur ing secondary 
wal l th ickening, becoming constant after the S 3 stage. O n the other h a n d , 
U V - a b s o r p t i o n at the secondary wal l was first observed at the outer por
t ion i n the tracheid of the S2 stage, then spread slowly towards the lumen 
i n subsequent stages. T h e tracheid in the final part of cell wal l f o rmat ion 
showed un i f o rm absorption through the secondary w a l l . F r o m Figure 6, 
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Figure 5. Densitometer traces of UV-photonegat ives . A r a b i c numerals i n 
dicate the cell number which starts f rom the cell just before S i f ormat ion . 

. .?r - -. ι • . • , · , . . . . 
0 5 10 15 20 25 30 0 5 Ο 15 20 25 30 

Cell Number 

Figure 6. Incorporat ion of t r i t ia ted phenylalanine into the compound m i d 
dle lamel la l i gn in and the secondary wal l l i g n i n determined by count ing 
the silver grains. Symbols are as follows: φ , compound midd le lamel la ; 0 > 
secondary w a l l . 
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i t is evident that the labelled l ign in precursor was rap id ly incorporated 
into the compound middle lamel la l i g n i n , whereas i t entered s lowly into 
secondary wal l l i gn in . A d d i t i o n a l l y , incorporat ion into compound midd le 
lamel la l i gn in took place dur ing S i and S2 developmental stages, whi le i n 
corporat ion into secondary wal l l i gn in occurred main ly after the S3 stage. 
In the latter case, rad ioact iv i ty was d is tr ibuted throughout the secondary 
w a l l . T h i s indicated that monolignols were continuously suppl ied to a l l ar 
eas of the secondary w a l l . T h u s , the l i g n i n content i n the secondary wa l l 
g radual ly increased by repeated l i n k i n g of monol ignol radicals . 

These findings were also supported by analysis of the l ign in skeleton of 
the dif ferentiating x y l e m , obtained by treatment of u l t r a - t h i n sections w i t h 
hydrof luoric acid after resin extract ion (20). T h i s removes polysaccharides 
effectively wi thout any swell ing of the cell w a l l . In this way, we found that 
l igni f icat ion i n the Cryptomeria
surface of the p r i m a r y w a l
Subsequently, i t proceeded to the intercel lular layer together w i t h l ign in 
deposit ion i n the intercel lular substances between the cell corners. W h e n 
the tracheid was adjacent to a ray parenchyma, the cell corner region on 
the ray parenchyma side was lignified earlier than that on the opposite one. 
It was very interesting that secondary wal l l igni f icat ion was also in i t ia ted 
at the S i cell corner region dur ing the S i developmental stage. It then 
proceeded to the unlignif ied S i layer. W h e n the tracheid was adjacent to 
a ray parenchyma, l ignif icat ion of the S i layer was also earlier on the ray 
side. A f ter that , l ignif icat ion gradual ly spread towards the lumen , lagging 
beh ind cell wa l l th ickening . L i g n i n deposit ion then predominated after the 
S3 stage, while less active dur ing the S i , S2, and S3 developmental stages. 
T h e l ign in content of the secondary wal l became fa i r ly constant i n the 
final stage of cell wal l f o rmat ion , though the warty layer was more h igh ly 
l ignif ied. 

Changes in C e l l Organellae D u r i n g C e l l W a l l F o r m a t i o n 

T h e cell organellae i n woody plants are the nucleus, mi to chondr i on , 
rough-endoplasmic re t i cu lum ( r - E R ) , smooth endoplasmic r e t i c u l u m (s-
E R ) , Go lg i -body , p las t id , vacuole, microbody, etc. T h e i r functions are very 
compl icated , and some have definite roles i n the biosynthesis of ce l l -wal l 
components. Hence, changes i n size of cell organellae are l ikely to occur, 
since ce l l -wal l composit ion depends upon the stage of wa l l development. 

We tr ied to estimate the size of the cell organellae i n the cy top lasm, 
exc luding the vacuolar compartment . T o do this , we took at r a n d o m a 
few hundred electron micrographs of cells i n the dif ferentiating x y l e m and 
measured the area of each cell organelle i n the cy top lasm by a digi t izer 
coupled to a microcomputer . W e found not only changes i n the area of 
cell organellae i n the cytop lasm, but also i n their s tructure d u r i n g cell 
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wal l f o rmat ion . F igure 7 shows the results of semi -quant i tat ive analysis 
of the areas for each cell organellas d u r i n g cell w a l l f o rmat ion . It was 
surpr is ing that the Go lg i -body , r - E R , and s - E R , showed appreciable changes 
i n area dur ing cell wa l l f o rmat ion . T h e area of the G o l g i - b o d y was largest 
at the S i stage, and then gradual ly decreased i n size w i t h m a t u r a t i o n of 
the tracheid , whereas the r - E R was largest i n the p r i m a r y wa l l stage, a n d 
then gradual ly decreased w i t h cell w a l l f ormat ion . T h e s - E R , on the other 
h a n d , was a minor organelle f rom the p r i m a r y wal l stage to the early part 
of the S2 stage, and then showed a gradual increase i n area toward the S3 

developmental stage. T h e most s t r i k i n g fact was that the enlargement of 
the s - E R coincided w i t h that of active l ignif icat ion of the secondary w a l l . 

F igure 8 shows the changes i n the structure of cell organellas. T h e 
photographs are typ i ca l structures i n each dif ferentiating stage. Note that 
the G o l g i - b o d y consists o
dur ing the p r i m a r y wal l stage
this be ing accompanied by the format ion of many large vesicles conta in ing 
fibrillar mater ia l dur ing the S i and S2 developmental stages. A f ter tha t , 
the central cisternae became s m a l l i n size, though the thickness was s i m i l a r 
to that of previous stages. Interestingly, this stage appears to be accompa
nied by the f ormat ion of on ly a few vesicles, ind i ca t ing depression of G o l g i 
act iv i ty . 

Several ret i cu la of the r - E R show an ordered arrangement and many 
ribosomes are attached to their membrane dur ing the p r i m a r y wa l l devel 
opment stage. A s m a t u r a t i o n proceeds, the r - E R ' s then gradual ly decrease 
not on ly i n number and length of ret i cu la , but also i n the number of r ibo 
somes. T h e s - E R ' s , on the other hand , become largest after the S3 stage, 
and sometimes at tach ribosomes at their terminals . 

D u r i n g p r i m a r y wal l f o rmat ion the plastids contain starch and other 
mater ia ls wh i ch s ta in heavily w i t h u r a n y l acetate and lead c i trate . W h e n 
the tracheid starts to f o rm the S i layer, the p last id becomes surrounded by 
an endoplasmic r e t i cu lum. W h i l e the fate of these compounds is u n k n o w n , 
it can be envisaged that they are used for generation of energy a n d / o r a 
source of cell wa l l mater ia ls . 

C e l l Organellae Involved i n Biosynthesis of Polysaccharides 

T h o u g h cellulose is one of the most impor tant b iopolymers , i t has not yet 
been possible to completely elucidate its biosynthetic pathway, or establish 
exact ly the cell organellae involved i n its synthesis. However, d u r i n g the 
last decade, the freeze fracture technique has been appl ied to investigate cell 
wa l l f o rmat ion , and this has produced much in format ion on the site where 
cellulose synthesis occurs. It is now generally accepted that b o t h t e r m i 
n a l and rosette complexes are responsible for cellulose synthesis (21). O u r 
results (19,22) support that view. In a T E M - a u t o r a d i o g r a p h i c invest iga-
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Figure 7. Semi-quant i tat ive measurements of cell organellae in the cyto
p lasm. 
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Figure 8. Changes i n the structure of cell organellae d u r i n g cell wa l l for
m a t i o n . U p p e r , midd le , and lower photographs are Go lg i -body , r - E R , and 
p las t id , respectively. Abbrev ia t i ons are as follows: P , p r i m a r y wal l stage; 
S2#, early part of S2 stage; S2L, later part of S2 stage. 
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t i on of dif ferentiating x y l e m , previously administered t r i t i a ted glucose, the 
rad ioact iv i ty was concentrated at the boundary between the newly formed 
cel l -wal l and the cytop lasm i n the midd le and latter parts of the S2 stage. A 
comparison w i t h F igure 4 indicates that a major component of the label led 
mater ials i n these areas was i n the cellulose po lymer , and hence glucose de
r ived . F r o m a cytochemical investigation, f ibr i l lar materials hav ing a w i d t h 
of 6-7 m m were sometimes observed, these be ing generated f rom the p l a s m a 
membrane ( F i g . 9). T h e y had s imi lar dimensions to cellulose microf ibr i ls 
f rom gelatinous layers of Populus euramericana as shown by S u g i y a m a et 
ai (23), thereby ind i ca t ing the involvement of the p l a s m a membrane i n 
cellulose synthesis. 

T h e biosynthesis of cell wal l polysaccharides has also been studied by 
cytochemical s ta in ing methods. P A T A g s ta in ing (8) resulted i n establ ish
ing cell organellae involve
Picket t -Heaps (24) adapted this s ta in ing procedure to the root t ips and 
coleoptiles of Triticum vulgare seedlings. In this way, he showed that G o l g i -
cisternae and their vesicles were stained positively, whereas E R cisternae 
stained negatively. T h i s led to the conclusion that Golg i -bodies were i n 
volved i n the biosynthesis a n d / o r transport of polysaccharides. These re
sults were confirmed again i n later studies by Fowke and P icket t -Heaps (25) 
and Ryser (26). In recent years, Sug iyama et ai (27) observed the Valonia 
macrophysa ce l l -wal l by means of selective v isual izat ion and chemical a n a l 
ysis of ce l l -wal l components. T h e authors found that the materials stained 
posi t ive ly w i t h P A T A g , or a combinat ion of u r a n y l acetate and lead c i trate , 
were non-cellulosic polysaccharides. 

We have also applied the P A T A g s ta in ing to the dif ferentiating x y l e m of 
Cryptomeria japonica (22). W h i l e the contents i n the Golgi-vesicles stained 
posi t ive ly at a l l stages of cell wal l format ion , there were three m a i n obser
vations. D u r i n g p r i m a r y wal l format ion , the Golgi-vesicles were s m a l l and 
their contents only stained weakly. Af ter that , the vesicles became larger 
and the components which showed f ibr i l lar structures were strongly stained. 
Fo l l owing the S 3 stage, the contents again stained weakly, and had a s l imy 
appearance. T h i s presumably (i) reflects changes i n non-cellulosic polysac
charide composit ion and (ii) suggests that the Golgi -bodies are involved in 
the biosynthesis of non-cellulosic polysaccharides. 

F igure 10 shows smal l c ircular vesicles wh i ch were d is tr ibuted at the 
end of the r - E R cisternae and between the cisternae, and which were some
times attached to the E R membrane. A s the size and the shape of these 
vesicles (75 n m in mean diameter) were different f rom those of Golgi-vesicles 
(130 n m i n mean diameter) , the smal l c ircular vesicles were presumably de
r ived f rom r - E R ; they also stained posit ively w i t h P A T A g . These facts 
suggest that the s m a l l c ircular vesicles f rom the E R are involved i n the 
biosynthesis a n d / o r transport of non-cellulosic polysaccharides. 
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Figure 9. A tracheid i n the S3 stage. F i b r i l l a r mater ials (arrows) are gener
ated f rom the p lasma membrane. (Reproduced w i t h permiss ion f rom Ref. 
22. © 1986, J a p a n W o o d Research Society.) 
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Figure 10. A dif ferentiating tracheid stained w i t h P A T A g . S m a l l c i rcular 
vesicles (arrowheads), d is tr ibuted near the E R are stained posit ively. T h e 
Golgi-vesicles are also stained positively. Abbrev ia t i ons are as follows: G V , 
Golgi -vesic le ; E R , endoplasmic r e t i cu lum. Scale bar is 500nm. (Reproduced 
w i t h permission f rom Ref. 22. © 1986, J a p a n W o o d Research Society.) 
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C e l l Organellae Involved in the Biosynthesis of L i g n i n 

O n l y a few workers have attempted to identi fy the cell organellae involved 
i n the biosynthesis of l i gn in . P icket t -Heaps (28) observed l igni f icat ion i n the 
x y l e m wal l of wheat coleoptiles and suggested the involvement of both the 
Golg i -bodies and r - E R , since rad ioact iv i ty was d is t r ibuted on both organel 
lae. M o r e recently, F u j i t a et al. (29) studied l igni f icat ion i n compression 
wood cell walls of Cryptomeria japonica by T E M - a u t o r a d i o g r a p h y . L i k e 
P i cket t -Heaps , they concluded that the Golgi -bodies part i c ipated i n l i gn in 
biosynthesis. 

W a r d r o p (13,14) examined sclerenchyma fibers of Liriodendron tulip-
if era and sclereids of Pyrus communis, previously fixed w i t h KMnÛ4, and 
concluded that the vesicles suppl ied their contents to the cell w a l l , though 
the or ig in of the vesicles was not established. A s discussed before, however, 
permanganate fixation is undesirabl

Consequently, we administered t r i t ia ted phenylalanine, a l ign in precur
sor, to the dif ferentiating x y l e m of Cryptomeria japonica, and determined 
the locat ion of the label by T E M - a u t o r a d i o g r a p h y (30). T h e rad ioac t iv i ty 
was located on the compound middle lamel la , in c lud ing the cell-corner re
gions f rom the final part of the p r i m a r y w a l l stage to the early part of the S2 

developmental stage. Corresponding to these stages, the rad ioac t iv i ty was 
d is tr ibuted on Golgi -bodies wh i ch secreted many vesicles, and r - E R ' s ( F i g . 
11). R a d i o a c t i v i t y was abundant ly located on the secondary wal l f r om the 
S3 stage to the complet ion of secondary wal l l igni f icat ion. R a d i o a c t i v i t y 
was also located on s - E R ' s ( F i g . 12). T h e rad ioact iv i ty on the cell wa l l co
inc ided w i t h l i g n i n deposit ion, as evidenced by U V - m i c r o s c o p y and T E M . 
These results therefore suggest that the Go lg i -body , r - E R , and s - E R are a l l 
involved i n the biosynthesis of l i gn in . However, since i t is wel l k n o w n that 
the r - E R is a site of protein synthesis, some phenylalanine may be used for 
this purpose. O n the other h a n d , the Golgi -bodies secrete many vesicles 
dur ing active l igni f icat ion of the compound middle l a m e l l a and secondary 
w a l l . T h e administered l i g n i n precursor may, therefore, be incorporated 
into the Go lg i -body direct ly or v i a other organellae, and then converted 
into monolignols v i a enzymat ic conversion. T h e monolignols can then be 
secreted into the cell wal l by exocytosis of the Golgi-vesicles. M a n y s - E R ' s 
also appear i n the cytop lasm and these sometimes fuse to the p lasma m e m 
brane at the S3 stage. T h u s , l ign in precursors may also be converted into 
monolignols at the lumen or the membrane of s - E R ' s , and then secreted 
into the cell w a l l by fusion of s - E R to the p lasma membrane. 
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Figure 11. A tracheid i n the early part of S2 stage. Radioact iv i t ies are 
observed on the Golgi -bodies and compound middle lamel la . 

F igure 12. A tracheid after S 3 stage. C y t o p l a s m is f i l led w i t h s - E R ' s . R a 
d ioac t iv i ty is d is tr ibuted on the s - E R ' s and secondary w a l l . 
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C o n c l u d i n g R e m a r k s 

It is evident that deposit ion processes for cellulose and hemicelluloses i n 
conifer tracheids are quite different, i .e., cellulose is m a i n l y deposited i n the 
midd le part of the S2 developmental stage, whereas hemicellulose depos i t ion 
occurs f rom the S i to the early part of the S2 stage, and then d u r i n g 
the latter part of the S2 to S3 stages. A s a result , the secondary wa l l 
shows a heterogeneous d i s t r ibut i on of polysaccharides. L i g n i n deposit ion 
lags beh ind the polysaccharide format ion . T h e most s t r i k i n g fact is that 
the monol ignols , w h i c h are synthesized i n the cy top lasm and secreted to the 
inner surface o f the newly formed cell w a l l , pass through the pre-exist ing cell 
wa l l and reach the sites where l igni f icat ion is proceeding. There is , however, 
no in format ion as to how this transport actual ly occurs. Moreover , the 
intermolecular relationships between cellulose, hemicelluloses and l i g n i n i n 
the cell wal l are s t i l l unclear

O u r electron microscopy observations have revealed some of the roles 
o f cell organellae involved i n biosynthesis o f cell wa l l components: (i) the 
p lasma membrane is the site of cellulose synthesis. T h i s supports the pro 
posal that t e rmina l and rosette complexes at the p l a s m a membrane are 
responsible for cellulose synthesis, (ii) T h e Golgi -bodies and s m a l l c i rcular 
vesicles derived f rom the r - E R ' s are involved i n the biosynthesis a n d / o r 
t ransport of the hemicelluloses. O u r investigations, however, could not 
d is t inguish between what type o f cell organellae contained what k i n d o f 
hemicelluloses, and how these polymers were processed i n the organellae. 
( i i i ) T h e Golgi -bodies and s - E R ' s part ic ipate i n the biosynthesis a n d / o r 
transport of monolignols . It is expected that new techniques of b o t h elec
tron microscopy and biochemistry w i l l improve our knowledge of the precise 
sites where enzymat ic reactions leading to l i g n i n formation occur. 
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Chapter 5 

Phenylpropanoid Metabolism in Cell Walls 

An Overview 
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Cell walls are major sites in which products of the 
phenylalanine-cinnamate pathway accumulate. These 
metabolites are found in cell walls in the form of 
(1) monomers, e.g., wall-esterified and ether-linked hy
droxycinnamic acids, (2) dimers, e.g., didehydroferulic 
acid, 4,4'-dihydroxytruxillic acid, and (3) polymers, e.g., 
lignin, suberin. The distribution of these metabolites is 
characteristic of a particular group of plants, organs or 
tissues. There appear to be at least five types of reactions 
involved in the further conversion of phenylpropanoids 
in cell walls: (1) photochemical coupling, (2) E/Z iso
merizations, (3) free-radical coupling reactions catalyzed 
by peroxidase, (4) hydrolysis of monolignol glucosides to 
their aglycone forms by β-glucosidases and (5) esterifi
cation of hydroxycinnamic acids. These reactions are 
reviewed in relation to cell wall structure. 

A fascinating assortment of phenylpropanoids are contained w i t h i n vascular 
plant cell walls and their vacuoles (1-6). In the cell walls , these substances 
(main ly l ignins, suberins and covalently- l inked hydroxyc innamic acids) are 
normal ly an integral part of the complex wal l structure (7-9). In terms 
of funct ion , l ignins are required pr inc ipa l ly for mechanical support , but 
both they and suberins can also act as barriers to diffusion (9,10) and 
m i c r o b i a l invasion (11,12). O n the other h a n d , the s i tuat ion for wal l -bound 
hydroxyc innamic acids remains unclear. Several roles have been suggested 
but not proven, e.g., i n regulat ing cel l -wal l extension (3,5,7), as a defense 
mechanism against invading plant pathogens (5), and i n l igni f i cat ion (13-
15). 

Surpris ingly , l i t t le attention has been pa id to (i) the mechanism of 
phenylpropanoid transport from the cytoplasm into the cell wal l and (ii) 
subsequent chemical and biochemical modif ications w i t h i n the cell wal l 
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structure . Studies of this type are urgently needed i f we are to define the 
regulatory processes control l ing cel l -wal l development; such investigations 
may, i n t u r n , enhance our understanding of the s t r u c t u r a l and physiological 
functions of these metabolites. 

Unfortunate ly , our knowledge of the transport mechanism is current ly 
insufficient for a detailed discussion. T h e p r i m a r y mechanism can probably 
be explained in terms of the "endomembrane theory" (16,17), i .e., pheny l -
propanoid monomers are transported v i a vesicles to the p l a s m a membrane , 
and are then released into the cell wal l fo l lowing membrane fusion. H o w 
ever, more extensive experimental evidence is needed to unambiguously 
establish the detailed mechanism(s) involved. 

A s regards the second topic , namely that of phenylpropano id reactions 
w i t h i n plant cell walls , a more comprehensive discussion is possible and also 
t imely , due to the recent increase i n interest i n this area. For the purpose 
of this review, the phenylpropanoids present i n p lant cell walls are first 
classified according to s t ruc tura
etc.), fo l lowing which their m a i n reactions are discussed. 

1. Classification of Phenylpropanoids i n Plant C e l l Walls 

T h e phenylpropanoids can be classified into two major groups, the first of 
wh i ch contribute to a broad class of compounds described as extractives. 
These compounds are non-structural entities of wood and bark tissue, and 
many originate i n the vacuoles. A s discussed i n some deta i l by H i l l i s (18), 
some extractives (e.g., tannins) may diffuse into the cell wa l l m a t r i x fol low
ing rupture of the tonoplast . Another impor tant group of phenylpropanoids 
are the normal ly dimeric l ignans. Ub iqu i tous in nature and s t ruc tura l ly 
very diverse, i t is in tr igu ing that w i t h i n a given plant species the stere
ochemistry of most l ignans is normal ly very wel l defined. (Th is suggests 
that the mechanism for their formation differs rad ica l ly f rom that normal ly 
proposed for the closely-related polymeric mater ia l , l ignin. ) 

T h e second group of phenylpropanoids, which is the m a i n emphasis 
of this chapter, consists of those components which are integrated into the 
cell wal l framework. T h i s group can be subdiv ided into three categories; 
monomers, such as hydroxyc innamic acids, dimers, such as didehydrofer-
ul ic and 4 ,4 ' -d ihydroxytrux i l l i c acids, and polymers, such as l ignins and 
suberins. It is important to emphasize, at this juncture , that the dimers 
(4,5) and polymers (8,9) discussed in this chapter are considered to be 
formed w i t h i n the cell walls f rom their corresponding monomers. 

1.1 M o n o m e r i c Phenylpropanoids 

(a) Hydroxy cinnamic Acids. M a n y angiosperme, par t i cu lar ly those belong
ing to the Gramineae of the monocotyledons (2-5,13), and the C a r y o p h y l -
lales of the dicotyledons (19), contain hydroxy c innamic acids l inked to cell 
walls v i a ester-bonds. Recently, Harr i s and Hart ley conducted a sys tem
atic histochemical survey of cel l -bound hydroxyc innamic acids of over 350 
angiosperm plant species, inc lud ing some woody p lants , and the reader is 
referred to these papers for more detailed information (20,21). Surpris ingly , 
no publ ished d a t a for gymnosperms is yet available. 
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H y d r o x y c i n n a m i c acids can be specifically v isual ized in plant tissue 
by their characteristic blue fluorescence when exposed to near ultravio let 
l ight , and a green fluorescence fol lowing exposure of the tissue to a m m o n i a 
(22-24). T h i s fluorescence is par t i cu lar ly intense i n the ep idermal layers, 
vascular tissues and the s t omata of grass leaves (24). 

T h e most common hydroxyc innamic acids found i n cell walls are fer
ul i c 1 and p-coumaric 2 acids, and these are predominant ly i n their E -
configurations. T h e y can readi ly be released f rom the cell walls of grasses 
by saponi f icat ion. W h i l e the amount of ferulic acid 1 l iberated i n this way 
normal ly ranges f rom 2-10 m g per g ram dry cell walls (24-29), the amounts 
of p-coumaric acid 2 can vary even more markedly depending upon the 
tissue (see Table I) or the species under invest igation (26). In add i t i on 
to these acids, 5-hydroxyferulic ac id 3 and trace amounts of s inapic ac id 4 
have also been isolated f rom the cell walls of corn and barley seedlings (29). 
Indeed, the recent iso lat ion of 5-hydroxyferulic acid 3 (29), and the enzyme 
responsible for its format io
to s inapic acid 4, i .e., s inapate formation occurs v i a direct methy lat i on of 
5-hydroxyferulate 3. 

Table I. Wal l -Ester i f i ed H y d r o x y c i n n a m i c A c i d s in Var ious Tissues of 2-
Week O l d Maize (Zea mays cvs 259) 

H y d r o x y c i n n a m i c A c i d s 
(μιηοΐ/g dry cell wal l 
and their Z / E ratios) 

Ferul ic A c i d s p -Coumar i c A c i d s 

Tissue Ε Ζ Ζ / Ε Ε Ζ Ζ / Ε 

Roots* 56.8 0.0 — 69.1 0.0 
Mesocotyls 76.2 0.0 — 99.0 0.0 
Nodes 45.3 1.3 0 .03 70.2 0.2 0, .003 
Coleopti les 31.9 5.4 0 .17 3.4 0.3 0 .09 
P r i m a r y Leaves 

blade 20.9 9.7 0, .46 6.5 1.5 0, .23 
sheath 21.6 4.8 0 .22 25.7 1.9 0, .07 

Secondary Leaves 
blade 29.4 11.8 0 .40 17.5 2.5 0 .14 
sheath 36.2 3.3 0 .09 34.0 1.0 0 .03 

T e r t i a r y Leaves 24.9 7.0 0, .28 13.7 1.6 0, .12 

* C r o w n roots are not inc luded. E a c h value corresponds to the mean of 
dupl icate experiments. Hydroxyc innamic acid determinations essen
t i a l l y followed the procedure of Y a m a m o t o and Towers (25). 

T h e cell wal l polymers to which the hydroxyc innamic acids 1-4 are 
k n o w n to be covalently bound are the m a t r i x polysaccharides (31-34), l ign in 
(26,35), and suberin (10). A s far as the polysaccharides are concerned, it is 
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becoming recognized that these attachments are h ighly specific. T h i s was 
established by enzymatic digestion of entire cell walls or purif ied m a t r i x 
polysaccharides to y ie ld either feruloylated or p-coumaroylated oligosaccha
rides. For instance, treatment of the cell walls of barley straw w i t h Oxy-
porus cellulase afforded 0-[5-0 -(<ran5 -p-coumaroyl) -a-L-arabinofuranosyl] -
( l - ^ 3 ) - 0 - / ? - D - x y l o p y r a n o s y l - ( l - ^ 4 ) - D - x y l o p y r a n o s e 5 ( P A X X ) and 0- [5 -
0-<rans- feruloyl -a-L-arabinofuranosyl ] - ( l —• 3 ) -0 - / ? -D -xy lanopyranosy l -
(1—4)-D-xylopyranose 6 ( F A X X ) (32). S imi lar ly , F A X X was also isolated 
f rom bagasse (33) and f rom Ζ ta shoots (34). T h u s ferulic acid 1, and prob
ably some p-coumaric acid 2, are specifically esterified to the arabinose 
residues of the m a t r i x polysaccharides i n plants of the Gramineae . 

Not a l l hydroxyc innamic acids, however, are associated w i t h the 
polysaccharides, since l ignin (26,36) and suberin (10) have also been re
ported to be esterified w i t h these acids. For l i gn in , this was established 
as follows: H i g u c h i and co-worker
preparations of Miscanihus
w i t h cold a lka l i . T h i s resulted i n the release of p-coumaric ac id 2, cor
responding to 3-10% by weight of l i g n i n , together w i t h smal l amounts of 
ferulic acid 1 (26). Interestingly, the rat io of p-coumaric acid 2 to ferulic 
acid 1 l iberated in this way was 3-23 times higher than that released f rom 
the or ig ina l p lant mater ia l fo l lowing cold alkaline treatment . T h i s suggested 
that , at least for these plants, more p-coumaric acid 2 was l inked to l ign in 
than to the m a t r i x polysaccharides. 

T h e chemical nature of the ester-linkages of p-coumaric acid 2 to grass 
l ign in has not yet been rigorously established. T h i s is because (a) there 
is no known method to obta in identifiable oligomeric l i gn in fragments con
ta in ing ester-l inked hydroxyc innamic acids (e.g., by enzymic digestion) and 
(b) many grass l ignin preparations are often contaminated w i t h polysaccha
rides, which may also contain covalently- l inked p-coumaric ac id 2 (37-39). 

Nevertheless, N a k a m u r a and H i g u c h i (40,41) attempted to solve this 
prob lem by compar ing the s tabi l i ty to acidolysis of p-coumarate linkages i n 
isolated bamboo mi l led wood l i g n i n , to those formed w i t h vera t ry l a lcohol 
7 and 3,4-dimethoxypropen-2-ol 8, respectively. Those model compounds 
were chosen since they were considered to adequately represent benzy l alco
hol ( C a ) and hydroxy methyl ( C 7 ) environments w i t h i n the l ign in po lymer . 
F r o m this study, it was suggested that ~ 8 0 % of a l l p-coumarate linkages to 
l ignin may involve esterification w i t h t e rmina l hydroxy methy l ( C 7 ) groups, 
w i t h the remainder attached to benzyl ic alcohol ( C a ) functional it ies . T o 
account for the format ion of these linkages to l i gn in , it has been proposed 
that either activated forms of hydroxyc innamic acids, such as p - coumary l 
C o A , or preformed esters (such as 9) are translocated from the cy top lasm 
into the cell wa l l . If so, such intermediates could be subsequently incorpo
rated into l ignin dur ing po lymer izat ion (41). 

In add i t i on to ester-linkages, hydroxyc innamic acids can also be cova
lently l inked to cell wal l components v i a phenyl ether bonds. W h i l e this 
has only been demonstrated for wheat (Triiicum aestivum L . ) straw l ignin 
(14), this finding is of importance since it clearly establishes the bi func-

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



72 PLANT C E L L WALL POLYMERS 

C 0 2 H 

6 , R , = 

H 

O C H 3 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



Y A M A M O T O E T A L . Phenylpropanoid Metabolism in Cell Walls 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



74 PLANT C E L L WALL POLYMERS 

t i ona l nature of these molecules, and hence their potent ia l as cross- l inking 
agents. 

(b) Monolignols and their Glucosides. P lants often contain minute quan 
tities of the three monolignols, p - coumary l , coniferyl and s inapy l alcohols. 
These are found main ly in the cambia l sap, and hence, s t r i c t ly speaking , 
are extractives. In general, they are assumed to have Ε-configurations (i.e., 
alcohols 10-12 respectively) , a l though this has only rarely been verif ied. 

Current ly , the mechanism by which the monolignols are transported 
f rom the cytop lasm into the cell wal l is not well understood . T h i s is because 
there is s t i l l some confusion as to whether they are transported directly, or 
v i a their glucosidic conjugates (E-coni fer in 13, E - s y r i n g i n 14) or b o t h (see 
Figure 1). Whatever the case may be, E-monol ignols seldom accumulate 
i n woody tissue, but are instead essentially incorporated completely into 
the l ign in framework (42,43). Note also that the glucoside t ranspor ta t i on 
hypothesis is enigmatic , sinc
t r i b u t i o n throughout woody plants. For example , (i) i n gymnosperms, E -
coniferin 13 only accumulates in a few species (8,9); and (ii) i n the case of 
angiosperms, E-monol igno l glucosides 13/14 appear to be main ly restricted 
to the Magnoliceae and Oleacea families (44). Consequently, at this po int , 
we are unable to dist inguish whether these glucosides are actively involved 
i n monol ignol t ransport , or whether they serve s imp ly in a storage funct ion 
(9,45-46). 

U n t i l recently (43), only E-monol ignols were considered to be involved 
i n the process of l igni f icat ion. T h i s concept of exc lus iv i ty presumably arose 
f rom the fol lowing observations: stereospecific deaminat ion of pheny la l 
anine, by phenylalanine a m m o n i a lyase ( P A L ) , affords E - c i n n a m i c ac id 
(45,47), and some of the enzymes involved in monol ignol biosynthesis show 
a marked preference for the E-isomers (48,49). Such exc lus iv i ty m a y not 
exist , since i n A m e r i c a n beech (Fagus grandifolia E h r h ) bark only the 
Z-monol ignols 17,18 and their glucosides 19-21 (50) are present. Inter
estingly, a l though Z-isoconiferin 20 was found i n this p lant , we have not 
yet detected Z- isosyr ingin 22. A d d i t i o n a l l y , the corresponding E-isomers 
11-16 were not detected. One possible exp lanat ion for the absence of E -
monolignols is that they are exclusively used for l i g n i n format ion , whereas 
the Z-isomers are not . 

In order to address such questions, we are examin ing the format ion 
and role of the Z-monolignols in beech bark (49). B y means of appro
priate radiotracer experiments, we established that the biosynthetic p a t h 
way to the Z-monolignols occurred as follows: phenylalanine first gave the 
E-monol ignols , which then underwent isomerizat ion to afford the corre
sponding Z-isomers. Note that whi le the E / Z isomerizat ion of monolignols 
10-12, 17-18 and their glucosides 13-15, 19-21 could be photochemi-
cal ly in i t iated under suitable conditions (51), no such conversions occurred 
dur ing the radiotracer experiments carried out . These results suggest the 
mediat ion of a specific E / Z monol ignol isomerase. A t present, i t is not 
k n o w n whether this isomerizat ion occurs in the cytop lasm or i n the cell 
w a l l , a l though the former s i tuat ion is more likely. 
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1 0 , R „ R 2 = H 1 3 , R , R 3
= H > R 2 = G l c 

Π , R, = OCH ,R H 14^ R,=OCH ,R =G!c,R H 

^ , R,,R 2 =OCH 3 1 5 , R „ R 2 = H , R 3=Glc 

16, R |=OCH 3,R 2=H,R 3=Glc 

17,R,=H 1 9 , R „ R 3 = H , R 2 = G l c 

18^R,=OCH3 2 0 , R „ R 2 = H , R 3 = G l c 

21, R |=OCH 3,R 2=Glc,R 3=H 

22, R,=OCH 3,R 2=H,R 3=Glc 
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Next , came the impor tant finding (52) that a crude glucosyl trans
ferase preparat ion f rom beech bark displayed a strong substrate specif icity 
for Z-coniferyl alcohol 17 (i.e., only the Z-monol ignol 17, and not the cor
responding E-isomer 11, was glucosylated to give Z-coniferin 19). Indeed, 
the E-monol igno l 11 was not even converted into E-coni fer in 13. It w i l l 
now be of interest to establish whether the Z-monol ignols (or their gluco
sides) are transported into the cell wal l of beech bark , and whether they 
are incorporated into the l i gn in po lymer . 

1.2 D i m e r i c Phenylpropanoids 

D i m e r i c forms of ferulic and p-coumaric acids also occur i n bound f o rm 
w i t h i n p lant cell walls. T h e most common of these is didehydroferul ic ac id 
23, wh i ch has been isolated f rom some plants of the Gramineae (53,54) 
and spinach cell cultures (7). W h i l e no such p-coumaric ac id 2 derived 
dimer (i.e., C5-C5 l inked) has ever been reported, cell walls of Lolium 
multiflorum contain anothe
d ihydroxy t rux i l l i c ac id 24 (5,55). 

1.3 P o l y m e r i c Phenylpropanoids (Lignins , Suberins) 

Lign ins and suberins are complex phenylpropanoid polymers deposited i n 
plant cell walls . L ign ins are often described as dehydrogenative polymers 
of the three E-monol ignols , i.e., p - coumary l 10, coniferyl 11, and s inapy l 
12 alcohols. Depending upon the plant species (or tissue) i n question (8), 
the rat io of the monolignols i n the l ign in po lymer can vary dramat ica l ly . 
For example , gymnosperm lignins are derived f rom ~ 8 0 % of coniferyl a l 
cohol 11 uni ts , w i t h the remainder consisting of p - coumary l alcohol 10 
derived moieties. W i t h angiosperme, s inapyl alcohol 12 is also involved . 
Cereals and grasses have an add i t i ona l compl icat ion due to the presence of 
covalently- l inked hydroxyc innamic acids. 

Suber in is a composite of po lymeric phenylpropanoids and ester- l inked 
long chain fatty acids and alcohols and consists of a hydrophobic layer 
attached to the cell walls of roots, bark and the vascular system (8,10). T h e 
phenylpropanoid por t i on of suberin purported ly has a l ignin- l ike s tructure 
to which both a l iphat ic domains and hydroxyc innamic acids are esterified. 

Because of their complexity, the structures of l i gn in and suber in can 
only be approx imated . (Add i t i ona l l y , there is no k n o w n method of i so lat ing 
l ign in i n its intact , or nat ive , state.) We are current ly overcoming such 
l imi ta t i ons by adminis ter ing C-13 specif ically label led l i g n i n precursors to 
intact growing plants , and subsequently moni tor ing the bonding patterns 
in situ by so l id state C-13 nuclear magnetic resonance spectroscopy. T o 
date, these experiments have enabled us to examine the bond ing patterns of 
l i gn in in situ i n T. aestivum (56), L. leucocephala (15,57,58) and N. tabacum 
(unpubl ished results) . A s imi lar strategy can potent ia l ly be developed for 
suber in . 
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2. Reactions o f Phenylpropanoids i n P lant C e l l Wal ls 

There are at least five types of phenylpropanoid related reactions w h i c h 
appear to occur i n plant cell walls . T w o are U V - m e d i a t e d photochemical 
reactions, and hence may be restricted only to the first few layers of cells 
under the p lant surface due to poor penetrabi l i ty of the l ight (3). T h e other 
reactions appear to be enzymat i ca l ly mediated, and result i n the f ormat ion 
of dimers or polymers f rom the corresponding monomeric units . 

2.1 P h o t o c h e m i c a l Reactions 

(a) E/Z Photoisomerization. It is now well-established that cell walls of 
grasses (such as Lolium and Phleum), grown under n o r m a l l ight ing con
di t ions , release both E - and Z-isomeric forms of hydroxyc innamic acids 
dur ing alkaline hydrolysis (27). A s imi lar observation has been noted for 
barley and corn seedlings (3,25). Interestingly, the Z-isomers were only 
present in the aerial part
in any tissue grown i n the dark. However, subsequent exposure of et io lated 
barley seedlings to U V - A l ight (320-400 nm) resulted in the format ion of 
Z-ferulic acid 1 in p r i m a r y leaves and coleoptiles (25). It was also shown 
that the amount of the Z-isomer increased u n t i l the l ight was ext inguished, 
or u n t i l the reaction had reached a photostat ionary state. A d d i t i o n a l l y , 
the Z-isomer content remained constant dur ing the pos t - i r rad iat ion growth 
per iod , while the Ε-isomer continued to increase. These results strongly 
suggest that (i) E / Z isomerism of hydroxyc innamic acids is photochemi -
cal ly in i t ia ted , and (ii) that Z-ferulic ac id , once formed, is metabo l i ca l ly 
stable. W h i l e the physiological significance of this photo isomerizat ion re
mains u n k n o w n , its possible involvement in phototropic events was recently 
proposed (3). 

(b) Photochemical Coupling. Recently dimers of p-coumaric ac id , such 
as 4 ,4 / -d ihydroxytrux i l l i c acid 24, have been identified i n the alkal ine hy -
drolyzate of cell walls of Lolium multiflorum and are therefore presumably 
ester-bound (5,55). Since this compound can be readily photochemical ly 
synthesized from E-p-coumaric acid 2 (55,59), its format ion in vivo pre
sumably occurs v i a photocyc loaddit ion of two p-coumaric acid moieties. 

Such reactions may be of considerable significance. T h i s is because, 
i f two pendant p-coumarate linkages (or related molecules) are attached to 
two adjacent polysaccharide chains, an effective means of cross - l inking v i a 
photochemical coupl ing could be achieved. However, there is no evidence 
at present to indicate that these dimers funct ion as either intermolecular 
or intramolecular cross- l inking reagents. 

2.2 E n z y m a t i c Reactions Involving P h e n y l p r o p a n o i d s in Plant 
C e l l Walls T h i s section describes reactions which are a l l presumably 
enzyme-mediated. These are (a) act ion of /?-glucosidases to regenerate 
monolignols f rom their corresponding glucosides; (b) peroxidase-catalyzed 
po lymerizat ions , in the presence of H 2 O 2 , to afford l ignins and suberins; 
and (c) tentative evidence for the existence of an enzyme cata lyz ing the 
attachment of hydroxyc innamic acids to s t ruc tura l polysaccharides. A s far 
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as /?-glucosidases and peroxidase isozyme forms are concerned, i t should be 
noted that these have rather broad substrate specificities. Hence i t has been 
difficult to assign specific physiological functions to part i cu lar isozymes. 

(a) β-Glucosidases. Or ig ina l ly , Freudenberg proposed that monol ignol g l u 
cosides functioned as a means of monol ignol transport f rom the cy top lasm 
into the cell wal l (60). T h e monolignols would then be regenerated v i a 
act ion of a /?-glucosidase. However, i n a subsequent study using spruce 
(P. abies) hypocotyls , M a r c i n o w s k i and Grisebach (9,61) reported that the 
rate of coniferin turnover was relatively slow compared to that of l ign in 
deposit ion, i.e., the glucoside transport hypothesis could not account for 
a l l monomer transport . 

Immunofluorescence techniques have been used to establish the sites 
of loca l izat ion of /?-glucosidases i n spruce hypocotyls (9,61) and chickpea 
(Cicer arieiinum L . ) seedlings (46,62,63). In these investigations, the β-
glucosidases were associate
dermis tissue), as well as those containing suberin and c u t i n . 

Interestingly, /?-glucosidase ac t iv i ty has also been observed i n plant cell 
culture (62, 63), a l though no precise correlation w i t h l igni f icat ion could be 
made. For example , w i t h chick pea cell cultures, substant ia l /?-glucosidase 
ac t iv i ty was noted prior to the onset of l igni f icat ion, and even under condi 
tions where l ignin deposit ion was inh ib i ted by 2,4-dichlorophenol (2,4-D). 
T h i s enzymic ac t iv i ty then essentially doubled dur ing tracheid f ormat ion 
and l ign in format ion (as evidenced by a positive p h l o r o g l u c i n o l - H C l test). 
T h e question remains though as to whether this /?-glucosidase ac t iv i ty is 
essential for l ignif ication to occur. 

T h e substrate specificities of purif ied /?-glucosidases f rom various 
sources have also been investigated, and the results obtained were also a m 
biguous (9). For chick pea cell cultures, the enzyme showed a strong prefer
ence for coniferin over syr ing in , w i t h V / K m ratios of 125 and 6 respectively. 
O n the other hand , the purified /?-glucosidase from spruce hypocotyls was 
capable of hydro lyz ing bo th coniferin and syr ingin ( V / K m ratios of 111 
and 67, respectively) . These were unexpected findings since spruce, a g y m -
nosperm, does not produce syr ing in , whereas chick pea presumably does. It 
w i l l also be of interest to establish the /?-glucosidase substrate specificities 
in beech bark for the Z-monol ignol glucosides 19-21 previously described, 
and compare these w i t h their E-counterparts . 

(b) Peroxidases. P l a n t peroxidases are known to exist in mult ip le (isozyme) 
forms. O f these isozymes, some cel l -wall bound peroxidases in the presence 
of H2O2 are considered to ini t iate numerous free-radical coupl ing reactions 
(of plant phenolics) in cell walls , e.g., in the formation of didehydrofer-
ul ic acid 23, the attachment of hydroxyc innamic acids to other ce l l -wal l 
s t r u c t u r a l components, and in l i g n i n / s u b e r i n format ion . 

Didehydroferulic Acid 23 Formation. It should be noted that no direct 
evidence has ever been obtained in vivo to prove that didehydroferulic acid 
23 is formed v i a free radica l coupl ing reactions. T h i s mechanism is as
sumed, since in vitro incubat ion of ferulic acid 1 and wheat pentosan, w i t h 
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horseradish per0xida.se/H2 O2, affords didehydroferul ic ac id 23 covalently 
l inked to the polysaccharides (53). A s before for 4 ,4 ' -d ihydroxyt rux i l l i c 
acid 24, the format ion of these dimers has been envisaged as a mecha
n i sm for cross- l inking polysaccharide chains to which adjacent ferulic ac id 
1 moieties are attached (5,7,19,64,65). However, this hypothesis s t i l l awaits 
exper imenta l veri f ication. 

Attachment of Hydroxycinnamic Acids to Structural Cell Wall Poly
mers. Peroxidase mediat ion m a y also result i n b i n d i n g the hydroxyc innamic 
acids to the plant cell wal l polymers (66,67). For example , i t was reported 
that peroxidases isolated f rom the cell walls of Pinus elliottii catalyze the 
formation of alkali -stable linkages between [2- 1 4C] ferulic acid 1 and pine 
cell walls (66). Presumably this is a consequence of free-radical coupl ing 
of the phenoxy radica l species ( from ferulic ac id 1) w i t h other free-radical 
moieties on the l ign in polymer. There is some addi t iona l indirect support 
for this hypothesis, since we have established that E- ferul ic ac id  is a 
good substrate for horseradis
which is approximate ly one fifth of that for E-coni feryl alcohol (400 μ Μ ) 
(unpubl ished data) . 

A second mechanism is also possible for the in t roduct i on of covalent 
linkages between hydroxyc innamic acids and l i g n i n . For example , d u r i n g 
the free-radical coupl ing reactions of monolignols , the i n i t i a l products are 
the transient quinone methides which can react subsequently w i t h nucleo-
ph i l i c reagents such as ferulic 1 or p-coumaric 2 ac id . Such reactions have 
been shown to occur in vitro (67), where transient quinone methides readi ly 
react w i t h either phenolate anions ( from the m e t h y l esters of p -coumaric 
and ferulic acids), or the corresponding carboxylate anions. In such cases, 
this would lead to ary lbenzy l ethers (so-called α - 0 - C ) and benzyl ic esters 
respectively. T h i s could account for some of the ester-bonding patterns 
reported for grass l ignins at C a (40,41). 

If such reactions between cel l -wal l bound hydroxyc innamic acids and 
monomers can indeed occur in vivo, this would provide an excellent mech
an ism for i n i t i a t i n g l ignin format ion at specific points on polysaccharide 
chains. A s shown in F igure 2, we propose that ce l l -wal l bound hydroxy 
c innamic acids can undergo either free radica l coupl ing (pathway A ) or 
nucleophil ic (pathway B ) reactions. In such a way, the wal l -bound hydroxy 
c innamic acids may funct ion as "anchors" for l ignif icat ion to occur. It is 
impor tant to note that this mode of cross- l inking differs substant ia l ly f rom 
conventional views on l ignin-carbohydrate complex format ion between the 
two preformed polymers (8). 

Lignin and Suberin Formation. B y far the most impor tant peroxidase-
mediated reaction involves that of the dehydrogenative po lymer izat ion of 
the monolignols (e.g., 10-12) leading to l i gn in . However, not a l l perox i 
dase isozymes catalyse this po lymer izat ion equally wel l (68-70). A d d i t i o n 
ally, w i t h Populus euroamericana x y l e m tissue, i t has been reported that 
a specific peroxidase is produced, at or around the onset of l igni f i cat ion , 
for the purpose of l ign in format ion (71). T h i s isozyme, readi ly v isual ized 
on either electrophoretic gels as a fast migrat ing band or i n l ignif ied plant 
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V\/\/\/\/= polysaccharide chain 

Figure 2. H y p o t h e t i c a l role of cel l -wall bound hydroxyc innamic acids as 
"anchors" for l igni f i cat ion. 
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tissue, by the act ion of ^ C ^ / s y r i n g a l d a z i n e (72), has been given the name 
syr ingaldazine oxidase (73). Interestingly, when syr ingaldazine was used 
for histochemical s ta in ing of cross-sections of wood-specimens, a more i n 
tense s ta in ing was observed w i t h angiosperme than for gymnosperms. T o 
account for these differences i n s ta in ing intensity, it is conceivable that sy
r ingaldazine oxidase plays a more significant role i n the po lymer i za t i on of 
s inapy l alcohol 12 moieties into angiosperm l i gn in . Note also that specific 
l i gn in - cata lyz ing peroxidases have been reported for the gymnosperm, Larix 
decidua (74), and the annual p lant , tobacco (Nicotiana tabacum) (75). 

In order to prove that specific isozymes are, i n fact, involved i n l i gn in 
format ion , each must first be purif ied to homogeneity and subjected to ap
propriate immunochemica l and kinet ic investigations. Some cautious o p t i 
m i s m for the resolution of this problem can be hoped for, since an ant ibody 
of the isozyme f rom Nicotiana tabacum has been obta ined a n d i ts c D N A 
cloned (75). It is to be hoped that the fo l lowing can now be determined: 
(i) the precise locat ion o
(ii) the t i m i n g of its appearance dur ing the course of l i gn in f ormat ion ; a n d 
( i i i ) i ts homology compared to other isozymes. 

A n o t h e r question that needs to be resolved is whether the Z -mono l ig 
nols, previously mentioned, are involved i n l ign in f ormat ion i n beech bark . 
In this regard, we have shown, i n pre l iminary experiments in vitro, w i t h 
horseradish peroxidase and H 2 O 2 , that a synthet ic dehydrogenatively po ly 
merized l i gn in can be formed f rom either Ζ or E-coni feryl alcohols (43). T h i s 
suggests that the stereospecificity of the enzyme is not s tr i c t , w i t h respect 
to Ε or Ζ configuration, and that either monol ignol can be used. However, 
a more detailed investigation is needed to establish whether this is the 
case for peroxidase f rom beech bark. T h e suber izat ion process in wounded 
potato tuber tissue (Solanum tuberosum L . ) has also been investigated. In 
a s imi lar manner to that for l i gn in , i t was found that a t empora l and spa
t i a l correlation could be made regarding suberizat ion and the appearance 
of a specific isoperoxidase (76). More recently, indirect immunochemica l 
s ta in ing (using a rabbi t antiperoxidase and a goat ant i rabbi t ant ibody, l a 
bel led w i t h fluorescein or rhodamine) , revealed that this suberin-specif ic 
peroxidase was localized on the innersides of act ively suber iz ing walls (77). 
Other studies revealed some of the properties of this isozyme (78). 

In short, the current body of evidence suggests that specific isozymes 
are involved in bo th l ign in and suberin f ormat ion . 

(c) Evidence for Hydroxycinnamic Acid Transferases. It is now well es
tabl ished that hydroxyc innamic acids are covalently l inked to the m a t r i x 
polysaccharides, and that such attachments are specific (19,32-34). A t least 
two possibil it ies exist for the attachment of hydroxyc innamic acids to these 
polysaccharides. In the first case, feruloylat ion could occur intrace l lu lar ly , 
w i t h the preformed feruloylated polysaccharides then transported direct ly 
into the cell w a l l . T h i s poss ibi l i ty is favored by Fry, for feruloylat ion of 
spinach cell walls i n cell culture (19). 

O n the other h a n d , the current evidence accrued to date for feruloy
la t i on of the m a t r i x polysaccharides in barley coleoptiles appears to fa -
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vor an extracel lular react ion. T h i s working hypothesis is based on the 
fo l lowing observations or arguments: i f barley coleoptile m a t r i x polysac
charides are feruloylated w i t h i n the cytoplasmic membrane, then i t might 
be expected that both ferulic ac id and arabinose w i l l display s imi lar k i 
netics. T h i s is not observed (25). In contrast, a tempora l difference is 
observed between arabinose and ferulic acid deposit ion into the cell walls , 
i.e., an increased rate of arabinose deposit ion into the cell wal l follows that 
of wal l g rowth . O n the other h a n d , feruloylat ion begins only when the 
cell wa l l weight increase is i n an exponential phase, and continues even 
though no measurable gain in the dry weight of the walls occurs. T h i s sug
gests, but does not prove, that feruloylat ion occurs w i t h i n the cell w a l l . If 
esterif ication between ferulic acid and the arabinose residue of a preformed 
polysaccharide occurs w i t h i n the cell w a l l , then a mechanism requir ing a 
ce l l -wal l enzyme to catalyze feruloylat ion wou ld be required. F r o m an en
ergetics s tandpoint , transester ificat ion of an activated feruloyl moiety to 
an arabinose residue woul
of ferulic ac id could presumably occur intracel lular ly , by either coenzyme 
A ligase (9), or a glucosyl transferase, to y ie ld feruloyl C o A and feruloyl 
glucose, respectively. T h i s activated f orm would then have to be discharged 
into the cell w a l l . 

P r e l i m i n a r y radiotracer studies using isolated cell -walls f r om barley 
coleoptiles support extracel lular feruloylat ion, For instance, when cell wa l l 
preparations were incubated w i t h [2 - 1 4 C] feruloyl C o A , a l inear incorpora
t i on (up to 1%) of the radioact iv i ty into the "cel l w a l l " was observed by 
3h. Subsequent treatment of the "cel l w a l l " w i t h Driselase released ap
proximate ly 6 0 % of the rad ioact iv i ty incorporated into the cell wa l l as low 
molecular weight fragments. Note also that the Driselase, while contain
ing some xylanase act iv i ty , had no esterase ac t iv i ty (45,80). A d d i t i o n a l l y , 
this incorporat ion rate was approximate ly four times higher than that of 
[ 2 - 1 4 C] ferulic ac id itself, and feruloyl glucose was only poor ly incorporated. 
T h u s , these in vitro experiments demonstrate that feruloylat ion of isolated 
cel l -walls f rom barley coleoptiles can occur, and that the rad ioac t iv i ty i n 
corporated can, in part , be removed by treatment w i t h Driselase. It is now 
essential to establish the actual bond ing patterns , i n order to prove whether 
this b ind ing is specific or not. 

C o n c l u d i n g R e m a r k s 

Vascular plant cell walls contain a wide variety of phenylpropanoids , such 
as monomers, dimers and polymers. O f these, the polymers (i.e., l ignins 
and suberins) are the most abundant . A c c o r d i n g to our current knowledge, 
a l l ce l l -wal l phenylpropanoids are derived f rom monomers synthesized i n 
the cytop lasm. Fo l lowing their excretion into the plant cell w a l l , these 
monomers can then be either photochemical ly or b iochemical ly modif ied 
w i t h i n the cell w a l l . 

In this regard, several comments can be made: 
(i) p -hydroxyc innamic acids ester-l inked to cell wa l l polysaccharides 

are l ikely to be photochemical ly dimerized or isomerized under U V - A l ight 
(320-400 n m ) . 
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Figure 3. H y p o t h e t i c a l mechanisms for extracel lular feruloylat ion of m a t r i x 
polysaccharides. ( X = S C o A or G l c ; R = x y l a n or H ) 

(ii) T h e enzymat ic mechanism leading to ester- l inked ce l l -wal l hydroxy 
c innamic acids bound to m a t r i x polysaccharides needs to be established, 
since pre l iminary experiments suggest that bo th i n t r a - and extracel lular 
feruloylat ion reactions can occur. 

( i i i ) T h e mechanism by which monolignols , or their glucosides, are 
transported into the cell wal l needs to be more ful ly e lucidated. 

( iv) T h e presence of Z-monolignols i n beech bark , and the strong sub
strate specificity for Z-monol ignol g lucosylat ion , may mean that beech bark 
l ignin is formed from Z- , and not E - , monolignols . 

(v) C e l l - w a l l bound peroxidases apparent ly play a central role in cat
a lyz ing (a) po lymer izat ion processes y ie ld ing l i g n i n and suber in , (b) f o rma
t i o n of didehydroferul ic ac id , (c) the probable f o rmat ion of ether linkages 
between p- hydroxy c innamic acids and l i gn in or suber in . A d d i t i o n a l l y , sec
ondary reactions of intermediate transient quinone methides, formed after 
free-radical coupl ing , can occur. These can then react w i t h nucleophiles, 
e.g., to afford l ignin-carbohydrate complexes. 

(vi) A strong correlation apparently exists between l ign in f o rmat ion 
and the appearance of part i cu lar isoperoxidases. However, the isolation of 
these isozymes and comparative enzymological studies, inc lud ing s t r u c t u r a l 
analyses of the active center, are required before we can assign a specific 
funct ion to them. Involvement of other isoperoxidases should not be dis
missed at present, since peroxidases appear to have rather broad substrate 
specificities. 
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Chapter 6 

Biochemical Interface Between Aromatic Amino Acid 
Biosynthesis and Secondary Metabolism 
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In higher plants aromatic amino acids are required not 
only for protein synthesis, but as precursors for hor
mones, and a vast diversity of phenylpropanoid or other 
secondary metabolites. Thus, the availability of aromatic 
amino acids in a number of the spatially separate com
partments of the plant-cell microenvironment is essential. 
It is generally accepted that chloroplasts possess an in
tact pathway of aromatic amino acid biosynthesis that 
is tightly regulated. In addition, the subcellular location 
of some aromatic-pathway isozymes has been shown to 
be in the cytosol, but whether an intact pathway exists 
in the cytosol has not yet been proven. The evidence 
bearing on aromatic amino acid compartmentation and 
regulation is reviewed, with particular emphasis given to 
the relationship between primary biosynthesis and sec
ondary metabolism in the cytosol. 

L i t t l e is k n o w n about the relat ionship of regulated changes i n enzyme lev
els of general phenylpropanoid biosynthesis (or of its divergent branches) 
w i t h enzyme changes i n the p r i m a r y biosynthetic pathway (shikimate p a t h 
way) that generates precursor structures. T h i s is understandable because 
the exact b iochemical steps, regulat ion and compartmentat ion of aromat i c 
amino ac id biosynthesis i n higher plants is only now being elucidated (1). 
A fair ly complete picture of a t ight ly regulated pathway present in higher-
plant chloroplasts is now established. A novel prephenate aminotransferase 
(2,3) transaminates prephenate to y ie ld L-arogenate (4), an unstable amino 
ac id precursor of both L-phenyla lanine and L- tyros ine ( F i g . 1). Arogenate 
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dehydratase, arogenate dehydrogenase and anthrani late synthase are sub
ject to feedback i n h i b i t i o n by L-phenyla lanine (5,6), L - tyros ine (7,8) and 
L - t r y p t o p h a n (5,9), respectively. P l a s t i d i c chorismate mutase is subject to 
feedback inh ib i t i on by L-phenyla lanine or by L - tyros ine , and to allosteric 
act ivat ion by L - t r y p t o p h a n (10-12). We have suggested that i n h i b i t i o n of 
p last id ic chorismate mutase by L-phenyla lanine or L - tyros ine occurs in vivo 
only under n u t r i t i o n a l condit ions of L - t r y p t o p h a n s tarvat ion (1,13). W i t h 
excess t r y p t o p h a n , act ivat ion overwhelms the otherwise i n h i b i t o r y effects 
of L -phenyla lanine a n d L- tyros ine . Under condit ions of t o t a l endproduct 
excess, L-arogenate would accumulate i n the p las t id . T h i s would shut 
off the ear ly -pathway step catalyzed by 3-deoxy-D-arabino-heptulosonate 
( D A H P ) synthase, since the p last id ic D A H P synthase is sensitive to feed
back i n h i b i t i o n by L-arogenate (1,14). T h i s allosteric pat tern is a v a r i 
a t i on of sequential feedback i n h i b i t i o n , first described i n Bacillus subtilis 
where prephenate feedback inh ib i t s D A H P synthase (15), and later i n Xan-
ihomonas campestris wher

T h e t ight ly regulated pathway specifying aromatic amino acid b iosyn
thesis w i t h i n the p last id compartment implies maintenance of an amino 
ac id poo l to mediate regulat ion. T h u s , we have concluded that loss to the 
cy top lasm of aromat ic amino acids synthesized i n the chloroplast compart 
ment is unl ike ly (13). Yet a source of aromatic amino acids is needed i n the 
cytosol to support prote in synthesis. Furthermore , since the enzyme sys
tems of the general phenylpropanoid pathway and its special ized branches 
of secondary metabo l i sm are located i n the cytosol (17), aromat ic amino 
acids (especially L-phenyla lanine) are also required i n the cytosol as i n i 
t i a l substrates for secondary metabo l i sm. T h e simplest poss ib i l i ty would 
be that a second, complete pathway of aromat ic amino ac id biosynthesis 
exists i n the cytosol . A m p l e precedent has been established for dupl i cate , 
major b iochemical pathways (glycolysis and oxidative pentose phosphate 
cycle) of higher plants that are separated f rom one another i n the p las t id 
a n d cytosolic compartments (18). Evidence to support the hypothesis for 
a cytosolic pathway (1,13) and the various approaches underway to prove 
or disprove the dual -pathway hypothesis are summar ized i n this paper. 

T h e E x i s t i n g Case for an Intact Cytosol ic Pathway 

i . P r o o f that an intact pathway of aromat ic amino ac id biosynthesis is 
located w i t h i n the chloroplast organelle was obtained by demonstrat ion 
of the ab i l i ty of isolated spinach chloroplasts to assimilate radioact ive 
C O 2 or sh ik imate into aromat ic amino acids (19,20). However, since 
the chloroplast- local ized biosynthet ic pathway d i d not account for t o ta l 
aromat ic biosynthesis, a spat ia l ly separate pathway would exp la in the 
quant i tat ive discrepancy. 

i i . A source of beg inning substrates ( P E P and erythrose 4-P) is available 
i n the cytosol . 

i i i . " M i n o r " cytosolic isozymes corresponding to most of the c o m m o n -
pathway reactions, a l though given l i t t l e emphasis by the authors , 
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have i n fact been demonstrated (21-22). H P L C chromatography of 
crude extracts has revealed previously unresolved isozymes of s h i k i -
mate dehydrogenase (22) (plast idic and cytosolic species) and of 5-
eno lpyruvy l sh ik imate -3 -P synthase (23) (subcel lular locat ion not ex
amined) . 

i v . In one recent study (24) sh ik imate dehydrogenase has been reported 
to be located p r i m a r i l y i n the cytosol . 

v . Deta i l ed studies demonstrat ing cytosolic isozymes of bo th D A H P s y n 
thase (25) and chorismate mutase (12,26) have been carried out . There 
is steadi ly accumulat ing evidence that the separately compartmented 
isozyme pairs of D A H P synthase ( D S - M n and D S - C o ) and chorismate 
mutase ( C M - 1 and C M - 2 ) are generalized features of higher plants . 
Some apparent exceptions have been shown to be the result o f tech
n i ca l problems. For example , potato tubers were reported to lack the 
cytosolic C M - 2 (27) and the cytosolic D S - C o (28). However, we have 
shown recently that potat
that are i n fact comparable to counterpart isozymes i n other p lant 
organisms (29). 

v i . T h e demonstrat ion of a pair of anthrani late synthase isozymes i n to 
bacco (9), the cytosolic isozyme being insensitive to allosteric control , 
adds substance to the emerging picture of d u a l aromat ic pathways. 
O f the separately compartmented isozyme pairs that exist for D A H P 

synthase, chorismate mutase, and anthrani late synthase, each isozyme 
member of a given pair has different properties of regulat ion and other 
d is t inct ive characteristics (see Tables I a n d II ) . T h i s suggests a h i g h prob
ab i l i ty that each isozyme is the gene product of a different gene. 

Table I. Dif ferential Propert ies of D A H P Synthase Isozymes 

Character D A H P - S y n t h a s e - M n D A H P - S y n t h a s e - C o 

Erythrose 4-Ρ Saturates at 0.6 m M Saturates at 6.0 m M 
Glycera ldehyde 3-P Not used Used as substrate 
D i t h i o t h r e i t o l Hysteret ic act ivator N o act ivat ion 
Effect o f divalent cations A c t i v a t i o n ( M n + + ) Required ( M g + + , A c t i v a t i o n ( M n + + ) 

Co++, Mn++) 
p H o p t i m u m 0 p H 8.0 p H 8.8 
Inh ib i tor L -Arogenate Caffeic ac id 

a Assay at low p H (7.0) can be used to increase the select ivity of assay 
condit ions for D A H P s y n t h a s e - M n i n isozyme mixtures . 

T h e existence of the common-pathway isozymes, D S - C o and C M - 2 , in 
the cytosol appears improbable unless they are l inked to the connect ing 
sequence of enzymes. Yet a compel l ing demonstrat ion of this enzyme suc
cession i n the cytosol has not been made. Since ample precedent exists for 
the s h u t t l i n g of s m a l l molecules betweem spat ia l compartments i n higher 
plant cells, one possibi l i ty is that the appropriate intermediates are shutt led 
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Tab le II . Dif ferential Propert ies of Chor i smate Mutase Isozymes 

Charac ter Chor i smate Mutase-1 Chor i smate Mutase -2 

Substrate saturat ion 0.9 m M 2.0 m M 
p H o p t i m u m 7.0-8.0 7.0 
Ac t i va to r s L - T r y p t o p h a n 
Inhib i tors L - P h e n y l a l a n i n e , L -Tyros ine Caffeic A c i d 

back and forth . T h u s , according to the hypothet i ca l model shown i n F i g 
ure 1, D A H P formed i n the cytosol is impor ted into the chloroplast where 
it connects w i t h the second step of the p last id ic pathway, u l t i m a t e l y be ing 
transformed to E P S P . A fract ion of the p last id ic E P S P is exported back 
into the cytosol . A l t h o u g h chorismate, rather then E P S P , could equal ly 
wel l be chosen i n F igure 1 as the molecule exported , one might envis ion a 
measur ing mechanism whereb
thase molecules imported are matched by the number of phosphorylated 
E P S P molecules exported. A rat ionale for such a scheme might be that 
i t provides a mechanism to ut i l i ze most of the pathway machinery of the 
chloroplast , whi le bypassing the al losterical ly control led steps. T h u s , events 
of carbohydrate metabo l i sm that influence phosphoenolpyruvate and ery-
throse 4 -P avai labi l i ty i n the cytosol could impact d irect ly upon aromat ic 
amino ac id product ion in the cytosol , independently of the t ight allosteric 
contro l exercised i n the p las t id . T h i s mechanism could tie carbohydrate 
levels to output of secondary metabolites. 

A p p r o a c h e s to Demonstrate an Intact Cytosol ic Pathway 

T h e scheme shown i n F igure 1 is compl icated , and s impler explanat ions to 
account for the difficulties encountered to date i n demonstrat ing cytosolic 
isozymes are a logical first course of act ion . Possibi l i t ies current ly under 
evaluat ion are: (i) M o s t cytosolic isozymes m a y be part i cu late ; (ii) Different 
enzymat i c routes may be employed i n the cytosol ; ( i i i ) Detect ion of cytoso
l i c isozymes may require condit ions of secondary metabo l i sm (e.g., after 
wounding) that max imize expression levels of enzyme; and (iv) Detect ion 
of cytosolic isozymes may require condit ions of n o r m a l growth physiology 
that maximize expression levels of enzyme. 

Mater ia ls a n d M e t h o d s 

Solubilization of Membrane Proteins. A modi f i cat ion of the procedure of 
H je lme land et al (30) was employed. A 300-g por t i on of l iquid -n i trogen 
frozen, 6-day Nicotiana silvestris cultured cells was suspended i n 200 m l 
of 50 m M N-(2-hydroxyethyl ) -p iperazine-N' -3 -propanesul fonic ac id ( E P P S -
K O H ) buffer, 1 m M d i th io thre i to l ( D T T ) , and 0.1 m M E D T A extract ion 
buffer w i t h constant s t i r r ing u n t i l completely suspended (20 m i n ) . T h e 
s lurry was centrifuged i n a Sorva l l SS 34 rotor at 9,000g for 20 m i n at 4°C. 
T h e supernatant was passed through m i r a c l o t h (Ca lb iochem) . A n al iquot 
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was removed, desalted on a P D 1 0 co lumn ( P h a r m a c i a ) , and designated S u 
pernatant I. T h e remain ing extract was ultracentri fuged at 160,000g at 4 ° C 
for 30 m i n i n a 70.1 T i rotor . T h e supernatant was removed, desalted as 
above, and labeled Supernatant II. Pel lets were resuspended i n 0.5-2.0 m l 
of buffer, pooled, and ultracentri fuged as above. T h e supernatant , desalted 
as above, was designated Pel let W a s h . T h e pellets were resuspended i n ex
t rac t i on buffer and homogenized w i t h three strokes of a tissue homogenizer. 
A f ter prote in determinat ion , al iquots of the extract were d i luted w i t h ex
t rac t i on buffer and the designated detergent to give a f inal prote in concen
t r a t i o n of 5 m g / m l and the c r i t i ca l micelle concentration of detergent. W e 
used o c ty l glucoside, C H A P S (3- [ (3-cholamidopropyl ) -dimethylammonio] -
1-propanesulfonate), deoxycholate, T r i t o n X - 1 0 0 , and N P - 4 0 (S igma non -
ionic detergent p-40) detergents (29). A n al iquot of extract to w h i c h no 
detergent was added was inc luded as an unsolubi l ized contro l . T h e sample 
mixtures were st i rred for 60 m i n at 4 °C i n 5 -ml beakers and then u l t racen
tri fuged for 30 m i n (4°C) a

Three pre l iminary experiments were carried out : the first done as de
scr ibed above, the second ut i l i zed a modif ied buffer containing protectants, 
and the t h i r d ut i l i zed both the modif ied buffer and a hemoglobin gel step 
to remove proteases. T h e modif ied buffer had the fol lowing recipe: 50 m M 
E P P S - K O H buffer at p H 8.6, 2 0 % ( v / v ) g lycerol , 1.0 m M E D T A , 1.0 m M 
D T T , 0.5 m M phenylmethylsul fonyl fluoride ( P M S F ) , 0.05 m M leupept in , 
and 0 .05% /?-mercaptoethanol . 

Removal of Proteases. Proteases pose a fundamenta l obstacle i n the iso
la t i on and puri f i cat ion of enzymes f rom higher plants . A l t h o u g h we rou 
t ine ly include protease inhib i tors such as P M S F or l eupept in i n extract ion 
and co lumn chromatography buffers, considerable protease ac t iv i ty per
sists. We successfully ut i l i zed hemoglobin-bound Sepharose, based on the 
co lumn method of C h u a and B u s h u k (31), to remove the bu lk of proteases 
f r o m crude extracts of N. silvestns. Substrate (protease) grade bovine 
hemoglobin (Sigma) was coupled to C N B r - a c t i v a t e d Sepharose 4 B ( P h a r 
mac ia ) , according to manufacturer recommendations. G l y c i n e (0.2 M ) was 
used to block remain ing active groups. A l te rnate washes w i t h h i g h - and 
l o w - p H buffer solutions were used to remove excess adsorbed prote in . A f 
ter equ i l ibrat ion w i t h extract ion buffer, the hemoglobin-bound Sepharose 
was ready for use. We added 25 m l of hemoglobin-Sepharose conjugate per 
200 m l of crude extract contained i n a polypropylene centrifuge bott le , and 
this m i x t u r e was rotated end-over-end for 30 m i n at 4 ° C . T h e hemoglobin-
bound Sepharose was then removed by centrifugation (2,000g for 10 m i n at 
4 ° C ) , and the supernatant was carefully removed. 

Enzyme Assays. Procedures for the H P L C assay of prephenate a m i n o 
transferase (32), the spectrophotometric assay of sh ik imate dehydrogenase 
(33), the spectrophotometric assay of arogenate dehydrogenase (34), and 
the th iobarb i tur i c ac id assay of D A H P synthase (29) were carried out as 
referenced. W h e n the D S - C o isozyme was assayed w i t h glyceraldehyde-3-P, 
6 m M DL-glyceraldehyde-3-phosphate (Sigma) was used. 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



6. J E N S E N E T A L . Aromatic Amino Acid Biosynthesis & Metabolism 95 

Results a n d Discussion 

Particulate Enzymes? One of the greatest challenges i n the field of en-
zymology and metabol ic regulat ion is the analysis of enzyme organizat ion 
in vivo. It is becoming increasingly apparent that "most so-called soluble 
enzymes do not exist as such in vivo" (35,36). Recent studies have pro 
v ided evidence for the membrane association of "soluble" enzymes of the 
g lyco ly t i c pathway (37,38), C a l v i n cycle (39), and flavonoid metabo l i sm 
(17,40). M e t a b o l i c pathways or b iochemical segments are not merely the 
summed properties of i n d i v i d u a l enzyme s teps—although this has been the 
essential approach for progress i n the past. T h e subtleties of the organiza 
t i o n of the enzymes of the g lyco lyt ic network, a previously classical example 
of "soluble" enzymes, exempli fy this po int . As ide f rom instances of obvious 
organizat ion of mul t ip l e cata lyt i c domains i n the f o rm of mul t i func t i ona l 
proteins, enzymes m a y be membrane-bound as integral or per ipheral pro
teins. These, i n t u r n , ma
state of association or dissociat ion m a y have regulatory or developmental 
significance i n a metabol ic system that possesses a h igh ly integrated ar 
rangement of inter locking enzymic components. T h e r a p i d expansion i n 
this topic area is i l lustrated by a recent flurry of publ icat ions descr ib ing 
covalent and noncovalent interactions between l ipids and proteins w i t h re
spect to association of proteins w i t h membranes (41). Prote ins able to 
interact specifically w i t h l ip ids and direct ly w i t h hydrophobic domains of 
membrane i n a reversibly associating fashion have been termed amphi t rop i c 
proteins (36). Recogni t ion and preservation of such organizat ional features 
of enzyme networks is obviously of great relevance to the current sophis
t i ca t i on of modern science goals of m a n i p u l a t i n g metabol ic pathways for 
beneficial advances i n medicine and agriculture . 

Chalcone synthase, the first enzyme commit ted to flavonoid b iosynthe
sis, is a membrane-bound prote in (40). Since i t is readi ly so lubi l ized , i t h a d 
previously been regarded as a soluble enzyme. Likewise , D S - C o and C M - 2 
may prove to be membrane-organized proteins that are readi ly so lubi l i zed . 

H i g h pr ior i ty is being given to assessment of the extent to w h i c h 
aromat ic -pathway isozyme species may be not at a l l (or only p a r t i a l l y ) 
so lubi l ized w i t h rout ine procedures typ i ca l ly used for extract preparat ion 
i n our laboratories. For pre l iminary exper imentat ion , we selected prephen
ate aminotransferase, arogenate dehydrogenase, and sh ik imate dehydroge
nase. W i t h the former two enzymes, minor peaks have been resolved fo l 
l owing chromatographic procedures. W i t h shik imate dehydrogenase, only 
a single large peak has been found i n numerous chromatographic separa
t ions . However, a systematic pur i f i cat ion / reso lut ion us ing high-efficiency 
H P L C columns has not been attempted. For each enzyme, the fol lowing 
d a t a obtained are consistent w i t h the poss ib i l i ty that detergent-solubil ized 
isozymes may indeed exist. 

Prephenate aminotransferase: T h e specific ac t iv i ty o f this enzyme i n 
Supernatant I was 19.2 n m o l / m i n / m g , and the to ta l ac t iv i ty was retained i n 
Supernatant II fol lowing centri fugation at 60,000g. T h e homogenized p e l 
let (about 300 m g of protein) exhibi ted enzyme act iv i ty (specific ac t iv i ty of 
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0.53). A s imi lar ac t iv i ty level was obtained i n the deoxycholate, T r i t o n X -
100, and N P - 4 0 extract preparations. O c t y l glucoside and C H A P S extract 
preparations showed no detectable prephenate aminotransferase act iv i ty . 
W h e n the hemoglobin step was used, there was no increase i n the soluble 
ac t iv i ty recovered i n the i n i t i a l supernatant f ract ion , but the specific ac t iv 
i t y of the deoxycholate (the only detergent t r ied i n this experiment) extract 
increased about tenfold. We wou ld antic ipate equally good results w i t h use 
of T r i t o n X-100 or N P - 4 0 i n combinat ion w i t h the hemoglobin step. 

Shikimate dehydrogenase: T h e use of modif ied buffer increased the 
specific act iv i t ies (S .A . ) of this enzyme i n the soluble supernatant prepa
rat ions about s ixfo ld ( from 3.0 to 20.3). In add i t i on , a c t i v i t y not other
wise measured i n the homogenized pellet was found there w i t h the use of 
modif ied buffer. In modif ied buffer sh ik imate dehydrogenase ac t iv i ty (e.g., 
S . A . = 0.67 i n o c t y l glucoside buffer) could be found i n a l l of the detergent-
extract preparations. A s above, the hemoglobin step increased dramat i ca l l y 
the S . A . of sh ik imate dehydrogenas
t ions. 

Arogenate dehydrogenase: T h e use of modified buffer was essential 
for detection of arogenate dehydrogenase i n either the soluble supernatant 
or i n any of the part iculate-der ived fractions. (G lycero l is k n o w n to be 
c r i t i ca l for s tab i l i ty of the soluble p last id ic enzyme). In modif ied buffer 
the soluble supernatant S . A . was 3.4 n m o l / m i n / m g . T h e homogenized 
pellet exhib i ted excellent ac t iv i ty ( S . A . = 0.89), but on ly m a r g i n a l ac t iv i ty 
was detected when attempts were made to solubil ize this v i a detergent 
extrac t ion . Interestingly, a s imple high-salt extract ion (0.3 M K C 1 ) of the 
homogenized-pellet sample solubi l ized a significant por t i on of the ac t iv i ty 
( S . A . = 0.44). 

A Different Pathway? P r i o r to the discovery of L-arogenate (42), the post-
prephenate pathway of aromat ic amino acid biosynthesis was thought to 
be universal . T h i s post-prephenate pathway now exemplifies the b iochem
i ca l diversity that can exist i n nature for even major metabol i c pathways 
(43-45). W i t h this precedent, perhaps the common-pathway sequence of 
reactions in early aromat ic biosynthesis should not be taken for granted . 
F igure 2 shows the alternative phenylpyruvate and arogenate routes to 
phenylalanine now known to exist in nature. T h e difference is a s imple 
matter of the order of the two enzymic steps: s idechain t r a n s a m i n a t i o n , or 
d e c a r b o x y l a t i o n / d e h y d r a t i o n / a r o m a t i z a t i o n . T h e order of cata lyt i c steps 
dictates whether phenylpyruvate or arogenate w i l l be unique molecules in 
the system. B y analogy, a hypothet i ca l poss ibi l i ty is shown i n F igure 3, 
i n consideration of cata lyt i c steps 3 and 4 of the common sh ik imate p a t h 
way. There is no reason a priori why the two steps of the classical pathway 
shown ( forming dehydroshikimate) could not occur i n the opposite order. 
T h i s would replace dehydroshikimate w i t h quinate as a unique in termed i 
ate. A s far as we know, exist ing tracer studies would not have revealed this 
i n view of the compl icat ions imposed by the coexist ing, h igh ly active plas
t id i c pathway. In Zea mays a b i funct iona l d e h y d r o q u i n a s e / q u i n a t e : N A D 
dehydrogenase has been reported (46). T h i s protein could possibly cat-
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alyze the sequence of steps shown i n the b o t t o m path of F igure 3. It is of 
further interest that the existence of a quinate dehydratase reaction was 
also suggested (46), albeit w i t h i n the context of a different overal l pathway 
scheme. 

A far more drastic poss ib i l i ty is suggested (Figure 4) by the observation 
that D S - C o is cata lyt i ca l ly active when erythrose 4 -P is replaced w i t h g lyc -
eraldehyde 3-P as substrate. T h e glyceraldehyde 3 - P / P E P combinat ion is 
i n fact several-fold better t h a n the erythrose 4 - P / P E P combinat ion . D S -
M n does not exhib i t this breadth of substrate recognit ion, nor do any of a 
number of mi c rob ia l D A H P synthase enzymes available i n our laboratories. 
B r o a d substrate specificity of enzymes is not unusual , but recognit ion of 
non-substrate molecules is almost always of minor magnitude compared 
to the n o r m a l substrate. C o u l d 2-keto-3-deoxy-D-threo-hexulosonate-6-
phosphate, a new metabol i te s imi lar to 3-deoxy-6-phosphogluconate of the 
m i c r o b i a l Entner -Doudoro f f pathway, i n fact be an intermediate of aromat i c 
amino ac id biosynthesis i
F igure 5. A l t h o u g h the pathway shown is more expensive t h a n is the clas
s ical pathway (by v i r tue of the u t i l i z a t i o n of an add i t i ona l A T P ) , this may 
be offset by the plent i ful avai labi l i ty of triose-phosphate exported to the cy
tosol as output f r o m operat ion of bo th the reductive a n d oxidat ive pentose 
phosphate pathways i n the p las t id . 

Manipulation of Isozyme Expression by Environmental Treatments. A n 
impressive battery of diverse environmental or b iochemical manipulat ions 
are k n o w n that cause elevation of general phenylpropanoid-pathway or 
flavonoid-pathway enzymes. These include mechanical wounding , i l l u m i n a 
t i o n , admin is t ra t i on of fungal el ic itors, presence of ethylene, and d i l u t i o n 
of cell cultures i n water. Since increased aromat ic amino ac id biosynthesis 
is needed to supply i n i t i a l precursor molecules of secondary metabo l i sm, 
one might antic ipate that overal l response to environmental treatment may 
inc lude elevation of some or a l l enzymes of aromat ic amino ac id b iosynthe
sis. Scattered in format ion indicates this to be so. Sh ik imate dehydrogenase 
has been shown to increase i n level upon wounding (47). In a clever exper
iment w i t h buckwheat (48), sh ik imate accumulat ion caused by glyphosate 
( inh ib i tor of E P S P synthase, see F igure 1) treatment was found to be much 
greater i n the l ight than i n the dark, ind i ca t ing that i l l u m i n a t i o n enhances 
ear ly -pathway act iv i ty levels. 

T o what extent is the response of cytosolic and p last id ic isozymes of 
the sh ik imate pathway coordinated or coupled w i t h one another and to 
alterations i n expression of enzymes of the flavonoid and pheny lpropano id -
pathway segments? Some of the emerging in format ion is given i n F i g 
ure 6. T h u s , l ight induc t i on , wel l k n o w n to induce P A L and enzymes of 
the flavonoid pathway, also induces both D S - M n and D S - C o i n parsley cell 
cultures (49). However, only the cytosolic C M - 2 (and not the p last id ic C M -
1) was induced. F u n g a l el ic itor was reported to induce only D S - M n — n o t 
D S - C o or either of the chorismate mutase isozymes (49). Prev ious studies 
(50) had indicated an absence of e l ic itor effects upon overal l D A H P s y n 
thase and sh ik imate dehydrogenase act iv i t ies , but these experiments were 
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PEP E-4-P DAHP 

C O O H HZ C O O H 

C - 0 - ® + H C - O H • C - 0 
•t — I I 
C H 2 H C - O H Ç H 2 

C H 2 0 - ( ? ) H O - C H 

H C - O H 

C H 2 0 - ® 

C O O H H C C O O H 
I χ—ν I I 

C - Ο - Γ Ρ ) - f H C - O H • C = 0 

C H 2 C H 2 0 - ( P ) C H 2 

H O - C H 

H C - O H 

C H 2 0 - ® 

PEP G-3-P DTHP 

Figure 4. React ions catalyzed by the broad-specif icity D A H P synthase-
C o of higher plant cytosol . Condensat ion of P E P and erythrose 4 -P (top) 
yields 3-deoxy-D-arabino-heptulosonate 7-P ( D A H P ) , whereas condensa
t i on o f P E P and D-glyceraldehyde 3-P ( G - 3 - P ) y ie lds 2-keto-3-deoxy-D-
threo-hexulosonate 6 -P ( D T H P ) . 
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THE PHYTO-SHIKIMATE PATHWAY 

PHYTQ-CHORIftMATF 

Figure 5. H y p o t h e t i c a l scheme based on condensation of two C3 substrate 
species (instead of C 3 + C4) , where glyceraldehyde 3-phosphate replaces ery
throse 4-phosphate. T h e enzymes involved are: (1) a synthase (analogous 
to D A H P synthase) , (2) a N A D ( P ) H - d e p e n d e n t dehydrogenase, (3) an acyl 
coenzyme A synthase requir ing A T P and coenzyme A , (4) a phosphoric 
ac id e l iminat i on , and (5) an enzyme cata lyz ing the Cla isen condensation 
and produc ing a product in keto-enol equ i l i b ru im. T h e subsequent reac
tions are reminiscent of the shikimate pathway: (6) a N A D ( P ) H - d e p e n d e n t 
dehydrogenase leading to the sh ik imate analog denoted phyto - sh ik imate , 
(7) a kinase, (8) condensation w i t h phosphoenolpyruvate, (9) e l iminat ion 
of phosphoric acid leading to a hypothet i ca l chorismate analog denoted 
phyto-chorismate , and (10) a Cla isen rearrangement catalyzed by a mutase 
to y i e ld the prephenate analog, denoted phyto-prephenate. 
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l im i ted to the 24-h per iod fol lowing el ic i tor treatment . Hahlbrock and 
Schroder (51), using Petroselinum hortense cell cultures, found that effects 
of d i lu t i on (nutrient starvation) were l imi ted to enzymes of general p h e n y l 
propanoid metabol ism—whereas i r rad ia t i on w i t h light add i t i ona l ly induced 
the flavonoid glycoside pathway. A concerted, coordinated effort i n w h i c h 
key enzymes of secondary metabo l i sm (e.g., P A L and chalcone synthase) 
are examined i n relat ionship to the differently compartmented isozymes of 
aromat ic biosynthesis (e.g., D S - M n / D S - C o and C M - l / C M - 2 ) , fol lowing the 
variety of environmental treatments available w i l l be of obvious value. 

W e have examined the t ime course of changes induced i n isozymes 
of chorismate mutase and D A H P synthase i n potato tubers fol lowing me
chanical wounding (Table III ) . In each case bo th isozymes responded—the 
p last id ic isozyme responding sooner and to a greater extent than the cy
tosolic isozyme. A l l five of the other pathway enzymes so far examined 
were induced by mechanical wounding . 

Tab le III . Response of aromatic -pathway enzymes to mechanical wound ing 

E n z y m e " F o l d 6 Peak A c t i v i t y 0 Peak D a y d 

D A H P s y n t h a s e - M n 2 21 1.5 
Chor i smate mutase-1 8 46 4 

D A H P synthase-Co 1.5 51 2 
Chor i smate mutase-2 3 7 4 

Sh ik imate dehydrogenase 5 220 6 
Sh ik imate kinase 3 35 5 
E P S P synthase 4 70 5 
Prephenate aminotransferase 2 34 2 
Arogenate dehydrogenase 2 1.5 5 

a Enzymes are grouped ( from top to bottom) as p last id ic isozymes, cy
tosolic isozymes, or t o ta l act ivit ies of u n k n o w n mixtures . 

b A p p r o x i m a t e factor of specific ac t iv i ty increase, compar ing values ob
ta ined on the day of peak act iv i ty fol lowing wounding , w i t h unwounded 
controls . 

c Expressed as n m o l m i n - 1 m g _ 1 . 
d A p p r o x i m a t e post -wounding day when m a x i m a l ac t iv i ty was observed 

throughout a 6-day interval . 

A l t h o u g h the plast id ic isozymes of D A H P synthase and chorismate m u 
tase respond to wounding to a greater extent t h a n do the cytosolic isozymes, 
wounding offers good prospects as a man ipu la t i on that may help unmask 
cytosolic isozymes by increasing their levels. For example , suggestive d a t a 
were obtained w i t h arogenate dehydrogenase and sh ik imate dehydrogenase, 
where a second rise i n ac t i v i ty between days 4 and 5 after wounding might 
reflect the relatively slow elevation response of a cytosolic isozyme. A fuller 
account of these results has been given by M o r r i s et al. (Life Set. Advances 
- Plant Physiol. 1988, 7, i n press). 
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DAYS AFTER SUBCULTURE 

Figure 7. V a r i a t i o n of arogenate dehydrogenase levels as a funct ion of 
the physio logical phase of growth i n suspension cultures of Nicotiana sil-
vestris. A stat ionary-phase i n o c u l u m was d i luted into fresh m e d i u m and 
followed throughout the lag ( L ) , exponential ( E ) , and stat ionary (S) phases 
of g rowth . T h e hatched bar indicates the act iv i ty levels of E E cells, i .e. , 
cells mainta ined continuously i n exponential growth for 10 or more genera
tions (53). Profiles are shown i n which ac t iv i ty is related to soluble prote in 
(specific a c t i v i ty ) , to cell number , or to dry weight. 
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Since the presumed cytosolic pathway interfaces directly with the net
work of secondary metabolism, the observed induction of DS-Co and CM-2 
isozymes in response to wounding was expected. However, the even greater 
response of plastidic isozymes was unexpected. Perhaps the increased 
"pull" on carbohydrate metabolism in the cytosol affects the balance of 
substrates feeding into the aromatic pathway of the plastid. If so, a ten
dency to starvation for pathway endproducts may trigger derepression of 
the plastidic-pathway isozymes. 

Physiological Manipulation of Isozyme Expression. Recent studies in our 
laboratory have indicated that enzymes of the aromatic amino acid path
way change with the growth phase in cultured cells of N. silvestns (33). 
The cytosolic enzyme Ds-Co reaches its highest level of expression in the 
stationary phase of growth (52). The cytosolic CM-2 is highest in leaf 
tissue compared to exponentiall
indicating a wide range
conditions. The overall elevation of enzymes in stationary-phase cells may 
reflect an increase in secondary metabolism and an increased complement 
of cytosolic enzymes. 

Data obtained for arogenate dehydrogenase, in which activity was fol
lowed throughout a growth curve initiated by the subculture of stationary-
phase cells, are shown in Figure 7. Activity levels characteristic of cells 
maintained indefinitely in exponential phase (EE cells) (53) are increased 
when cultures are allowed to progress into the stationary phase of growth. 
When cell cultures were harvested in late exponential-phase growth (day 4) 
as the source of extract for DEAE-cellulose chromatography, a major and 
a minor peak of arogenate dehydrogenase were resolved (Bonner, unpub
lished data). Perhaps the minor peak of activity will be enhanced when 
stationary-phase cells are used —the implication being that it is an isozyme 
located in the cytosol. 

Conclusion 
Aromatic amino acids interface with a diverse and vast network of connect
ing secondary metabolism in the cytosol, but not in other major compart
ments such as the chloroplast. A strong rationale and emerging lines of 
experimental evidence support the probable existence of an intact cytoso
lic pathway of aromatic amino acid biosynthesis which links carbohydrate 
metabolism (via PEP and erythrose-4-P, or possibly glyceraldehyde-3-P) 
and secondary metabolism. 
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Chapter 7 

Enzymology of Gallotannin Biosynthesis 

Georg G. Gross 

Universität Ulm, Abteilung Allgemeine Botanik, Oberer Eselsberg, 
D-7900 Ulm, Federal Republic of Germany 

Ample knowledge available to date of the chemistry and 
natural distributio
esters has led t
the structurally related ellagitannins are derived from 
one common precursor, 1,2,3,4,6-O-pentagalloyl-β-D
-glucose. Recent investigations with enzymes from oak 
or sumach leaves have shown that the biosynthesis of 
this polyphenolic ester is initiated by the formation of β-
glucogallin (1-O-galloyl-β-D-glucose) from UDP-glucose 
and free gallic acid. This monoester, in turn, was found 
to serve as the activated acyl-donor in a series of sub
sequent transacylation steps, yielding specifically substi
tuted di-, tri-, tetra-, and finally pentagalloylated glu
cose derivatives. In contrast, the biosynthesis of gallic 
acid itself is still largely obscure, and this applies also to 
the final steps of the entire biogenetic sequence, i.e., the 
mechanisms involved in the formation of meta-depside 
linkages and hexahydroxydiphenoyl residues characteriz
ing gallotannins and ellagitannins, respectively. 

Vegetable tannins are commonly classified into condensed tannins (or 
proanthocyanidins) , which are of flavonoid o r ig in , and hydrolyzable tannins , 
which are characterized by a central po lyo l moiety (mostly /?-D-glucose) 
whose hydroxy 1 groups are esterified w i t h gall ic ac id . These po lypheno
l ic compounds can be further subst ituted w i t h add i t i ona l gal loy l residues 
attached v i a meta-depside linkages, g iv ing rise to the format ion of the g a l 
lo tannins proper (Figure 1). A l ternat ive ly , d imer izat ion of adjacent ga l loy l 
groups can occur, y ie ld ing the hexahydroxydiphenyl residues characteris
tic of the related el lagitannins (Figure 2); after hydro lyt i c release, these 
b ipheny l derivatives rearrange spontaneously to give the stable name-g iv ing 
di lactone, ellagic ac id . 

0097-6156/89/0399-0108$06.00/0 
© 1989 American Chemical Society 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



7· G R O S S Enzymobgy of GaUotannin Biosynthesis 109 

OH OH 

HO OH 
Figure 1. Structure of a ga l lo tannin typ i ca l of Chinese ga l l o tannin , found, 
e.g., i n galls of Rhus semialata. Note the characteristic meta-depside l i n k 
ages of the gal loyl residues at C - 2 . 

OH 

OH 
Figure 2. Structure of an e l lag i tannin , l - 0 - g a l l o y l - 2 , 3 : 4 , 6 - d i - 0 - h e x a h y -
droxydiphenoyl- /?-D-glucose (casuarict in) . 
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Innumerable variat ions of these fundamental s t r u c t u r a l principles have 
been detected i n higher plants; discussion of wh i ch , however, lies beyond the 
scope of this article [for recent relevant reviews see, e.g., (1-7)]. T h i s well 
documented detailed knowledge of the chemical configuration and n a t u r a l 
d i s t r ibut i on of hydrolyzable tannins s t imulated thoughts on their b iosynthe
sis (cf. 5-9). It was proposed that glucose and gal l ic ac id i n i t i a l l y combined 
to give /?-glucogallin ( l -0 -gal loyl - / ? -D-glucose) w h i c h , i n t u r n , underwent 
a series of further acy lat ion reactions leading to pentagalloyl- /?-D-glucose. 
T h i s latter ester was thought to funct ion as the common precursor bo th 
of the gal lotannins and the related el lagitannins. T h i s plausible pathway 
was u n t i l a few years ago to ta l ly unproven. It now comprises several i m 
portant aspects, namely (1) the formation of gall ic ac id , (2) the nature of 
the energy-rich intermediates required for the synthesis of /? -glucogall in, 
(3) the t ransacy lat ion mechanisms leading to pentagalloylglucose, and (4) 
the secondary transformations involved i n the synthesis of gal lotannins and 
el lagitannins . 

A s reported below, recent enzymatic studies have provided insight into 
several of these problems; i n part i cu lar , m a n y of the questions concerning 
the formation of /?-glucogallin and its subsequent conversion to pentagal 
loylglucose have been answered by this technique. Other aspects out l ined 
above remain rather obscure, but s tar t ing points for their eventual c lar i f i 
cat ion w i l l be discussed. 

Biosynthesis of Gal l ic A c i d 

In spite of numerous investigations dur ing the past decades, the b iosyn
thesis of gall ic acid remained one of the major enigmas of plant pheno-
lics metabo l i sm. Based on feeding experiments w i t h putat ive precursors, 
three different pathways, as depicted i n F igure 3, were proposed [references 
i n (2 ,10,11)] . Evidence was presented that gall ic ac id was produced by 
direct aromat izat ion of dehydroshikimic acid (or sh ik imic acid) . A l t e r n a 
tively, two routes v i a the phenylalanine-c innamate pathway were postu
lated along which gallic ac id was formed, either by /^-oxidation of 3 , 4 , 5 -
t r ihydroxyc innamic acid (never detected in plants) or by the sequence caf-
feic —» protocatechuic —• gallic ac id . Later , two short reports (12,13) on 
work w i t h cell-free systems were publ ished suggesting a sequence dehy
drosh ik imic —• protocatechuic —• gallic ac id ; unfortunately , these observa
tions s t i l l await conf irmation by more detailed studies. 

Theoret ical ly , many of the above discrepancies could be sett led by 
experiments w i t h carboxyl - labeled sh ik imic acid because this funct iona l 
group would be lost i n the format ion of phenylalanine, but retained i n 
the case of a direct conversion to gall ic ac id . O n l y ambiguous evidence 
was obta ined , however, f rom such efforts (10), and i t was concluded that 
at least two pathways for gall ic acid biosynthesis must exist (14), w i t h 
the preferential route depending on leaf age and plant species investigated 
(15,16) . 

A different approach to d iscr iminate between the two pr inc ipa l routes 
to gall ic ac id , i.e., v i a CeCa- intermediates vs. a direct conversion was de-
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veloped. T h i s uses glyphosate [N-(phosphonomethyl)glycine, an inh ib i t o r 
of sh ik imic acid ut i l izat ion] and L-2-aminooxy-3 -phenylpropionic ac id ( L -
A O P P , an inh ib i tor of phenylalanine deamination) i n feeding experiments 
w i t h labeled sh ik imic ac id . W h i l e A O P P had no effect, glyphosate greatly 
enhanced the amount and radioact iv i ty of the isolated gall ic ac id (17), i n 
d i ca t ing that the direct conversion of sh ik imic to gall ic ac id represented at 
least a significant, i f not the major , route. 

Biosynthesis of /? -Glucogall in 

T h e natura l l y occurr ing depside /?-glucogallin ( l -0 -gal loy l - / ? -D-g lucose) 
was considered the p r i m a r y metabol i te in the biosynthesis of hydro lyza -
ble tannins (5 ,7 ,8 ) . For thermodynamic reasons, the par t i c ipa t i on of an 
act ivated intermediate has to be postulated i n the f ormat ion of such an 
ester. T h i s requirement can be met in two ways, either by reaction of an 
energy-rich gal loy l derivativ
diphosphate-act ivated glucose (most l ikely U D P G ) and the free ac id . T h e 
results of our recent work on these aspects are presented below. 

Galloyl-Coenzyme A. Numerous enzymatic studies on the format ion of the 
ubiquitous p lant phenolic chlorogenic acid (3-O-caffeoyl -D-quinic acid) and 
related depsides have showed that c i n n a m o y l - C o A thioesters were ut i l i zed 
as act ivated intermediates i n these esterification reactions (Table I) . B y 
analogy, i t appeared conceivable that g a l l o y l - C o A might be involved i n the 
biosynthesis of gal lotannins. T o test this hypothesis, this then u n k n o w n 
thioester was synthesized (26), v i a the ΛΓ-succinimidyl derivative of 4-0- /?-
D-glucosidogal l ic acid (cf. F igure 4), and characterized by spectrophoto
metr ic methods; the U V - s p e c t r u m was perhaps the most prominent prop
erty (Figure 5). 

Table I. Phenol ic A c i d Esters Formed v i a Intermediate A c y l - C o e n z y m e A 
Esters 

Donor Acceptor P r o d u c t Ref. 

Ca f f eoy l -CoA Quinate Chlorogenate 18,20 
p - C o u m a r o y l - C o A Quinate 3 -p -Coumaroy l -

quinate 
19,21 

p - C o u m a r o y l - C o A Shik imate 3 -p -Coumaroy l -
sh ik imate 

22 

p - C o u m a r o y l - C o A Tartronate p - C o u m a r o y l -
tartronate 

23 

Ca f f eoy l -CoA Isocitrate Caffeoyliso-
citrate 

24 

H y d r o x y c i n n a m o y l - Sugar acids Monoesters; 25 
C o A s (glucuronate, 

glucarate, 
galactarate) 

exact posit ion 
of the O-ester 
group unclear 
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COOH COOH 

Figure 3. Proposed biosynthetic pathways to gall ic acid (5). (1) D e h y -
drosh ik imic ac id ; (2) caffeic ac id ; (3) 3 ,4 ,5 - t r ihydroxyc innamic ac id ; (4) 
protocatechuic ac id . 

F igure 4. C h e m i c a l synthesis of gal loyl coenzyme A thioester (4). (1) 4 - 0 -
/?-D-glucosidogall ic ac id ; (2) ΛΓ-succinimidyl 4-0-/? -D-glucosidogal late ; (3) 
4 -0 - / ? -D-g lucos idoga l loy l -CoA. 
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In enzymat ic studies w i t h cell-free extracts f rom higher plants , how
ever, no evidence has been found to date for g a l l o y l - C o A ' s involvement 
i n the biosynthesis of /?-glucogall in, or its higher gal loylated derivatives; 
an eventual role i n the formation of the chemical ly different meta-depside 
bonds of gal lotannins has not been investigated. 

Formation of β-Glucogallin. A b o u t the t ime as the above ment ioned studies 
w i t h g a l l o y l - C o A were carried out , i t became evident that glucose esters of 
phenolic acids could be formed by an alternate mechanism, i.e., by react ion 
of the free acid w i t h U D P - g l u c o s e serving as the energy-rich component. 
T h i s was because of a number of findings (27), where i t was demonstrated 
that the conjugation of glucose w i t h numerous benzoic and c innamic acids 
(28-33), and indole-3-acetic acid (34,35), occurred according to the general 
mechanism shown below ( E q u a t i o n 1): 

A c i d + U D P glucos

It therefore appeared that a general mechanism for enzymat i c esteri -
fication of phenolic acids w i t h glucose was operative, whereas the reaction 
w i t h other alcoholic moieties proceeded v i a carboxyl -act ivated acy l der iva
tives. [In this context i t should be emphasized that glucose esters must not 
be confused w i t h glucosides; different enzymes are involved i n the b iosyn
thesis of these two types of phenolic glucose derivatives (36)]. 

It was thus not surpr is ing to establish that /?-glucogallin was also s y n 
thesized according to this mechanism (Figure 6) by enzyme preparations 
f rom tannin -produc ing oak leaves (37,38). Substrate specificity studies re
vealed that this glucosyl transferase depended exclusively on U D P - g l u c o s e 
as donor substrate, and that i t exhibited act iv i ty toward a great variety of 
benzoic and c innamic acids as acceptor molecules. Cons ider ing the grow
ing importance of such esters w i t h i n the area of general plant secondary 
metabo l i sm, this latter property has recently been ut i l ized for the conve
nient preparat ion and spectroscopic character izat ion ( U V , I R , 1 H - N M R ) 
of differently subst i tuted l -0-benzoyl - / ? -D-glucoses (39), thus prov id ing a 
convenient alternative to chemical syntheses [cf., e.g., (40)]. 

/î-Glucogallin to Pentagalloylglucose 

A c c o r d i n g to recent suggestions, /?-glucogallin should undergo a series of 
position-specific gal loylat ion steps to y ie ld pentagalloylglucose (5-9). E l u 
c idat ion of this hi therto unknown biogenetic sequence was established w i t h 
enzyme preparations f rom young oak leaves (41); it was thus demonstrated 
that , by analogy w i t h the preceding synthesis of /?-glucogall in, g a l l o y l - C o A 
was not required. Instead, both d i - and trigalloylglucose were formed i n the 
presence of /3-glucogall in as the sole substrate, prov ing that this ester served 
also as an acy l donor (41). S u p p o r t i n g evidence f rom several laboratories 
also indicated that phenolic acid esters were not necessarily metabo l i ca l ly 
inert compounds but could be employed as activated intermediates for sec
ondary transacylat ion reactions. A s summarized in Tab le II , this new view 
was corroborated by m a n y detailed enzyme studies. 
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250 355 350 
WAVENLENGTH (nm) 

Figure 5. U V spectrum of gal loyl coenzyme A . ( ) S p e c t r u m of the 
thioester; ( ) spectrum after hydrolysis i n 0 .1N N a O H or hydrox -
y lamino lys is in 1 M N H 2 0 H , p H 6. B o t h spectra were recorded i n 0 . 1 M 
potass ium phosphate buffer, p H 7.0. 

1 3 0 

Figure 6. E n z y m a t i c synthesis of /?-glucogall in. 
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Table II. Biosynthesis of A r o m a t i c M o n o a c y l Esters by Acyltransferases 
f rom Higher P l a n t s 

Donor Acceptor P r o d u c t Ref. 

1-O-Sinapoylglucose L - M a l a t e S i n a p o y l - L -
malate 

42,43 

1-O-Sinapoylglucose Cho l ine Sinapoylchol ine 
(Sinapine) 

44-46 

1-O-Indolylacetyl - myo-Inositol Indo ly lacety l - 35 
glucose myo- inosi to l 
1-O-Caffeoylglucose D - Q u i n a t e Chlorogenate 47,48 
1 -O-p -Coumaroy l - D - Q u i n a t e p - C o u m a r o y l - 49 
glucose quinate 
1 -O-p -Coumaroy l -
glucose 
Chlorogenate G lucarate Caffeoylglucarate 51 

W i t h respect to gal lotannins, substant ia l evidence indicated that β-
glucogal l in was also metabol i ca l ly active, as the acyl donor for gal loy l trans-
ferase reactions; some details related to this aspect are described below. 

Galloyl-Exchange between β-Glucogallin and Glucose. Cell-free extracts 
f rom oak leaves produced labeled /^-glucogallin when incubated w i t h u n 
labeled glucogal l in and [ 1 4 C]glucose (41). T h i s unexpected result was ex
p la ined by the existence of an acyltransferase cata lyz ing the exchange re
act ion shown below: 

/2-Glucogal l in + * glucose ^ */?-glucogallin + (*)glucose (2) 

where the asterisk indicates an appropriate label (e.g., 1 4 C ) to al low mea
surement of the reaction. Studies w i t h the purif ied enzyme showed that 
i t was active w i t h various 1-O-benzoylglucose esters as donor substrates, 
whi le D-glucose functioned very specifically as the acceptor molecule. T h e 
physiological significance of this reaction is s t i l l unknown; however, i t was 
successfully employed for the facile and rather economic preparat ion of l a 
beled glucogal l in and related esters, thus avoiding many problems involved 
i n the chemical synthesis of such compounds (52,53). 

Biosynthesis of Digalloylglucose. Besides the above mentioned acy l trans
ferase, oak leaves also contained a completely different type of acy l trans
ferase that catalyzed the format ion of digalloylglucose (41). It became e v i 
dent that this ester was synthesized by a new reaction mechanism i n whi ch 
/^-glucogallin was ut i l i zed as both acy l donor and acceptor; this conclu
sion was supported by the iso lat ion of analogous acyltransferases related to 
other metabol ic pathways (cf. Table III) . Recent studies (54) have shown, 
i n accordance w i t h previous proposals (5 ,7 ,8 ) , that 1,6-O-digalloylglucose 
was produced by the enzyme, and that the stoichiometry of the reaction 
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was fu l ly consistent w i t h the assumed mechanism (cf. F igure 7). Substrate 
specificity studies w i t h numerous 1-O-benzoylglucoses revealed that the en
zyme was most active w i t h its natura l substrate, /?-glucogallin (Gross , G . 
G . ; Denze l , K . ; Sch i l l ing , G . , unpubl ished data) . 

Tab le III . Biosynthesis of Mul t ip l e - subs t i tu ted Phenol i c A c i d Esters by 
Acyltransferases f rom Higher P lants 

Donor Acceptor P r o d u c t Ref. 

1 -O-G alloy lglucose 1 - O - G a l l o y l  1 ,6 -0 -Diga l l oy l - 54 
(/?-glucogallin) glucose glucose 
1 -O-G alloy lglucose 1 ,6 -O-Diga l l oy l - 1 , 2 , 6 - O - T r i - 55 

glucose galloylglucose 
1-O-Galloylglucose 1 , 2 , 3 , 6 - 0 - 1 , 2 , 3 , 4 , 6 - 0 - a 

Tetraga l l oy l
glucose glucose 

1-O-Sinapoylglucose 1 -O-Sinapoyl  1 , 2 - 0 - D i s i n a p o y l - 56-58 
glucose glucose 

Chlorogenate Chlorogenate 3,5-Dicaffeoyl- 59 ,60 
quinate 
(Isochlorogenate) 

a C a m m a n , J . ; Denzel , K . ; Sch i l l ing , G . ; Gross , G . G . , unpubl ished data . 

Higher Galloylated Glucose Derivatives. A s summarized i n Table III , the 
formation of higher gal loylated derivatives occurs by the same sort of mech
an i sm as above, i.e., by the transfer of the ga l loy l moiety of /?-glucogallin 
to the acceptor substrate. T h u s , the biosynthesis of 1 ,2,6-tr igal loylglucose 
f rom the 1,6-disubstituted precursor was proven unequivocal ly w i t h an en
zyme f rom sumach leaves (55), and recently an enzyme f rom oak leaves 
that catalyzed the gal loy lat ion of 1 ,2,3,6-tetragalloylglucose to 1 ,2 ,3 ,4 ,6 -
peηtagalloylglucose was characterized ( C a m m a n n , J . ; Denzel , K . ; Sch i l l ing , 
G . ; Gross , G . G . , unpubl ished data) . O n l y the conversion of t r i - to te t ra -
galloylglucose has not yet been verified by detailed enzyme studies, due 
to insufficient amounts of available substrate. T h e expected ester, 1 ,2 ,3 ,6 -
tetragalloylglucose, has, however, been isolated as a by-product f rom scaled-
up enzyme assays designed for the preparat ion of 1,6-digalloylglucose [cf. 
(54)]. 

T h u s , the entire sequence of reactions f rom /?-glucogallin to pentagal 
loylglucose is summarized i n F igure 7. P r e l i m i n a r y evidence suggests that 
the i n d i v i d u a l steps are catalyzed by different enzymes, but this question 
has to be answered by future detailed investigations. Concern ing the sub
s t i tu t i on pattern of the metabolites, the scheme presented here is i n accord 
w i t h recent results obtained by analyz ing the galloylglucoses produced in 
callus cultures f rom oak (61). 
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Biosynthesis of Gal lotannins a n d El lagitannins 

A s mentioned, recent biogenetic schemes suggest 1 ,2 ,3 ,4 ,6 -pentaga l l oy l -
glucose to be the pr inc ipa l common precursor of gal lotannins and el lagi 
tannins . However, there are many compounds of these two classes of n a t u 
r a l products that contain contain one, or occasionally more than one, free 
O H - g r o u p on the glucose moiety, par t i cu lar ly at the C - l pos i t ion . N o ev
idence is currently available as to whether such tannins are derived f rom 
p a r t i a l l y gal loylated precursors of pentagalloylglucose, or f rom the result 
of secondary deacylat ion reactions. T h e latter could be caused by a very 
active esterase encountered i n cell-free extracts f rom oak or sumach leaves 
(Gross, G . G . ; Denze l , K . , unpubl ished results). 

L i t t l e knowledge also exists on the mechanisms involved i n the b iosyn
thesis of the characteristic structures of gal lotannins and el lagitannins, as 
w i l l be briefly discussed below. 

Gallotannins. V i r t u a l l y noth in
acteristic meta-depside bond of these compounds. For thermodynamic rea
sons one has to postulate an activated gal loy l derivative i n this react ion. 
T h e only speculations possible at present are whether ^-g lucogal l in serves 
as an acy l donor, or whether, due to the markedly differing nature of the 
phenolic O H - g r o u p , other intermediates w i t h a much higher group-transfer 
potent ia l (e.g. g a l l o y l - C o A ) are required. 

Ellagitannins. M o r e than 50 years ago i t was postulated (62) that the char
acteristic hexahydroxydiphenoyl residues of e l lagitannins or ig inated f r om 
the dehydrat ion of gall ic acid esters, e.g., depsidic tannins , and this widely 
accepted view has been supported by recent feeding experiments (16). Such 
ox idat ion reactions [reviewed, e.g., i n (63)] were carried out by chemical 
means [e.g. (64)], or by in vitro studies w i t h the fungal enzyme laccase 
(65,66) or w i t h peroxidases from higher plants (64 ,67,68) , using gallic ac id , 
m e t h y l gallate, /7-glucogallin, 3,6-digalloyglucose and pentagalloylglucose 
as substrates. In a l l cases, ellagic acid was formed as a typ i ca l product , i n 
d i cat ing the expected intermediate synthesis of hexahydroxydiphenic ac id . 
Unfortunate ly , this latter compound has never been isolated i n its esterified 
form i n these experiments , and thus i t remains questionable whether these 
enzyme systems (i.e., laccase or some other po lyphenol oxidase + O 2 , or 
peroxidase + H2O2) really reflect natura l condit ions. These doubts are sup
ported by recent studies w i t h cell-free extracts f rom oak leaves ( H o f m a n n , 
Α.; Gross , G . G . , unpubl ished results). In the presence of suitable electron 
acceptors, the substrate, 1,2, 3 ,4,6-pentagalloylglucose, was converted to 
a not yet fu l ly characterized new product (and eventually 1 , 4 , 6 - t r i - O - g a l -
loy 1-2,3-O-hexahydroxydiphenoylglucose) , together w i t h minor quantit ies 
of a compound that cochromatographed w i t h pedunculagin ( 2 , 3 : 4 , 6 - d i -
O-hexahydroxydiphenoylglucose) . These pre l iminary results indicate that 
rather specific oxidoreductases, and not the abovementioned very unspecific 
oxidases, are involved i n the biosynthesis of e l lagitannins. 
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Conclusion 

As documented in a review article (9), no experimental data was available 
to support hypothetical mechanisms for the biosynthesis of hydrolyzable 
tannins until recently. Enzymatic studies have now changed this unsat
isfactory situation, at least as far as the formation of pentagalloylglucose 
is concerned. Future work will provide insight into those other challenges 
discussed in this contribution and that still require clarification. 
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Chapter 8 

Biogenesis and Localization of Polymethylated 
Flavonoids in Cell Walls of Chrysosplenium 

americanum 

Ragai Ibrahim, Lilian Latchinian, and Louise Brisson 

Plant Biochemistry Laboratory, Department of Biology, Concordia 
University, Montreal, Quebec H3G 1M8, Canada 

The semiaquatic species, Chrysosplenium americanum 
(Saxifragaceae), which lacks lignin, accumulates a num
ber of tri- to penta-O-methylated flavonol glucosides in
stead. Their enzymatic synthesis is catalyzed by five 
position-specific methyltransferases, which exhibited dis
tinct pH optima, pI values, cation requirements and 
preference for flavonol aglycones or glucosides as sub
strates. O-Glucosylation of methylated flavonols at 2'-
and 5'-oppositions is mediated by two distinct glucosyl
transferases, which were resolved by affinity chromatog
raphy on UDP-glucuronic acid agarose and Brown 10X 
dye ligand. Kinetic analysis of both groups of enzymes 
indicates that this multistep pathway is subject to tight 
control, and that the kinetic constants regulate the rate 
of synthesis of the final products. The use of electron 
microscopy, immunofluorescence and immunocytochem
ical techniques unequivocally indicate that these highly 
lipophilic metabolites are associated with the walls of 
epidermal and mesophyll cells. 

It was more t h a n 20 years ago that hydroxyc innamic acids were reported 
(1) to be esterified in appreciable amount w i t h the unl igni f ied cell walls o f 
grasses and other plant species. Monocot arabinoxylans (a hemicellulose 
fraction) have been reported to be subst i tuted w i t h p-coumarate , ferulate 
and p-hydroxybenzoate (2,3), and yielded on enzymat ic hydrolysis feruloy-
larabinosylxylose . A l k a l i n e hydrolysis of grass cell walls gave diferulic acid 
(2 ,4-6) , the oxidat ive coupl ing product of feruloyl residues. Pect ins f rom 
spinach culture cell walls contain ferulate and p-coumarate (7 ,8) , which 
on p a r t i a l hydrolysis give two feruloyl dissacharides, 4-0-(6-feruloyl- /?-
D-galactosyl ) -D-galactose and 3 -0 - (3 - feru loy l -a -L-arab inosy l ) -L -arab inose 
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8. I B R A H I M E T A L . Pofymethylated Flavonoids 123 

(9) and a s m a l l amount of diferulate. T h e common occurrence of phenolic 
ac id sugar esters i n association w i t h cell walls is not surpr is ing , since these 
are k n o w n natura l plant constituents (10). O n the other h a n d , the cell 
wal l g lycoprote in , extensin contains the oxidat ively coupled d imer , i sod i ty -
rosine (11) and a tr imer of tyrosine (12) which have been proposed (13) to 
crosslink w i t h two or three polypept ide chains of extensin . 

In contrast w i t h the above mentioned phenolic residues, w h i c h may 
be Η-bonded or covalently l inked w i t h different cell wa l l fractions, another 
group of phenolic compounds- the s imple flavonoids-may be secreted on 
plant surfaces as g u m m y or farinose exudates. These were first reported i n 
poplar (14) and are now known to occur i n many woody and herbaceous 
species, in c lud ing ferns (15). O n the other h a n d , the semi-aquatic species, 
Chrysosplenium americanum (Saxifragaceae) wh i ch lacks l i gn in , synthesizes 
instead a variety of t r i - to penta -O-methy lated flavonol glucosides. These 
h igh ly l i poph i l i c metabolite
a l though the nature of thi

F lavono id compounds are natura l plant constituents of wide d i s t r i 
but i on i n nature; among which are the flower and fruit pigments (antho-
cyanins) and the yellow pigments (flavones and flavonols), found in a l l plant 
parts . These compounds share a common biosynthetic o r ig in ; be ing formed 
of two phenolic r ing systems A and B , wh i ch are derived f rom acetate and 
c innamate , respectively, a l though they differ i n the ox idat ion level of the 
heterocyclic r i n g C (see structure below). Flavones and flavonols, which 
occur n a t u r a l l y as glycosides, may be O-methy la ted or O-glucosylated at 
one or several posit ions on the flavonoid r ing system. P a r t i a l l y and fu l ly 
methylated flavonoids are now considered to be wide ly d is tr ibuted i n the 
plant k i n g d o m (16,17). B o t h enzymatic reactions are believed to play an 
i m p o r t a n t role i n the detoxif ication of reactive h y d r o x y l groups and hence, 
their compartmentat ion w i t h i n plant cells and tissues (18). 

E n z y m a t i c O -methy la t i on of flavonoids, which is catalyzed by O-
methyltransferases ( E . C . 2.1.1.6-) involves the transfer of the m e t h y l group 
of an activated m e t h y l donor, 5 -adenosyl -L-methionine , to the h y d r o x y l 
group of a flavonoid acceptor w i t h the formation of the corresponding 
methylether and 5-adenosyl -L-homocysteine . T h e latter product is , in 
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most cases, a competit ive inh ib i t o r of the enzyme reaction (19). A number 
of flavonoid-specific O-methyltransferases has recently been characterized; 
among whi ch are those which attack posit ions 3' of flavones and flavonols 
(20-22), 3 7 5 ' of anthocyanins (23), 4' of isoflavones (24) and flavones (25), 
5 of isoflavones (26), 7 of flavonols (27,28) and C-glycoflavones (29) and 8 
of flavonols (30,31). 

It should be noted, however, that these enzymes catalyzed single 
methy la t i on steps, and d id not accept par t ia l ly methylated substrates for 
further O - m e t h y l a t i o n . T h e common occurrence of p a r t i a l l y methylated 
flavonoids (16,17) , such as those of C. amencanum (F igure 1), raised the 
question as to whether mul t ip le m e t h y l transfers were catalyzed by one or 
several position-specific O-methyltransferases! 

E n z y m a t i c g lucosylat ion, on the other hand , is mediated by O -
glucosyltransferases ( E . C . 2.4.1-) and involves the transfer of the glucosyl 
moiety of a nucleotide diphosphate sugar to the h y d r o x y l groups of a phe-
no l / f lavono id acceptor w i t
and the nucleotide diphosphate. T h e latter m a y also act as compet i t ive 
inh ib i t o r of the enzyme reaction (32). A l t h o u g h glucosyltransferases are 
k n o w n to be substrate-specific and posit ion-oriented (33), i t is not k n o w n 
whether glucosylat ion of the less common 2' and 5' posit ions of flavonoids 
(e.g., compounds I and III , respectively, F igure 1) is catalyzed by one or 
two dist inct enzymes. 

T h e present work describes the mult ienzyme system which is involved 
i n the methylat ion-g lucosylat ion sequence of Chrysosplenium flavonoids. 
T h e latter tissue is an ideal exper imental system since i t accumulates s ix , 
t r i - to penta -O-methy la ted flavonol glucosides. T w o of these, I and II , are 
derivatives of 2 ' -subst ituted quercetin ( 3 , 5 , 7 , 4 ' , 5 ' -penta-hydroxyflavone) ; 
two others, III and I V , are 6-substituted quercetin (quercetagetin) der iva
tives; whereas the remain ing two compounds, V and V I , are 2 ' -subst i tuted 
quercetagetin (Figure 1). Whereas the first pair of flavonoids is glucosylated 
at the less common 2 ' -posit ion, a l l the others are 5 ' -0-glucosides. None of 
the lower methylated intermediates of the pathway accumulate in this t is
sue, a l though they can be synthesized enzymat i ca l ly in vitro (34). Due to 
the h ighly l ipoph i l i c , and part ia l ly hydrophi l i c , nature of these metabolites 
i t was considered of interest to study their intracel lular l oca l i zat ion i n this 
tissue. 
Biogenesis of Chrysosplenium Flavonoids. Tracer experiments using [2-
1 4 C ] c i n n a m a t e administered to young shoots resulted in label ing of the s ix 
methylated flavonol glucosides w i t h i n 5 to 10 m i n pulse (Figure 2), but 
none of the low methylated intermediates. Furthermore , the p a r t i a l l y p u 
rified enzyme preparations catalyzed the methy lat i on of quercetin, but not 
quercetagetin, to its 3-mono-, 3 ,7 -d i - and 3 , 7 , 4 / - t r i m e t h y l derivatives (34-
36), as wel l as the glucosylat ion of par t ia l ly methy lated intermediates to 
their corresponding glucosides (37). These results suggested the existence, 
in this tissue, of the enzyme complement involved i n the biosynthesis of 
these metabolites and prompted the characterizat ion of the i n d i v i d u a l en
zymes of the pathway. 
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T h e M u l t i s t e p M e t h y l a t i o n Sequence 

Purification of 0-Methyltransferases. Using conventional, open-column 
chromatography alternatively with a fast protein liquid chromatography 
( F P L C ) system, we were able to purify five distinct, position-specific 
methyltransferases (38,39). The last step of purification was achieved by 
chromatofocusing on a Mono Ρ analytical column (40) using a gradient 
between pH 6 and pH 4 (Figure 3). The extent of purification of these 
enzymes varied between 85 to 164-fold using conventional column and 400 
to 650-fold using the F P L C system (Table I). 

Table I. Properties of Chrysosplenium Methyltransferases 

Property 3- 6- 7- 4'- 2'/5' 

Purification (-fold) 
Open column 
H P L C 650 400 460 460 420 

pH optimum 4.8 9.0 8.2 8.8 7.0 
pi value 4.0 5.2 4.8 5.0 4.6 
Mol . Wt. (Kd) 57 57 57 57 57 
K m (SAM), / i M 114 51 65 130 100 
K m (Flav), μΜ 12 18 7 15 2 
K i (SAH), μΜ 4.5 16 10 4.4 
K i (Me-Flav), μΜ 128 167 15 10 

Substrate Specificity of O-Methyltransferases. A flavonol with 4', 5'-
hydroxylation pattern, such as quercetin but not quercetagetin, is be
lieved to be the first methyl acceptor in this pathway. The highly pu
rified enzymes (Figure 3) exhibited strict position specificity for po
sitions 3 of quercetin (3-methyltransferase), 7 of 3-methylquercetin (7-
methyltransferase), 4' of 3,7-dimethylquercetin (4'-methyl transferase), 6 
of 3,7,4'-trimethylquercetagetin (6-methyltransferase), 5' of 5,2',5'-tri-
hydroxy-3,7,4 ,-trimethoxyflavone-2 /-glucoside and 2'-position of 5,2', 5'-
trihydroxy-3,6,7,4'- tetramethoxyflavone-5'- glucoside ^'-/ô'-methyltrans-
ferase). It is interesting to note that, in contrast with the earlier enzymes 
of the pathway which utilized aglycones as substrates, the two later methy
lation steps (2'- and 5'-positions) took place at the glucoside level (Fig. 1), 
and were catalyzed equally well by the same protein preparation (39,40). 
However, in view of the strict position specificity of the former enzymes 
(3-, 6-, 7- and 4 ,-methyltransferases), it can be assumed that the two later 
methylation steps of the pathway may be mediated by two distinct enzymes 
which remain to be resolved. None of these enzymes accepted phenyl-
propanoids, flavones, dihydroflavonols, or any of their glucosides. Both 
substrate and position specificities of these enzymes indicate a coordinated 
sequence of methyl transfers to quercetin —• 3-methylquercetin —*· 3,7-
dimethyl-quercetin —• 3,7,4'-trimethylquercetin. After hydroxylation of 
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O r i g i n 

Figure 2. Pho tograph of an autorad iogram of the chromatographed leaves 
administered [ 1 4 C]c innamate for 10 m i n . C o m p o u n d s I to V I (F igure 1) are 
the final flavonoid metabolites which accumulate in this tissue. 

10 20 30 40 50 

F r a c t i o n number 

Figure 3. E l u t i o n profile of five O-methyltransferases after chromatofocus
ing on an analyt i ca l M o n o - P co lumn, using a gradient between p H 6 and 
p H 4. 
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the latter at pos i t ion 2' and its subsequent g lucosy lat ion , i t is further m e t h y 
lated to its 5 ' -methy l derivative ( compound II ) . 3 , 7 , 4 , - t r imethy lquerce t in 
may also be hydroxy la ted at pos i t i on 6, further methylated at that pos i t ion 
( compound III ) , then glucosylated at 5' ( compound I V ) . T h e lat ter , after 
further h y d r o x y l a t i o n at the 2 ' -posit ion (compound V ) is f ina l ly methylated 
to compound V I (Figure 1). 
Properties of 0-Methyltransferases. T h e different enzymes exhib i ted d is 
t inc t p i values a n d p H o p t i m a (Table I) , a l though they h a d s imi lar molecu
lar weights. U n l i k e the other enzymes of the methy la t i on sequence, the 
6-methyltransferase exhib i ted absolute requirement for M g ions, whose 
act ivat ion was saturable and was inhib i ted by E D T A . T h e different O-
methyltransferases were i n h i b i t e d by 1 m M of the S H group reagents, p-
chloromercuri -benzoate and N-e thy lmale imide to various extent. T h e a d d i 
t i o n of 14 m M 2-mercaptoethanol p a r t i a l l y prevented this i n h i b i t i o n (38). 
Kinetics of 0-Methylation.
zymes (41,42) was consistent w i t h a sequential ordered reaction mecha
n i s m , i n w h i c h 5 -adenosy l -L -methion ine a n d 5-adenosyl -L-homocyste ine 
were leading reaction partners a n d inc luded an abort ive E Q B complex . 
Furthermore , a l l the methyltransferases studied exhib i ted compet i t ive pat 
terns between S-adenosy l -L-methionine and i ts product , whereas the other 
patterns were either noncompet i t ive or uncompet i t ive . Whereas the 6-
m e t h y l a t i n g enzyme was severely inh ib i t ed by its respective flavonoid sub
strate at concentrations close to K m , the other enzymes were less affected. 
T h e low i n h i b i t i o n constants of 5 -adenosyl -L-homocyste ine (Table I) sug
gests that earlier enzymes of the pathway may regulate the rate of synthesis 
of the f inal products . 

G l u c o s y l a t i o n of Part ia l ly M e t h y l a t e d Flavonols 
T h e fact that Chrysosplenium flavonoids are glucosylated at the less com
m o n 2 ' - and opposit ions prompted an invest igation as to whether both 
g lucosy lat ion steps are mediated by one or two dist inct enzymes. 
Purification of 2'-/5'-0-Glucosyltransferase. Prev ious studies i n this labo 
ratory (37) have demonstrated the existence, i n this tissue, o f a novel r i n g 
B-specif ic O-glucosyltransferase. T h i s enzyme attacked either 2'- or 5'-
pos i t ion of p a r t i a l l y methylated flavonols a n d required two, para-oriented 
substituents on r i n g Β for o p t i m u m act iv i ty (e.g., aglycones of II and V I , 
F i g u r e 1). T h e fact that the 2 ' - and 5 ' -glucosylating act iv i t ies could not 
be separated by either conventional chromatography on several co lumns 
(37) or by F P L C (43), seemed to indicate that bo th glucosylations may 
be catalyzed by one enzyme. However, unl ike other glucosyltransferases 
(32) the Chrysosplenium enzyme binds U D P (44), the second product of 
the react ion. T h i s k inet ic property allowed b i n d i n g the enzyme to a U D P -
glucuronic ac id agarose affinity support (43), a l though i t d i d not b i n d to 
U D P - a g a r o s e . T h e glucosyltransferase a c t i v i t y was eluted at approx imate ly 
60 m M K C 1 , then desalted before being appl ied to B r o w n 10X dye l i gand 
at p H 6.5. E l u t i o n of the enzyme prote in f r om the latter c o lumn was per
formed using a l inear pH-sa l t gradient , and resulted i n the separation of 
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the 2'- and 5'-activities at pH values of 7.8 and 7.3, respectively (Figure 4). 
The combined purification steps resulted in an increase in specific activ
ity of 1200-fold (43). Each of the purified fractions gave a single flavonoid 
glucoside when assayed against the respective aglycone, as shown by autora
diography of the reaction products (Figure 4, insert). These results indicate 
that glucosylation of the 2'-and 5'-positions of flavonoids is catalyzed by 
two distinct enzymes. 

It should be pointed out that, in contrast with the enzymes of primary 
metabolism (e.g., photosynthesis, respiration, etc.), those catalyzing the 
synthesis of secondary metabolites usually occur in very low abundance, 
and are therefore, very difficult to purify to homogeneity especially for the 
purpose of raising antibodies. However, the recent advances in immuniza
tion and selection techniques made it possible to overcome the need for 
homogeneous protein in order to raise monoclonal antibodies. 
Immunological Evidence for
antibody to the partially
munization technique (45) of Balb/c mice spleen cells, followed by fusion 
with mouse myeloma cells. Screening culture supernatants of the resulting 
hybridomas by an enzyme-linked immunosorbent assay (ELISA) revealed 
the presence of two highly immunoreactive IgM-secreting clones, C3-2 and 
C7-1 (Table II) (46). Only the former clone displayed > 50% inhibition of 
the 2'-glucosyltransferase activity, whereas neither antibodies C3-2 nor C7-
1 inhibited the 5'-activity (Figure 5). These results clearly demonstrate the 
existence of an immunologically distinct flavonol 2'-0-glucosyl transferase. 
Furthermore, the native form of this enzyme was essential for recognition 
by the C3-2 antibody, hence, immunoreactive bands on Western blots (Fig
ure 5, insert) could only be visualized following native-PAGE, and not 
S D S - P A G E . Further work is aimed at selecting a 5'-specific antibody in or
der to demonstrate, unequivocally, the involvement of two distinct 2'- and 
5 /-glucosyltransferases. 

Table II. Specific Fusion Efficiency 

Ig-Producing Wells 
(% of total) Specific Immunoreactive (% of total) 

Wells (% of 
Fusion IgM IgG IgM-Secretors) 

Day 5 50.5 3.6 22.2 
Day 7 45.9 0.5 18.6 

Properties of the Glucosyltransferase. Except for its strict substrate speci
ficity, the properties of this enzyme were similar to those of other flavonoid 
glucosyltransferases (32,33) and are listed in Table III. 
Kinetics of Glucosylation. The detailed kinetic analysis of the partially pu
rified enzyme (44) was consistent with an ordered bi bi mechanism, where 
UDP-glucose binds to the enzyme first, followed by the flavonoid aglycone 
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V o l u m e (ml) 
Figure 4. E l u t i o n profile of the 2'- and 5 ' -0-glucosyltransferases after chro
matography on B r o w n 10X agarose co lumn using p H - s a l t gradient. Insert: 
autoradiographed enzyme reaction products . 

I 1 I I I I 
0.25 0.5 0.75 1.0 

MCAB DILUTION 

Figure 5. Immunoremoval ( inhibi t ion) of 2'-glucosyltransferase a c t i v i t y by 
different concentrations of monoc lonal ant ibody C 3 - 2 . Insert: Western blot 
of the nat ive enzyme after P A G E (left, contro l ; r ight , blot w i t h C 3 - 2 a n t i 
body ) . 
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Table III. Properties of Chrysosplenium Glucosyltransferases 

Property 2'- 5' 

Purification (-fold) 1200 1200 
pH optimum 8.0 8.0 
pi value 5.2 5.2 
Mol . Wt. (Kd) 42 42 
K m (UDPglc) μΜ 250 250 
K m (Flav.) μΜ 5 10 
K i (UDP) μΜ 25 20 
K i (Flav. gluc.) μΜ 1000 1000 

and the release of the glucoside followed by U D P . The latter was a com
petitive inhibitor with respect to UDP-glucose and noncompetitive with 
respect to both UDP-glucos
hibition constant of the glucosylated product, as compared with those of 
the substrate and co-substrate (Table III) indicates that glucosylation of 
the partially methylated flavonoids is not inhibited by the products formed 
(44), and is consistent with the accumulation of compounds I, II, V and VI 
(Figure 1) as the major flavonoid constituents of this tissue. 

Regulation of Flavonoid Synthesis in C. americanum. Biosynthesis of 
methylated flavonol glucosides seems to be under tight regulation, not only 
by the substrate specificity of the enzymes involved, but also by other fac
tors, among which are: (a) the strict position specificity of these enzymes 
towards their hydroxylated or partially methylated substrates; (b) the ap
parent difference in microenvironment of the different methyl-transferases, 
whereby those earlier in the pathway utilized aglycones whereas later en
zymes accepted only glucosides as substrates; (c) the subtle characteris
tic differences in methyl-transferases with respect to their pH optima, pi 
values and requirement for Mg ions, despite their similar molecular size; 
(d) the sequential ordered mechanism of all the enzymes involved in the 
methylation-glucosylation sequence of this pathway. Another important 
aspect of regulation derives from the kinetic analysis of the enzymes stud
ied. This is demonstrated by the similarity of their kinetic mechanisms and 
their regulation by a specific range of substrate and product concentrations 
(41,42). Despite the fact that the methylating enzymes had K m values in 
the same range as those of glucosylation, however, the K i values for the 
latter reaction were in the m M range as compared with the μΜ values for 
methylation (Tables I and III), and are consistent with glucoside accumula
tion as the final products. Another means of regulation of the methylation 
sequence involves the differential affinities of the different enzymes for 5-
adenosyl-L-methionine and 5-adenosyl-L-homocysteine (41,42). Whereas 
the four methyltransferases studied exhibited similar affinities for their re
spective flavonoid substrates (Table I), the affinity for the methyl donor 5-
adenosyl-L-methionine was similar for the 3- and 4'-0-methyltransferases, 
while those attacking positions 6 and 7 were two times greater. Further-
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more, the former enzymes were subject to inh ib i t i on by low concentrations 
of 5 -adenosyl -L-homocyste ine , since the apparent K i for the latter two en
zymes was 25 t imes smaller than the K m for S -adenosy l -L -meth ion ine , as 
compared w i t h 3 and 6 t imes for the 6- and 7-methyl transferases, respec
t ively (Table I) . These characteristics suggest that the enzymes earlier i n 
the methy la t i on sequence may regulate the rate of synthesis of the final 
products . 
Localization Studies. Loca l i za t i on of flavonoid compounds has usual ly been 
studied using cytochemical methods, in c lud ing the formation of prec ip i 
tates w i t h suitable reagents for nonfluorescent compounds (18,33 and refs. 
therein) , as wel l as ultravio let fluorescence microscopy for fluorescent com
pounds. Despite the variety of techniques used in the separation of plant 
tissues for loca l izat ion of metabolites, it is difficult to interpret the d a t a 
due to the vary ing degree of p u r i t y of the isolated t issue/organel le , or its 
possible contaminat ion w i t h the metabolites released d u r i n g i so lat ion . Such 
problems have been compounde
for the detection of phenol i c / f lavonoid compounds, and their so lub i l i ty i n 
the organic solvents normal ly used for microscopic preparations. There 
fore, we have used three different strategies for the l oca l i zat ion , in situ, of 
Chrysosplenium po lymethylated flavonol glucosides. 
Electron Microscopy. U s i n g caffeine as prefix and v i sua l i z ing agent (47 
and refs. cited therein) allowed us to s tudy the u l t r a s t r u c t u r a l features 
of flavonoid accumulat ion in this tissue. These studies (48) revealed the 
presence of electron-dense deposits w i t h i n the walls of leaf epidermal and 
mesophyl l cells (F igure 6 A ) . Var ious membrane profiles and associated vesi
cles i n the per iplasmic area were also filled w i t h dark ly stained m a t e r i a l . 
T h e fact that most of these vesicles were fused w i t h the p lasmalemma ( F i g 
ure 6 A ) suggested the secretory nature of these cells (47). There was no 
evidence to indicate that the G o l g i apparatus was involved in packaging or 
channel ing of flavonoids. Furthermore , the cell wal l flavonoid deposits ( F i g 
ure 6 A ) could be leached out by d ipp ing leaf segments i n organic solvents 
for 1-2 second intervals (48). H P L C analysis of these effusates indicated 
the recovery of the major flavonoid constituents. These observations are 
consistent w i t h the l ipophi l i c nature of the h ighly methylated flavonol g l u 
cosides and their loca l izat ion w i t h i n the walls of ep idermal and mesophyl l 
cells of this tissue. 
Immunofluorescence. T h i s is a sensitive, h ighly specific technique which 
has recently been used for the loca l izat ion of large molecules, such as stor
age proteins or enzymes. T o our knowledge, there has been no in forma
t ion on the use of this technique for flavonoid loca l i zat ion . T h i s may be 
due to the difficulty i n rais ing antibodies against re lat ively smal l molecules 
(ca. < 5000 da l ton) . C o m p o u n d I (F igure 1) was conjugated to bovine 
serum a l b u m i n by the diazo reaction (49) and was used to raise ant ibody 
i n rabbi ts (50). T h i s ant ibody was found to be specific for the 2'-glucosides 
of t r i - and tetramethoxyflavones I and II . However, there was some cross re
ac t iv i ty against the pentamethoxyflavone-5' -glucoside (compound V I ) , but 
none w i t h quercetin or any of its t r i - or te t ramethyl derivatives (50). T h i s 
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Figure 6. A: Photomicrograph (χ 51,000) of caffeine treated leaf epidermal cell 
showing electron-dense deposits on cell wall and membrane vesicles fusing with 
the plasmalemma (arrows). B: Immunofluorescence labeling of flavonoids in cell 
walls of leaf epidermal strips (arrows) and autofluorescent stomata (x 62.5). C: 
Immunogold labeling of the walls of a mesophyll cell (left, χ 41,000). Ch, 
chloroplast; EC, epidermal cell; G, Golgi; IS, intercellular space; MC, mesophyll 
cell; (right, control χ 19,500). 
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ant ibody was appl ied w i t h an indirect immunofluorescence technique (51) 
u t i l i z i n g fluorescein isothiocyanate- labeled goat ant i rabbi t ant ibody w i t h 
leaf epidermis , cross sections and protoplasts . T h e results (F igure 6 B ) 
indicated that flavonoid accumulat ion occurred m a i n l y i n the walls of ep i 
dermal cells and , to a much lesser extent, i n mesophyl l cell walls . T h e weak 
fluorescence observed i n the vacuoles of protoplasts suggested a minor role 
of this compartment i n the accumulat ion process (51). 
Immunocytochemistry. Further unequivocal evidence for the site of 
flavonoid accumulat ion was obtained using the pro te inA-go ld post -embed
d ing technique (52), coupled w i t h transmission electron microscopy (53). 
Ant ibody -spec i f i c labe l ing was observed m a i n l y on the walls of epider
m a l and mesophyl l cells (F igure 6 C ) . Furthermore , there was signif icant 
amount of label ing associated w i t h the p lasmalemma, but none w i t h other 
organelles such as the endoplasmic r e t i cu lum, G o l g i or chloroplasts. These 
results provide strong evidence for the loca l izat ion of p a r t i a l l y methylated 
flavonol glucosides i n the
S i g n i f i c a n c e o f F l a v o n o i d A c c u m u l a t i o n i n C e l l W a l l s 
Whereas the accumulat ion of flavonoids in plant cell walls may be diff icult 
to e x p l a i n , however, i t may be considered as a means of e l i m i n a t i n g such 
cytotoxic agents f rom the cell symplast . Such site for flavonoid accumula 
t i on may also be considered as a means of protect ion against pathogens, 
predators and ultravio let rad ia t i on (54), especially in the absence of l i g n i -
fied tissues, as i n the case of Chrysosplenium. 

C o n c l u s i o n s 
T o our knowledge, this is the first reported instance where flavonoid com
pounds have been found i n association w i t h p lant cell walls . Whereas the 
enzymes involved in the biosynthesis of these wa l l constituents have always 
been recovered i n the cytosolic f ract ion, it is not k n o w n whether they are 
ac tua l ly soluble, or easily solubi l ized enzymes. It is t empt ing to postulate 
that flavonoid synthesis in Chrysosplenium takes place on the surface of an 
aggregated, membrane associated (e.g. the E R ) mult ienzyme system (55), 
where the component enzymes may be loosely associated or held together 
by non-covalent bonds. Despite the unsuccessful attempts to isolate such an 
aggregate, however, several lines of evidence (biosynthetic , enzymat ic and 
k inet i c ) , mentioned above, tend to support this concept. D u e to their cyto 
tox i c i ty and h igh ly l ipoph i l i c nature , these metabolites may be sequestered 
in the f o rm of ' f lavonoid vesicles, ' which have been observed (48) to fuse 
w i t h the p lasmalemma for the discharge of their contents w i t h i n the cell 
walls . T h e fact that these metabolites were readi ly recovered f r om leaf 
effusates suggests that they may be adsorbed on cell w a l l proteins. S u b 
cel lular loca l izat ion of the enzymes cata lyz ing this pathway should provide 
suppor t ing evidence for this proposed model . We are work ing along these 
lines. 
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Chapter 9 

Phenolic Constituents of Plant Cell Walls and Wall 
Biodegradability 

Roy D. Hartley1 and Clive W. Ford2 

1Richard B. Russell Agricultural Research Center, Agricultural Research 
Service, U.S. Department of Agriculture, Athens, GA 30613 

2Division of Tropical Crops and Pastures, Commonwealth Scientific and 
Industrial Research Organisation, Cunningham Laboratory, St. Lucia, 

Queensland 4067, Australia 

The nature and amounts of low molecular weight phe
nolic constituents in cell walls of graminaceous plants 
(grasses and cereals) are reviewed and relationships dis
cussed between these constituents and wall biodegrad
ability. The formation in cell walls of 4,4'-dihydroxy
truxillic acid and other cyclodimers of p-coumaric and 
ferulic acid is suggested as an important mechanism for 
limiting the biodegradability of wall polysaccharides. 

A n understanding of relationships between cell w a l l constituents and wa l l 
biodégradation is of par t i cu lar importance to the economics of a n i m a l pro 
duct ion since low digest ib i l i ty of forages is associated w i t h reduced intake. 
Such an understanding is also impor tant i n e luc idat ing the role of fiber i n 
h u m a n n u t r i t i o n and of the decomposit ion of organic matter i n so i l . 

Var ious components of cell walls inc lud ing s i l i ca , h igh ly ordered cel
lulose structure and acetyl groups l inked to hemicellulose have been sug
gested as possible detr imenta l factors causing low biodegradabi l i ty of the 
wa l l polysaccharides, but there is an increasing body of evidence suggest
ing that the phenolic constituents ( inc luding l ignin) are an i m p o r t a n t factor 
(e.g., see reviews 1-3). M a n y studies i n a n i m a l n u t r i t i o n have shown that 
as the l i g n i n content of graminaceous cell walls increases, their d igest ib i l i ty 
i n the rumen of cattle or sheep decreases. A major prob lem of re lat ing 
chemical s tructure to digest ib i l i ty f rom this work is that the compounds 
compris ing forage l ignins are i l l -def ined. For example , K l a s o n l i g n i n of for
ages can contain cut ins , carbohydrate degradation products a n d nitroge
nous mater ia l (1). W h e n considering mechanisms of wa l l biodégradation, 
account must also be taken of the accessibil ity of the various wa l l types to 
wa l l degrading enzymes (4). 

In recent years, posit ive relationships have been found between pheno
l i c constituents of cell walls l iberated by alkal i and b iodegradabi l i ty of the 
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walls measured in vitro w i t h rumen l iquor f r om sheep or catt le , or w i t h a 
commerc ia l cellulase preparat ion hav ing hemicellulase ac t iv i ty ( "cel lulase" ) 
(1). For example , when cell walls of maize stem were treated w i t h s o d i u m 
hydroxide (0 .1M) at 20°C for various t imes to release different amounts of 
phenolics , a h igh ly significant correlat ion (r = 0.98) was found between the 
amount of phenolics released and wal l b iodegradabi l i ty (measured by "ce l 
lulase" ) (5). It is of interest to note that a lka l i treatment of poor qua l i ty 
graminaceous forages (e.g., cereal straw) is used commerc ia l ly to increase 
their b iodegradabi l i ty , and thus their feed value for the a n i m a l (1). 

T h i s paper examines the nature and amounts of monomeric and 
d imeric phenolic constituents of the walls of graminaceous plants a n d the 
relat ionships of these constituents to wa l l b iodegradabi l i ty . 

M o n o m e r i c P h e n o l i c A c i d s , A ldehydes a n d Dehydrodi ferul ic A c i d 
of C e l l Wal ls 

Pheno l i c acids and aldehydes released f rom graminaceous cell walls by treat 
ment w i t h a lka l i are shown i n F igure 1. E x a m p l e s of the amounts released 
f rom various cell walls are l isted i n Table I. 

Table I. A m o u n t s of Phenol i c A c i d s and Phenol i c Aldehydes Released f r om 
Graminaceous C e l l W a l l s by Treatment w i t h S o d i u m H y d r o x i d e 

Pheno l i c A c i d 
or A l d e h y d e 
(mg g _ 1 cell walls) 

M a i z e 
Stem(6) 

Bar ley 
Stem(6) 

W h e a t 
Bran(6 ) 

I ta l ian 
Ryegrass 
Shoot(7) 

Trans+ c is -p-coumaric ac id 33.05 3.42 0.07 0.90 
Trans+cis-feiulic ac id 3.78 2.26 5.60 6.50 
Trans, trans+cis, trans-
dehydrodi ferul ic ac id 0.11 0.13 0.18 0.20 
p -Hydroxybenza ldehyde 0.26 0.02 0.06 n .d . 
V a n i l l i n 0.22 0.23 0.10 n .d . 
Syr ingaldehyde 0.22 0.10 zero n .d . 

n .d . - not determined. 

T h e amounts of the trans isomers of ^-coumaric and ferulic acids were 
approx imate ly ten t imes those of the corresponding cis isomers: dehydrod
i ferulic ac id occurred ma in ly as the transf trans isomer. A major difference 
between cell walls of temperate (e.g., ryegrass, wheat) and sub- trop ica l 
(e.g., maize , C o a s t a l bermudagrass) graminaceous p lants is that the l a t 
ter group contain comparat ive ly large amounts of <nms-p-coumaric ac id 
( 1 , 3 , 8 , 9 ) . Several other families of monocotyledons and some species of 
dicotyledons have s imi lar contents of p -coumaric and ferulic acids to those 
of graminaceous plants (10,11). 

A t least some ferulic ac id units i n the cell walls of vegetative parts 
of sugar cane, maize and barley are esterified v i a the carboxy l group 
to arabinose units (12-14). T h i s was established by treatment of these 
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Figure 1. C o m p o u n d s released f rom graminaceous cell walls by treatment 
w i t h sod ium hydroxide . 
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walls w i t h "cel lulase," leading to the release of water-soluble O-[5-0-(trans-
feruloyl) - a - L - a r a b i n o f u r a n o s y l ] - ( l —» 3 ) - 0 - / ? - D - x y l o p y r a n o s y l - ( l —• 4 ) - D -
xylopyranose ( F A X X , l a ) . A s imi lar method led to the release of 0 - [ 5 - 0 -
(<rans-^-coumaroyl ) -a-L-arabinofuranosyl ] - ( l —» 3 ) -0 - / ? -D-xy lopyranaosy l 
-(1 —• 4) -D-xylopyranose ( P A X X , l b ) f rom cell walls of barley straw show
ing that some *ra ns-p-coumaric ac id units are s imi lar ly l inked to the walls 
(14): approx imate ly 17% of the <rans-p-coumaric ac id that could be re
leased f rom the walls by treatment w i t h cold s o d i u m hydroxide so lut ion 
was recovered as P A X X and 5 0 % of the i rans- ferul ic ac id was recovered 
as F A X X . These recoveries should be seen as m i n i m u m values as g r i n d i n g 
s m a l l amounts of the cell walls to a smaller part ic le size before treatment 
w i t h "cel lulase" increased the yields of P A X X and F A X X . It was est imated 
that one i n every 31 arabinose residues was esterified w i t h / rans -p -coumaric 
ac id and one i n every 15 w i t h <rans-ferulic ac id (14). 

There is also evidence that at least some of the phenol ic aldehydes a n d 
dehydrodi ferul ic ac id (Figur
charides. W h e n ryegrass cell walls were treated w i t h "cel lulase," the alde
hydes and the ac id were released as water-soluble carbohydrate -aromat ic 
compounds f r om whi ch the aromatics were released by cold s o d i u m h y 
droxide treatment (6 ,7) . T h i s suggests that these compounds are either 
ether- l inked or, i n the case of the ac id , ester- l inked to the polysaccharides. 

It has been proposed that dehydrodiferul ic ac id uni ts are formed by 
enzymic dehydrogenation of two ferulic ac id units ester- l inked to the cell 
wa l l (15). A s can be seen f r om Table I, on ly very s m a l l amounts of the ac id 
were found i n cell wal ls : i t seems unl ikely that such amounts are sufficient 
to have a large effect on l i m i t i n g the biodégradation of the walls . 

Several workers have suggested that some, and possibly most , of the 
p -coumaric ac id i n graminaceous cell walls is ester- l inked to l i gn in (16-19). 
Others have provided evidence that a s m a l l propor t i on of the ferulic ac id 
units of cell walls are ether- l inked v i a their phenolic groups to l i gn in (20). 

Relationships with Biodegradability. A s grasses mature and wal l b iodegrad
ab i l i ty decreases, the l i g n i n content of their cell walls increases and the rat io 
of ferulic to p -coumaric acid i n the walls decreases (2 ,21 ,22) . R u m i n a n t 
digestion of such walls leads to a preferential loss of ferulic ac id , probably 
due to the degradation of mesophyl l and other cell types that contain re la 
t ively h igh proport ions of this ac id compared w i t h p -coumaric ac id (21-25). 
It is also of interest to note that esterif ication of cell walls of orchard grass 
w i t h p -coumaric and ferulic acids led to a decrease i n wa l l b iodegradabi l 
i t y : a l inear re lat ionship was found between the rate of este rificat i on a n d 
b iodegradabi l i ty (26). 

T h e tox i c i ty of monomeric phenolic acids and aldehydes of g r a m i n a 
ceous cell walls to microf lora i n the rumen has been examined by several 
workers (3,27-32) . In general, <rans-p-coumaric ac id was found to be the 
most toxic of the phenolic acids and decreased the rate of digestion of the 
cell wal ls . A n impor tant effect of the acid is that i t l i m i t s the attachment of 
wal l -degrading bacter ia (32). T h e tox ic i ty of p -hydroxybenzaldehyde was 
s imi lar to p -coumaric acid but only very s m a l l amounts of the aldehyde 
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have been found i n cell wal ls . A s yet there are no reports i n the l i terature 
of the effects of d imeric phenolic acids on microorganisms. 

D i m e r i c P h e n o l i c A c i d Const i tuents (Substi tuted Cyclobutanes) 
o f C e l l Wal ls 

Recent work has shown that a d imer of p -coumaric ac id , 4 , 4 ' - d ihydroxy -
t r u x i l l i c ac id , is released f rom the cell walls of a temperate grass (Lolium 
multiflorum) by a lka l i t reatment . T h e dimer was identi f ied by gas chro
m a t o g r a p h y / m a s s spectrometry of its t e t ra - t r imethy l s i l y l ( T M S i ) der iva
tive (33) and , f rom comparat ive studies, appeared to be ident ica l to the 
synthet ic isomer (II) prepared by the method of C o h e n et ai (34). T h i s 
compound , designated as a p-coumaric acid-/>-coumaric ac id ( P C A - P C A ) 
d imer , was also identif ied i n the cell walls of t rop i ca l grasses (Setaria an-
ceps, Digitaria decumbens, Heteropogon contortus). C e l l walls of Lolium 
multiflorum and the t rop i ca
isomeric dimers as well as analogous subst i tuted cyclobutane dimers of 
ferulic ac id [ferulic acid-ferulic ac id ( F A - F A ) type] a n d " m i x e d " dimers [p-
coumaric acid-ferulic ac id ( P C A - F A ) type] (35: F o r d , C . W . ; Hart ley , R . 
D . , unpubl ished) . 

T h e t o ta l amount of P C A - P C A , F A - F A and P C A - F A dimers released 
f r om leaf and stem cell walls of the t rop ica l grasses ranged f rom 0.5 to 
4.4 m g g"" 1 dry walls . These values compare w i t h the t o t a l amount of p-
coumaric plus ferulic acids ranging f rom 14 to 21 m g g " 1 dry walls ; only 
traces of dehydrodiferul ic ac id were detected (Ford , C . W . ; Hart ley , R . D . , 
unpubl ished) . 

It is wel l established that c innamic ac id and some subst i tuted c innamic 
acids ( inc lud ing <rans-p-coumaric ac id but not ferulic acid) can be d imerized 
in vitro by sunlight to t rux i l l i c and t r u x i n i c acids and their derivatives 
(34 ,36 ,37) . Theoret ica l ly , <rans-p-coumaric ac id can produce 12 isomers 
depending on whether head- to - ta i l ( 4 , 4 / - d i h y d r o x y t r u x i l l i c acid) or head-
to-head ( 4 , 4 / - d i h y d r o x y t r u x i n i c acid) d imerizat ions occur w i t h syn or anti 
a n d w i t h cis or trans r i n g junct ions (37). Mass spectrometric analysis of the 
t e t r a - T M S i derivatives showed that head- to - ta i l dimers spl i t symmetr i ca l l y 
on electron impac t , whereas head-to-head dimers fragment asymmetr i ca l ly 
(Figures 2 and 3) (33 ,35 ,38 ,39) . T h u s the t e t r a - T M S i derivative of 4 ,4 ' -
d i h y d r o x y t r u x i l l i c acid has a mass spectrum s imi lar to that of the b i s - T M S i 
derivative of p-coumaric ac id (33). 

Further examinat i on of the mass spectra of the cyclodimers ( P C A -
P C A , F A - F A and P C A - F A types) f rom trop ica l grasses indicated that head-
t o - t a i l d imer izat i on was most common; head-to-head d imer izat i on was only 
found i n P C A - P C A type dimers (Ford , C . W . ; Hart ley , R . D . , unpubl ished) . 

It therefore seems probable that , i n the cell walls of the growing p lant , 
d imer i za t i on of p-coumaric and ferulic ac id units l inked to arab inoxy lan 
occurs under the influence of sunl ight . Ear l i e r work (34) showed that trans-
p-coumaric ac id converts readi ly i n sunlight to 4 ,4 ' -d ihydroxy t r u x i l l i c ac id . 
It has recently been shown (40) that F A - F A and P C A - F A type cyc lodimers 
can be obtained i n low y ie ld (less t h a n 10%) by i r r a d i a t i n g mixtures of the 
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TMSiO C 
2 

PhOTMSI 

Figure 2. S y m m e t r i c a l sp l i t t ing (mass spectrometry) of the t e t r a - T M S i 
derivative of 4 ,4 ' -d ihydroxy t rux i l l i c ac id . 

TMSiOPh COJTMSi 

TMSiOPh C O T M S i 

Figure 3. A s y m m e t r i c a l s p l i t t i n g (mass spectrometry) of the t e t r a - T M S i 
derivative of 4 ,4 ' -d ihydroxytrux in i c ac id . 
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monomers in plant growth cabinets in which the lighting approximately 
simulates low intensity sunlight. 

The only stem materials examined were from the Setaria anceps and 
Digitaria decumbens grasses. The major substituted cyclobutane dimers in 
these walls appeared, from the mass spectral data, to be mixed dimers of 
ferulic acid and coniferyl alcohol (FA-ConAlc type). Further examination 
of the aromatics of stems is required but if such dimers are present then 
they may well be involved in the biosynthesis of lignin (41,42). 

Formation of phenolic dimers in plant cell walls during growth could s 

cause the cross-linking of polysaccharide chains leading to increased wall 
rigidity as well as limiting biodegradability by microorganisms in the an
imal or in soil. As yet it is not understood how this cross-linking process 
relates to that of lignification. The relationships of the amounts of low 
molecular weight phenolics, particularly ̂ -coumaric acid, of graminaceous 
cell walls with wall biodegradabilit  utilize
as one of the selection criteri
digestibility for ruminant feeds. 
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Chapter 10 

An Improved Radiotracer Method for Studying 
Formation and Structure of Lignin 

Noritsugu Terashima 

Faculty of Agriculture, Nagoya University, Nagoya 464-01, Japan 

Since it is impossibl  t  isolat  ligni  i  it  unaltered 
state, or to depolymeriz
structural entities, it has been difficult to determine 
lignin structure in the cell wall directly. Among attempts 
to circumvent these difficulties, the improved radiotracer 
method has provided useful information unobtainable by 
other methods. In this approach, specific dual-labeling 
of structural units in protolignin in intact plant tissue 
was achieved by administration of 3H and 14C labeled 
lignin precursors to differentiating tree xylem. Subse
quent analysis of the resulting tissue (or lignin isolated 
from the tissue) was then carried out. These double
-labeling experiments provided quantitative information 
on the structure of protolignin, as well as the changes 
occurring during its removal. Extension of this im
proved technique to the dehydrogenative polymerization 
of monolignols in vitro provided a method of more closely 
simulating lignin biogenesis in the cell wall. 

M a n y approaches have been employed to attempt to elucidate the s tructure 
of l i gn in . However, most studies dealt w i t h isolated l ignins and ut i l i zed a 
number of different physical and chemical methods. These have inc luded 
^ - N M R , 1 3 C - N M R , U V and I R spectroscopy, and the analysis of degrada
t i on products f rom acidolysis , thioacidolysis , alkaline nitrobenzene ox ida 
t i o n , permanganate ox idat ion , hydrogenolysis , and pyrolysis . W h i l e these 
methods provided impor tant basic in format ion on the structure of isolated 
l ignins , its structure w i t h i n the cell wal l s t i l l remains an open question. 
T h i s is because (i) i n its native state, l i gn in is heterogeneous w i t h respect 
to its macromolecular structure , morphological locat ion and association 
w i t h carbohydrates; this in format ion is lost dur ing its isolation f r om the 
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cell w a l l ; and (ii) i t is impossible to obta in a l i gn in sample wh i ch can be 
unambiguously considered to represent whole proto l ign in ; moreover, ( i i i ) i t 
is very diff icult to depolymerize l ign in quant i tat ive ly into known monomeric 
or ol igomeric b u i l d i n g units by established degradative methods. 

In attempts to c ircumvent these difficulties, pro to l ign in w i t h i n cell 
walls has been examined by means of non-degradative methods such as 
U V , I R , R a m a n and N M R spectroscopy, S E M - E D X A and histochemical 
analysis . In add i t i on to these techniques, admin i s t ra t i on of radio- labeled 
l ign in precursors to act ively l igni fy ing plant tissue in vivo, followed by ap
propriate analyses of the l i g n i n , has contr ibuted greatly to our current 
understanding of l ign in structure . 

T h e specific label ing of l ignin in plant tissue is usual ly achieved by 
admin is t ra t i on of an appropriate precursor when l igni f icat ion is act ively 
occurr ing . Sui tab le precursors include L-phenyla lanine , p-coumaric ac id , 
ferulic ac id , s inapic ac id , p -g lucocoumaryl alcohol , coniferin and s y r i n g i n . 
For graminaceous plants
can be prepared by replacement of either a specific hydrogen or carbon of 
the precursor w i t h 3 H or 1 4 C respectively. O f these precursors, the mono-
l ignol glucosides, which occur natura l ly in the cambial sap of gymnosperms 
(1) and some angiosperms (2), have been shown to be the most suitable 
precursors for specific label ing of l ignin in many plants (3,4). For example , 
monol ignol glucosides were efficient precursors of l ign in i n both poplar (5) 
and rice plants (6), even though these glucosides were not detected in the 
l igni fy ing tissues of these plants . Further , since c innamyl alcohol-glucosyl 
transferases are widely d is tr ibuted in the plant k i n g d o m (7,8), this sug
gests that these glucosides may funct ion as universal precursors for l ign in 
biosynthesis. 

In this chapter, improvements in the appl icat ion of the radiotracer 
methods are discussed, using as an example, the in vivo formation of "con
densed" substructures in the l i gn in macromolecule. A d d i t i o n a l l y , (i) the 
s t r u c t u r a l changes that the l ignin macromolecule undergoes d u r i n g its re
moval by chemical means; (ii) the use of labeled synthetic l ignin prepara
tions; and (i i i ) the importance of carbohydrates in l igni f icat ion, are dis
cussed. 

Mater ia ls a n d M e t h o d s 

Selective Labeling of a Specific Structural Unit in Protolignin. In the ex
periments described, two to five year o ld shoots of approx imate ly the same 
size were cut f rom trees grown under s imi lar condit ions. To each shoot , the 
labeled precursor was administered through the cut end. Af ter a predeter
mined per iod for uptake and metabo l i sm, the bark tissue was removed. T h e 
newly formed x y l e m tissue containing cell walls at the same stage of differ
ent iat ion was collected mechanical ly by cut t ing 100 μ M tangential sections 
f rom the c a m b i u m toward the inner part of the x y l e m tissue by means of a 
s l id ing microtome. 

For radioassays, sections were mil led to about 40 mesh, and then ex
tracted successively w i t h ethanol , benzene-ethanol and hot water. T h e 
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result ing tissue was then subjected to combustion to give, depending upon 
the precursor administered, either 3 H 2 0 , 1 4 CC > 2 , or bo th . R a d i o a c t i v i t y 
contents were then determined by l i q u i d sc int i l la t ion count ing . T h e s t a n 
dard deviat ion of the assay was 2%. 

Synthesis of DHP (Dehydrogenative Polymer) from Coniferyl Alcohol-[3H, 
14C] in the Presence of Carbohydrates. Con i f e ry l alcohol-[ring 5 3 H , U - 1 4 C ] 
(10 m g , 3 H , 8300 d p m ; 1 4 C , 3630 dpm) was dissolved i n B r i t t o n Rob inson 
buffer (2.0 ml ) containing the appropriate polysaccharide (30 mg) and per
oxidase (10 / i g , Horseradish T y p e II, S i g m a C o . , U S A ) to afford a gel . H y 
drogen peroxide (0.5 m L , 0.5%) was slowly added by permeat ion through a 
cellulose dialysis membrane, spread over the end of a glass tube (diameter: 
1.5 cm) and inserted just below the surface of the gel . Fo l lowing po ly 
mer izat ion at 25° C for 53h, the water was removed slowly in a desiccator 
under s l ight ly reduced pressure. T h e reaction mix ture was then macerated 
in ethanol (0.5 m L x 3 ) , t
molecular weight entities
complex ( L C C ) . T h e D H P polymer was then obtained by combin ing the 
ethanol fractions, removing the solvent under reduced pressure, and then 
redissolving the residue i n C ^ C b - E t O H (0.5 m L , 2:1 v / v ) . T h i s so lut ion 
was then poured into dry ether (10 m L ) , fol lowing whi ch the prec ipi tated 
D H P was collected by centrifugation (8000x g, 10 m i n ) . 

Results a n d Discussion 

Specific Labeling of Protolignin. T h e major part of softwood l i gn in is const i 
tuted of guaiacy l l i g n i n . Consequently, ferulic acid is efficiently and intac t ly 
incorporated into guaiacy l l i gn in in pine (9). However, when hardwoods 
are administered radiolabeled ferulic or s inapic acids i n the l ight , consid
erable methoxy lat ion or demethoxylat ion of guaiacyl or syr ingy l residues 
can occur, thereby interconverting said precursors. T o some extent, such 
interconversions can be reduced by administer ing these precursors i n the 
dark , e.g., when [r ing-2- 3 H] ferulic or s inapic acids were i n d i v i d u a l l y a d 
ministered to poplar shoots, the d i s t r ibut ion of label into guaiacy l and 
syr ingy l components was 80:20 and 27:73, respectively (10). T h i s d i s t r i 
but i on was established by subject ing the l i gn in to nitrobenzene ox idat i on , 
and determining the radioact iv i ty of the l iberated aldehydes, van i l l in and 
syringaldehyde. 

These precursor scrambl ing problems were essentially overcome by a d 
min is ter ing labeled coniferin and syr ing in to Magnolia kobus D C (3). T h e 
l ign in so obtained was then subjected to ox idat ion as before, where i t was 
found that 90 and 9 9 % of the act iv i ty of t o ta l aldehydes was present in 
van i l l in and syringaldehyde, respectively (3), i.e., the glucosides were i n 
corporated selectively into the l ignin polymer . [Note that the monolignols 
themselves are not normal ly used i n label ing experiments , even though they 
are the immediate precursors of l i g n i n . T h i s is because they can be po ly 
merized wi thout any biochemical control , as soon as they are i n contact 
w i t h tissue containing peroxidase and hydrogen peroxide, and could thus 
potent ia l ly give erroneous results.] 
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Analysis of the Structure and Reactions of Lignin by the Double-Labeling 
Technique. Tab le I shows the type of in format ion that can be obta ined 
by means of double-radio label ing experiments, using as an example g y m -
nosperm tissue. T h a t is, by jud ic ious use of doubly- labeled precursors, i t is 
possible to ascertain the extent of subst i tut ion / condensat ion reactions at 
selected aromat ic r ing posit ions, as well as demethylat ion and (propanoid) 
s ide-chain e l iminat ion reactions. Such strategies are described i n greater 
deta i l below, using both gymnosperms and angiosperms. 

Table I. Use of D o u b l y labeled G u a i a c y l L i g n i n Precursors in L i g n i n 
Biosynthesis Studies 

Pos i t i on of L a b e l in Precursor 

3 H H i - Information A t t a i n a b l e 

A r o m . r ing 5 
A r o m . r ing 2 
A r o m . r ing 6 

M e t h o x y l 
A r o m . r ing 2 
A r o m . r ing 5 
A r o m . r ing 6 

A r o m . r in
A r o m . r i n g of aromat ic r i n g labeled w i t h 3 H 
A r o m . r ing 
A r o m . r ing Demethy la t i on , demethoxylat ion 

Side-chain Ca E l i m i n a t i o n of s ide-chain carbon 
Side-chain Cp ( C a , C ^ and C 7 ) and format ion of 
Side-chain C 7 β-l structure 

Degree of Substitution at the Aromatic Ring. T h i s method is based on 
the fact that when a l ignin precursor, t r i t i a ted at a specific pos i t ion in the 
aromat ic r ing , is incorporated into the l i gn in polymer and then undergoes 
a subst i tut ion reaction at that pos i t ion , the corresponding t r i t i u m label is 
e l iminated . For example, i f [arom. r i n g - 5 - 3 H , U - 1 4 C ] coniferyl alcohol (I) 
is incorporated into l i gn in , the degree of f ormat ion of substructures V - V I I 
( F i g . 1) can be est imated f rom the degree of subst i tut ion ( D . S . % ) . T h i s is 
calculated as follows: 

^ M
 3 H / 1 4 C ratio of monol ignol — 3 H / 1 4 C rat io of po lymer „ Λ / Χ 

3 H / 1 4 C ratio of monol ignol 

However, since the frequency of aromat ic 4 -0 -5 d i a r y l ether substruc
ture (V) in l ignin is low (11-13), the D . S . % really provides an estimate of 
the amount of "condensed" structures (VI , VII ) . T h i s is i l lustrated in the 
fo l lowing example: W h e n [ r i n g - 5 - 3 H , U - 1 4 C ] ferulic ac id , a precursor of I, 
was administered to Japanese black pine (Pinus thunbergii P a r i . ) , an aver
age D . S . value of 5 6 % was obtained. However, this value varied widely f rom 
30-80% depending upon the stage of cell wal l f ormat ion examined . (The 
different x y l e m sections were obtained by means of a microtome) (14,15). 
These results can be explained as follows: dur ing i n i t i a l l igni f i cat ion, l ign in 
is deposited i n the middle lamel la and has a h igh D . S . (75-80%), thereby es
tab l i sh ing that significant "condensation" has occurred (14). O n the other 
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h a n d , the l ignin deposited i n the secondary walls had a much lower D . S . 
value (30-75%), ind i ca t ing that this reaction was not as prevalent in that 
tissue. 

Other factors such as temperature (15), plant hormone add i t i on (16), 
l ight (17), gravi ty (14), and p H of the precursor so lut ion (15), also have 
an effect on the D . S . value. T h i s can best be i l lustrated by examples: (i) 
g rowth of P. thunbergii at room temperature (25-30°C) gave a l i g n i n w i t h 
more condensed units (48-73%) than that obtained at 10°C (33-57%) (11); 
(ii) when [ r i n g - 5 - 3 H , U - 1 4 C ] ferulic acid was administered i n a so lut ion con
t a i n i n g the p lant hormone, a u x i n ( I A A , 10"~ 6 M), the degree of condensation 
increased (59-87%), whereas w i t h abscisic acid ( A B A , 1 0 " 6 M ) it was re
duced (24-64%); (iii) when the precursor solutions were administered at 
p H 5.2 and 8.0, the D . S . was higher in the former case (54-79%) than i n 
the latter (54-71%). In a l l cases, higher and lower D . S . values were found 
for l ignins in tissue sections nearest to the c a m b i u m and in the tissue fur
thest f rom the c a m b i u m (100
growing at an angle of 45° was administered [ r i n g - 5 - 3 H , U - 1 4 C ] ferulic ac id , 
the 3 H / 1 4 C rat io was lower i n the underside tissue than i n the upperside, 
as indicated i n the D . S . (%) values shown i n Table II (14,15). T h i s i n 
dicated that the l ign in i n compression wood of gymnosperms had more 
condensed guaiacy l units (at C-5) than the l ign in present i n the upperside 
wood, which more closely resembled n o r m a l wood. Note , though, that the 
gymnosperm gingko showed a much smaller response; however, this result 
was i n agreement w i t h other analyses establ ishing gingko to be an excep
t i on to most gymnosperms (18). In the case of angiosperms (poplar , locust 
and oleander), however, the s i tuat ion was very different than that of pine 
(Table II) . N o significant differences in D . S . (%) values were observed at 
posi t ion C-5 of the guaiacy l component of angiosperm l ign in between the 
upper and lower tissues. T h e D S values obtained for C-2 and C-6 also 
provided valuable in format ion : and these are shown for b o t h gymnosperms 
and angiosperms (16). A s can be seen f rom Table II, these values were 
low in a l l cases (< 3.9%) and no discernible differences between upper and 
lower tissues were observable. 

T h u s , these results are i n agreement w i t h other studies (19,20), (e.g., by 
degradative analysis) where i t was found that (i) gymnosperm compression 
wood l ignin differs f rom " n o r m a l wood" l i gn in by v ir tue of its h igh content 
of condensed units , and (ii) tension wood l ign in in angiosperms contains 
only s l ightly more condensed units than normal wood l i g n i n . 

Retention of Propanoic! Side-Chains During Lignin Formation. A s 
noted previously f rom Table II, the degree of subst i tut ion at C-2 of the 
guaiacy l r ing of l i gn in was low (0-2%). T h i s finding can be used to deter
mine the extent of side-chain e l iminat ion as a result of f ormat ion of β-1 
structures ( F i g . 1, Structure I V ) . In order to determine this , labe l ing of 
the appropriate l ign in precursor w i t h 3 H at C-2 of the aromatic r i n g , and 
1 4 C i n the s ide-chain, was carried out. Obvious ly , i f l i t t l e or no e l iminat i on 
of the side-chain took place dur ing its incorporat ion into the l ign in po ly 
mer, then the 3 H / 1 4 C rat io would remain essentially unchanged. O n the 
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Table II. Degree of Subst i tu t i on (%) of the G u a i a c y l R i n g of L i g n i n i n the 
U p p e r and Lower Port ions of Var ious Tree Shoots G r o w n at a 45° A n g l e 

Pos i t ion 5 Pos i t ion 6 Pos i t i on 2 

Upper Lower Upper Lower Upper Lower 
(DS % ) ' ( D S %)» ( D S %y 

P i n e a 52.1 62.2 3.9 3.9 2.0 2.0 
Gingko* 49.9 51.8 0.0 0.0 0.0 0.0 
I ta l ian P o p l a r c 49.9 49.9 3.0 3.0 1.9 0.0 
K a m a b u c h i Poplar** 54.1 51.1 2.0 2.0 2.0 2.0 
L o c u s t 6 46.2 44.0 3.0 3.0 1.9 1.9 
Oleander- ' 47.9 47.3 0.0 0.0 0.0 0.0 

a Pinus thunbergii P a r i . 
b Ginkgo biloba L . 
0 Populus euramericana cv. '1-214'. 
d Populus nigra L . X Populus maximiwizii A . Henry. 
e Robinia pseudoacacia L . 
f Nerium indicum M i l l . 
9 D S % = degree of subst i tut ion (%). 

other h a n d , an increase would signify the involvement of s ide-chain e l i m i n a 
t i on . These label ing studies showed, however, that l i t t le or no e l iminat i on 
occurred (21). In agreement w i t h this finding, ^ - N M R examinat ion of 
mi l led wood l ignin f rom spruce and b irch also revealed that the β-l content 
was very low (22,23). 

Retention of Methoxyl Groups During the Formation of Lignin in v ivo . 
Fo l l owing uptake of [ r i n g - 2 - 3 H , 0 1 4 C H 3 ] ferulic acid to growing stems of 
pine and locust , and subsequent analysis of the result ing l i g n i n , it was 
found that no significant demethylat ion or demethoxylat ion of the gua iacy l 
nucleus occurs dur ing l ignin formation (15). 

Changes to the Macromolecule during Delignification. A s discussed 
beforehand, there is no method currently available for the iso lat ion of pro
to l ignin in its unaltered state. O n the other hand , whi le there are many 
techniques used to isolate l i gn in , the effect of these chemical treatments 
on the structure of the macromolecule is poor ly understood. A s prev i 
ously ment ioned, since the e l iminat ion of side-chain and methoxy l groups 
scarcely occurs dur ing gymnosperm l ign in formation, the carbon skeleton 
of guaiacy l - r i ch proto l ignin can be considered to be m a i n l y C 6 - C 3 - O C H 3 . 
T h u s , specif ically labeled guaiacy l l i gn in can be used to determine some 
of the changes that it undergoes dur ing various chemical treatments. T h e 
labeled guaiacy l l ign in used i n these studies was either present i n intact 
tissue of pine, or i n an isolated mi l led wood l ignin preparat ion (24). Table 
III summarizes the results obtained. A s can be seen, the l ignins isolated by 
solvolysis w i t h ethanol , d imethoxypropane, benzyl e thy l ether or dioxane 
had very s imi lar 3 H / 1 4 C ratios to that of the or ig inal proto l ignin (24). O n 
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the other h a n d , and as can be seen f rom the 3 H / 1 4 C ratios obta ined , sub
s tant ia l s t ruc tura l changes occurred dur ing the isolat ion of K l a s o n (24) and 
kraft (25) l ignins , w i t h appreciable amounts of b o t h methoxy groups and 
side-chain carbons being lost. F r o m these investigations, i t can thus be con
cluded that the average repeating uni t i n kraft l ign in is C6-C2 .32(OCH3)o.76> 
i.e., significant modif ications to the carbon skeleton have occurred (25). E s 
t i m a t i o n by 1 3 C N M R gave s imi lar results for loss of side-chain carbons for 
pine kraft l ignin (26). 

Tab le III . Relat ive Numbers of M e t h o x y l and S i d e - C h a i n Carbons to G u a 
iacy l R i n g Carbons i n Var ious L i g n i n Derivatives Isolated f rom Pinus thun-
bergii (25,26) 

A r o m . Side-
L i g n i n T y p e R i n g M e t h o x y c C C h a i n 

P r o t o l i g n i n i n cell wal l 6.00 1.00 1.00 1.00 1.00 3.00 
B e n z y l e thy l ether l i g n i n " 6.00 1.04 0.97 0.99 0.95 2.91 
Dimethoxypropane l i g n i n 6 6.00 0.92 0.98 1.00 1.05 3.03 
Ethano lys i s l ign in 6.00 0.99 0.95 0.95 0.96 2.86 
Dioxane l ignin 6.00 0.92 1.08 0.95 1.07 3.10 
K l a s o n l ign in 6.00 0.87 0.92 0.92 0.84 2.68 
K r a f t l i g n i n c 6.00 0.76 0.79 0.84 0.69 2.32 

a Solvolysis l i g n i n prepared by transetheri f ication (24). 
h Solvolysis l i g n i n prepared w i t h 2 ,2-dimethoxypropane (24). 
c W o o d meal s ingly labeled w i t h 1 4 C was employed. T h i s es t imat ion 

was made on the basis of rad ioact iv i ty and U V absorbance (25). 

Dehydrogenative Polymerization of Monolignols i n v i t r o . A s observed 
f rom the microautoradiograms of newly formed x y l e m of pine (P. thun-
bergii), the early stages of cell wal l development l ign in deposit ion are always 
preceded by deposit ion of pectic substances (27), and then by hemice l lu -
loses i n the later stages (27). Interestingly, the l i gn in macromolecule in the 
compound middle lamel la deposited dur ing these early stages of cell wal l 
dif ferentiation contains more "condensed" units than that formed later in 
the secondary wal l (14,15). T h i s could be due to the influence of several 
factors, such as (i) pectic substances and mannans affecting the process of 
dehydrogenative po lymer izat ion of the monolignols (28); (ii) the concentra
t i on of peroxidase being higher in the cell corner and midd le lamel la regions 
(29). T h i s could result in the format ion of a more "condensed" l i g n i n (28); 
( i i i ) p -hydroxyphenylpropane units par t i c ipa t ing more extensively d u r i n g 
the f ormat ion of midd le lamel la l i gn in (4,30). Such influences can be ex
amined , at least i n a crude way, by synthesizing labeled dehydrogenative 
po lymer ( D H P ) f rom [ r ing -&- 3 H, U - 1 4 C ] coniferyl alcohol under condit ions 
approx imat ing these s i tuat ions . 

Effect of Carbohydrate : Table I V shows the effect of carbohydrates on 
the D . S . (%) of bo th l ignin-carbohydrate complexes ( L C C ' s ) and D H P ' s 
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produced from [ r i n g - 5 - 3 H , U - 1 4 C ] coniferyl alcohol at p H 5.5, 6.5 and 7.5, 
respectively. A s can be seen, the D.S. (%) of D H P ' s formed in the presence 
of x y l a n was greater than that observed for the D H P ' s formed in the absence 
of polysaccharides. A s far as the L C C ' s were concerned, the D . S . (%) values 
w i t h x y l a n and pect in were also higher than that for D H P ' s produced solely 
f rom coniferyl alcohol . 

Tab le I V . T h e Effect of Carbohydrates on the Degree of Subs t i tu t i on at 
Pos i t i on 5 of G u a i a c y l R i n g i n D H P and L C C Fract ions 

D . S . % Y i e l d D . S . % Y i e l d 
Carbohydrate p H of D H P (%) of L C C (%) 

None 5.5 42.7 47.6 - n . d . e 

None 6.5 39.5 41.8 - -
None 
X y l a n a 

X y l a n 6.5 43.3 45.3 45.5 21.0 
X y l a n 7.5 44.3 43.2 35.1 18.0 
M an η a n 6 5.5 40.0 44.5 28.0 18.0 
M a n n a n 6.5 35.6 45.3 25.5 15.6 
M a n n a n 7.5 35.6 40.9 36.4 19.9 
P e c t i n 0 5.0 - - 45.1 n .d . 
Pec t in 6.5 41.4 29.5 41.8 27.8 
Pec t in 6.5d 37.9 37.4 35.1 28.6 
Pec t in 7.5d 26.2 - 36.6 n .d . 

a Isolated f rom cotton seed hulls by del ignif ication w i t h chlorous acid 
followed by extract ion w i t h sod ium hydroxide . 

b Obta ined f rom manufacturer of konnyaku, a type of food made f rom 
the tuber of the konyak plant (Amorphophallus konjac C . K o c h ) . 

c C i t r u s pect in purchased f rom Tokyo Kase i C o . , Tokyo . 
d 3 m g of ca l c ium hydroxide was added. 
e n .d . = not determined. 

Effect of p H : T h e effect of p H was also interesting. A s can be seen ( T a 
ble I V ) , the D.S. (%) values for the polymers formed at low ρ Η were higher 
than those at high p H . Next we examined the effect of ca l c ium cations, 
since ca l c ium is supposed to part ic ipate in the l ignif ication process (31). 
Direct add i t i on of ca l c ium hydroxide to the reaction m i x t u r e lowered the 
D . S , but this was probably only a consequence of increased p H . T h e effects 
noted for pect in and x y l a n can be part ly ascribed to their acidic properties. 
These results may therefore exp la in the observation that when a pine shoot 
is administered [ r i n g - 5 - 3 H , r i n g - U - 1 4 C ] ferulic ac id , dissolved in phosphate 
buffer at p H 5.2 and 8.0, the D.S . (%) value due to condensation at C -5 of 
the l i gn in was higher in the shoot administered at low p H (15). T h i s p H ef
fect can potent ia l ly be explained as follows: Freudenberg et ai established 
that coniferyl alcohol is first dehydrogenated by mushroom laccase / 0 2 or 
p e r o x i d a s e / H 2 0 2 to y ie ld the transient phenoxy radica l species, shown in 
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Figure 1. A m o n g the five resonance structures shown, R a , R b and R c w i l l 
undergo r a n d o m coupl ing reactions more readily than R d and R e , since the 
radicals R d and Re are sterical ly hindered. Indeed, this is what is found 
experimental ly , since only minor amounts of β A structures (derived f rom 
R d ) have been found in mi l l ed wood l ign in (22,23), and demethoxylat ion 
does not occur to any appreciable extent dur ing l ign in format ion (21). T h e 
react iv i ty of the phenoxy rad i ca l , R a , w i l l be affected greatly by p H since 
it can be masked by protons under acidic condit ions, and its reac t iv i ty w i l l 
thus be d iminished . O n the other hand , the react iv i ty of R b and R c w i l l 
not be affected appreciably by p H . T h u s more frequent coupl ing of R b - R c , 
R b - R b and R c - R c can be expected at low p H , and more of R a - R b and 
R a - R c coupl ing at h igh p H . 

For some t ime now, it has been proposed that the s t ruc tura l var iat ions 
observed i n D H P ' s are caused by the mode of po lymer izat i on , w i t h bulk 
po lymer izat ion containing more condensed units than end-wise po lymer 
i zat ion (32,33). However,
same condit ions gave different D . S . values depending upon the p H at wh i ch 
the reaction took place. T h i s result suggests that the molecular s tructure 
of l i gn in i n the cell wal l can also be controlled by factors other t h a n the 
mode of po lymer izat i on . 

Condensed Structures in p-Hydroxyphenyl-Guaiacyl Type DHP. It has 
been difficult to determine the exact amount of p -hydroxyphenylpropane 
units i n l i g n i n . T h i s can best be i l lustrated by an example ; n i t roben
zene ox idat ion of a D H P prepared by the Zutropfverfahren method f rom a 
mix tu re of p - coumary l alcohol , coniferyl alcohol and s inapy l a lcohol , gave 
no detectable p-hydroxybenzaldehyde on alkal ine nitrobenzene ox idat ion 
(34). T o determine the reasons for this , D H P ' s were prepared from a m i x 
ture of [r ing-2- 3 H] p - coumary l alcohol and [ a - 1 4 C ] coniferyl alcohol in the 
presence of carbohydrates by the procedure described above (35). T h e 
" L C C " fract ion so obtained was subjected to combust ion , and the exact 
p-hydroxyphenylpropane:guaiacylpropane rat io was determined f rom the 
act iv i ty of 3 H 2 0 and 1 4 C 0 2 released (Figure 2). A port ion of the same 
L C C fract ion was also oxidized w i t h nitrobenzene and a lka l i , and the re
su l t ing l iberated aromatic aldehydes were then analyzed by H P L C . Results 
are shown in Table V . 

Tab le V . M o l a r Rat ios of p - H y d r o x y p h e n y l (H) to G u a i a c y l ( G ) U n i t s in 
D H P ' s and their Nitrobenzene O x i d a t i o n Products 

H : G H : G H : G 

S t a r t i n g monol ignol mix tures " 2.00:1.00 1.00:1.00 0.50:1.00 
" L C C " fract ion of po lymers" 1.88:1.00 0.90:1.00 0.47:1.00 
O x i d a t i o n products* 1.21:1.00 0.72:1.00 0.41:1.00 

α E s t i m a t e d f rom the radioact iv i t ies of 3 H 2 Û and 1 4 C 0 2 produced by 
combust ion . 

b M o l a r ratios of p-hydroxybenzaldehyde to vani l l in were determined by 
H P L C . 
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CH 2 OH 

^ H H C Combustion 

DHP 
C6H5NO2 
NaOH 

Figure 2. Dehydrogenative polymerization of a mixture of p-coumaryl 
alcohol-[ring-2-3H] and coniferyl alcohol-[U-14C], and nitrobenzene oxida
tion of the DHP to give p-hydroxybenzaldehyde-[ring-2-3H] and vanillin-
[formyl-14C]. 

As can be seen, the molar ratios of p-hydroxyphenyl to guaiacyl units 
were slightly lower for the DHP's when compared to the original mixtures
This implies that conifery
mer slightly more readily
much-reduced ratio of p-hydroxybenzaldehyde to vanillin, liberated during 
alkaline nitrobenzene oxidation, proved that this DHP contained a larger 
amount of condensed p-hydroxyphenylpropane units than condensed gua
iacyl units. 

Finally, it should be noted that the structure of the DHP varies greatly 
depending on the polymerization conditions employed. Additionally, the 
yield and chemical and physical properties of these DHP preparations differ 
substantially from protolignin. Further improvements in simulation of the 
lignification process are therefore needed, and the radiotracer method can 
be employed as one approach to solve such problems. 

Concluding Remarks 
1. The specific labeling of specific moieties in protolignin can be achieved 

by administration of an appropriate labeled precursor to a growing 
plant. 

2. Double labeling with 3 H and 1 4 C at specific positions of an appropri
ate structural moiety in lignin, combined with accurate determination 
of 3 H / 1 4 C ratios, provides reliable information concerning protolignin 
structure and structural changes that occur during delignification. 

3. The double labeling technique, combined with the technique of col
lection of xylem tissue at different stages of differentiation, provides 
additional information on the distribution of specific lignin substruc
tures such as "condensed units" in different morphological regions. 

4. The double-labeling technique is also useful for in vitro studies on the 
mechanism of dehydrogenative polymerization of monolignols. 

5. This improved radiotracer method can be employed as a non-degrada-
tive method for examining the distribution, structure and reactions of 
lignin within the cell wall. 
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Chapter 11 

Biogenesis and Structure of Macromolecular Lignin 
in the Cell Wall of Tree Xylem as Studied 

by Microautoradiography 

Noritsugu Terashima and K. Fukushima 

Faculty of Agriculture, Nagoya University, Nagoya 464—01, Japan 

Specific labeling of the protolignin of various trees was 
achieved by administration of appropriate 3H-labeled 
monolignol glucosides to differentiating tree xylem. The 
process of deposition of each labeled precursor in the de
veloping cell wall was visualized by means of high resolu
tion microautoradiography. It was found that the mono
lignol (and polysaccharide which affects polymerization) 
changed with both type and age of the individual cell. 
The incorporation of monolignols into the protolignin 
macromolecule occurred in the order of increasing com
plexity, i.e., p-hydroxyphenyl-, guaiacyl- and syringyl
propane units were deposited successively. It was noted 
that the lignin deposited in the early stages of cell wall 
development in the compound middle lamella region con
tained more condensed structures than that formed in 
the later stages in secondary wall. It was concluded that 
lignin formation occurs under definite biochemical regu
lation to give a macromolecule which is heterogeneous in 
structure and specific in its morphological location. 

It is wel l k n o w n that the structure , d i s t r ibut ion and properties of pro
to l ignin i n cell walls vary according to cell type and morphological locat ion . 
T h i s is based upon extensive studies on topochemical properties of l ign in 
using various methods such as ultraviolet microscopic photometry (1,2), 
b r o m i n a t i o n - S E M - E D X A (3) and other physical or chemical analyses of 
isolated tissue fractions (4). 

In woody gymnosperms, there are significant differences i n the d i s t r i 
b u t i on , react iv i ty and physical properties of protol ignins found i n the com
pound midd le l ame l la and the secondary wal l (1-3). A d d i t i o n a l l y , var iat ions 
between l ignins in vessels and fibers have also been noted (3). A l l of these 
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observations are potent ia l ly explicable by factors such as (i) differences i n 
monomeric composi t ion , (ii) differences i n interunit linkages between i n 
d i v i d u a l l ign in monomers, (iii) linkages between l ignin and carbohydrates , 
and (iv) variat ions i n d i s t r ibut i on (frequency and local izat ion) of s t r u c t u r a l 
moieties i n the l i g n i n macromolecule . M a n y approaches have been tr ied to 
solve these problems, par t i cu lar ly degradation analyses such as acidolysis 
and ox idat ion . However, these have afforded only l i m i t e d in format ion on 
the topochemical nature of l i gn in . Hence, more detailed in format ion about 
the macromolecular structure of proto l ignin can only be obta ined by su i t 
able non-degradative analyses. 

In this chapter, the results obtained f rom the combined use of spe
cific radio labe l ing of l ign in i n plant tissue and microautoradiography are 
discussed. 

Materia ls a n d M e t h o d

Radioactive Precursors for Microautoradiography. Several l i g n i n precursors 
were labeled w i t h 3 H or 1 4 C at specific points . These precursors inc luded 
p-coumaric , ferulic , and sinapic acids, and the /?-D-glucosides of the three 
monolignols , p - coumary l , coniferyl , and s inapy l alcohols. 3 H - l a b e l e d pre
cursors were usual ly prepared by replacement of the hydrogen at posi t ion 2 
of the aromatic r ing w i t h 3 H , since essentially a l l (> 98%) of the 3 H at this 
posit ion is retained dur ing l i gn in format ion (5). Precursors labeled at C -5 
or C-6 of the aromatic rings can also be employed for determinat ion of the 
extent of subst i tut ion reactions at these posit ions (Terashima, this volume) . 
A f ter incorporat ion of precursors into growing plants, microautoradiograms 
of radiolabeled tissue sections were prepared, and these gave semiquant i ta 
tive in format ion regarding their deposit ion w i t h i n the cell w a l l . T h i s was 
obtained by determinat ion of their act ivit ies using the technique of silver 
gra in count ing (6). General ly , the 3 H - l a b e l e d precursors are more su i t 
able for such semiquantitat ive estimations than their C-14 counterparts , 
because low energy ^ -emit ter 3 H can afford a high resolution autoradio -
g r a m . T h e specific rad ioact iv i ty of the precursors must , however, be h igh 
enough (> ΙμΟι/μπιοΙ) to obta in a good microautorad iogram in a reason
able per iod of t ime (< 3 weeks). O n the other h a n d , precursors labeled 
w i t h 1 4 C at posit ions i n the aromatic r ing are more desirable for t rac ing 
the fate of part i cu lar s t ruc tura l units dur ing various reactions. Precursors 
labeled at s ide-chain carbons w i t h C-14 could also be used since s ide-chain 
cleavage reactions f rom the l ignin macromolecule rarely occur dur ing l ign in 
formation (5). 

Administration of Precursor. Precursors were administered to plants ac
cording to previously described procedures (6). Shoots of 2-3 year o ld trees 
were obtained dur ing June or J u l y , when the rate of thickening growth was 
highest. A V - s h a p e d groove, 2 m m wide and 5 m m long, was made w i t h a 
razor blade i n a c ircumferential direct ion on the shoot, so that the b o t t o m 
of the groove reached the dif ferentiating x y l e m . F ine glass wool was packed 
into the groove, and a so lut ion of the precursor (8-10 μΟί, 1 m g in 100 
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μΐ phosphate buffer, p H 7.0) was added dropwise to the fine glass woo l , 
and allowed to metabolize for 3 h . A drop of 3% glutaraldehyde i n phos
phate buffer ( p H 7.0) was then added to the groove, and a smal l block of 
x y l e m tissue near the groove was cut and fixed again i n 3% glutaraldehyde 
overnight i n the refrigerator. P a r t of the x y l e m tissue was dehydrated by 
means of a graded ethanol series and embedded in epoxy resin prepared 
by m i x i n g Queto l 812 (100 g, Niss in E M C o . L t d . , T o k y o ) , m e t h y l nadic 
anhydride (89 g) and 2,4,6-tr i - [dimethylaminomethyl] -phenol (1.7 g). 

Preparation of Microautoradiogram. Microautorad iograms were prepared 
according to the procedure described earlier (10). T w o μπι thick transverse 
sections were cut f rom the embedded x y l e m tissue using a R e i c h e r t - J u n g 
Supercut 2050 microtome equipped w i t h a glass knife. These were then 
mounted on glass slides and covered w i t h K o d a k A R - 1 0 s t r ipp ing film. T h e 
glass slides were stored in a refrigerator f rom 3 weeks to 1 year as required, 
fo l lowing which they were
F i x . T h e sections were stained w i t h to luidine blue O , and photomicrographs 
were made using a Zeiss I B A S 1 image analyzer. A po lar izat ion microscope, 
O l y m p u s P O S , was used to observe the deposit ion of cellulose microf ibr i ls 
dur ing secondary w a l l formation. 

Results a n d Discussion 

Selectivity of Labeling. T h e degree of selectivity of label ing of a specific 
l ign in monomer was estimated from the incorporat ion of rad ioact iv i ty into 
the aromat ic aldehydes, obtained by nitrobenzene ox idat ion of labeled wood 
tissue. A m o n g many compounds tested, labeled ferulic acid and coniferin 
were suitable precursors for label ing of pine l i gn in (5,7). Indeed, it was 
recently shown that exogeneously appl ied ferulic acid was ut i l ized by cu 
cumber seedlings as an effective precursor for endogeneous l igni f icat ion (8). 
A d d i t i o n a l l y , under special feeding condit ions, labeled s inapic ac id can be 
employed to predominant ly label the syr ingy l moiety of poplar l i g n i n (9). 
However, highest selectivity in label ing is normal ly achieved by a d m i n i s t r a 
t i on of p -g lucocoumaryl alcohol , coniferin or syr ing in (6,10). 

Biogenesis of Lignin in Woody Angiosperms. W h i l e the l ignin precursors, 
coniferin and syr ing in have been found i n the cambial sap of a few a n 
giosperms belonging to the Magnoliaceae and Oleaceae families (11), the 
glucoside of p - coumary l alcohol has never been detected. Nevertheless, 
these three glucosides were prepared i n radiolabeled f orm as candidate 
monol ignol precursors. T h u s , when coniferin and syr ing in , labeled w i t h 
3 H at posi t ion 2 of the aromatic r ing , were administered to Magnolia kobus 
D C , each was efficiently incorporated into its l i gn in d u r i n g a l l phases of 
l igni f icat ion (10). O n the other hand , the incorporat ion of p -g lucocoumaryl 
alcohol was only observed dur ing early stages of cell wal l f ormat ion (12). 

A d d i t i o n a l experiments revealed the fol lowing: when a growing stem 
of l i lac (Syringa vulgaris L . ) was administered the same 3 H - l a b e l e d mono
l igno l glucosides, each was efficiently incorporated into the newly formed 
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x y l e m , a l though at different stages of cell wa l l formation as revealed by m i 
croautoradiography ( F i g . 1). A g a i n , p - coumary l alcohol was incorporated 
on ly dur ing the earliest stages of cell wal l development. F igure 2 shows an 
enlarged photograph of a part of this autoradiogram. A s can be seen, the 
d i s t r ibut i on of silver grains indicates that the p -hydroxyphenyl l i gn in com
ponents were deposited m a i n l y i n the middle lamel la regions, and were not 
present i n the secondary w a l l . O n the other h a n d , gua iacy l l i g n i n formed 
continuously f rom the early to the later stages, and i n bo th the vessels and 
fiber walls . Interestingly, sy r ingy l l i gn in was deposited most ly i n the sec
ondary wa l l of fibers, a l though a s m a l l amount was also used for f o rmat i on 
of midd le l ame l la l i gn in (Figs . 1 and 3). 

S i m i l a r trends were observed i n magnol ia (10) and pop lar (9). 

Biogenesis of Lignin in Woody Gymnosperms. F igure 4 shows the d i s t r i b u 
t i on of silver grains i n the newly formed x y l e m of the gymnosperm, Japanese 
black pine (Pinus thunbergii
monol ignol glucosides as before, and U D P - g l u c u r o n i c ac id - [g lucurony l -U-
1 4 C ] and and G D P - m a n n o s e - [ m a n n o s e - l - 3 H ] . These nucleotides are consid
ered to be precursors of pect in and hemicellulose (13). 

F i n a l l y , when the labeled U D P - g l u c u r o n i c acid was administered , a 
large part of the si lver grains was localized ma in ly on the cell walls formed 
d u r i n g the earliest stage of x y l e m differentiation and par t ly on those formed 
d u r i n g the next stage. T h i s can be ascribed to the i n i t i a l deposit ion of pec
t ic substances and hemicelluloses derived f rom U D P - g l u c u r o n i c ac id . O n 
the other h a n d , the ac t iv i ty f rom G D P - m a n n o s e was incorporated largely 
d u r i n g secondary wa l l f o rmat ion . A s previously discussed, the l i gn in formed 
d u r i n g the early stages of cell wal l development i n the midd le lamel la and 
cell corner region contains more condensed units than that formed d u r i n g 
later stages in the secondary w a l l (Terashima, this volume, and ref. 6). 
T h i s finding can now be rat ional ized by the fact that when coniferyl alco
ho l was polymerized i n pect in and mannan gel in vitro, the " L C C " fract ion 
formed i n pect in contains more condensed units than that formed i n m a n 
nan (Terashima, this volume, and ref. 14); i.e., the type of polysaccharide 
influences product f ormat ion . 

A l l three monolignols were incorporated into l ign in at different stages 
of cell wal l f o rmat ion . Autorad iograms revealed that 62, 38 and 2 4 % of the 
silver grains, assigned to p -hydroxyphenyl , guaiacy l and syr ingy l uni ts re
spectively, were i n the compound middle lamel la ( F i g . 4). T h i s is i n good 
agreement w i t h the observation made on black spruce wood that midd le 
lamel la l ign in contains a reduced methoxyl content when compared w i t h 
secondary wal l l i g n i n (15). Syringaldehyde has been reported to be one 
of the minor components of the aldehyde mix ture obtained by n i t roben
zene ox idat ion of l ign in in various conifers (16). A s m a l l s y r i n g y l content 
has also been detected dur ing the thioacidolysis of pine (Pinus pinaster) 
compression wood (17). In a related study, when Japanese black pine (P. 
thungergii) wood was subjected to nitrobenzene ox idat ion , syringaldehyde 
was obtained i n a considerable amount , and represented about 5 m o l % 
of the t o ta l aldehyde mix ture (18). Interestingly, i n the cell wa l l of this 
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Relative density 
of silver grai ns 

Precursor: « 
syringin-Ca.r.-2-JHI 

• ^ • • 
h w " coniferin-ta.r.-2- JH] 

100 200 400 600 
Distance from cambium 

p-glucocoumaryl alcohol-Ca.r-2 

^Start of S 3 ^ o r m a t i o a ' ' 
^ GDP-mannose-Cmannose-1- 3 H] 

1̂ Tormatjon' , ' ' 
' /UDP-g lucuron ic acid-Cglucuronyl-U-'^C] 

800 jjm 

Figure 4. D i s t r i b u t i o n of
t i a t i n g x y l e m of pine administered w i t h precursors of l i gn in and hemice l lu -
lose. 

pine, the syr ingy l moieties are d is tr ibuted ma in ly i n the inner layer of the 
secondary w a l l , even though its content is very low. 

C o n c l u d i n g R e m a r k s 

T h e results obtained by autoradiography and other studies (6,7,10, and 
Terash ima , this volume) , indicated that the structure of the proto l ign in 
macromolecule is heterogeneous w i t h respect to monomer composi t ion , dis
t r i b u t i o n of interunit linkages (to f orm condensed substructures) , and as
sociat ion w i t h carbohydrates. However, proto l ignin is not a disordered 
copolymer of various monolignols . Instead, macromolecular f ormat ion oc
curs i n a b iochemical ly regulated manner, and the heterogeneous nature 
of proto l ignin is a na tura l and inevitable consequence of its unique mech
an i sm of biogenesis. F igure 5 summarizes the successive deposit ion of cell 
wal l components and their irreversible assembly to form a l ignif ied cell wa l l 
in tree x y l e m . T h e causes of proto l ignin heterogeneity can be explained as 
follows. 

1. T h e process of l ignif icat ion is fundamental ly controlled by each i n d i 
v i d u a l cel l . 

2. L ign i f i ca t i on is preceded always by deposition of cell wal l po lysaccha
rides, and monol ignol po lymer izat ion occurs w i t h i n the carbohydrate 
gel, result ing i n the structure of the po ly l igno l . However, the type of 
carbohydrate changes w i t h cell wal l development stages, i.e., f o rmat ion 
of cell wal l layers, as shown in F igure 5. A s discussed, the po lymer 
i zat ion of monolignols i n pectic substances in early stages may be one 
of the reasons why the midd le lamel la and cell corner l ign in contains 
more condensed substructures than secondary wal l l i gn in . 

3. T h e monol ignol ut i l i zed varies w i t h type and age of the cell . Indeed, 
incorporat ion of monolignols into proto l ign in occurs in order of i n -
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creasing complexity, namely p-coumaryl, coniferyl and finally sinapyl 
alcohols are deposited successively (Fig. 5). Moreover, since the p-
hydroxyphenylpropane unit is able to form interunit linkages at both 
C-3 and C-5 of the aromatic rings, the participation of p-coumaryl al
cohol in early stages is another reason why the middle lamella lignin 
is more condensed. 

4. Polymerization conditions will determine the structure and properties 
of protolignin. In this respect, the following factors are considered to 
be important (Terashima, this volume, and ref. 14): (a) activity of 
peroxidase, (b) generation of hydrogen peroxide, (c) type and nature 
of carbohydrate gel in which the polymerization proceeds, (d) pH of 
the reaction site, (e) effect of inorganic constituents such as calcium. 
These factors are presumably closely coordinated with each other. 
Finally, it is to be noted that there is a common feature in biogenesis 

between gymnosperm an
ties between softwood an
more comprehensive studies on the biosynthesis of cell wall polymers and 
formation of the lignified cell wall. 
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Chapter 12 

13C Specific Labeling of Lignin in Intact Plants 
Norman G. Lewis1, Ramon A. Razal1, Etsuo Yamamoto1, Gordon H. 

Bokelman2, and Jan B. Wooten1 

1Departments of Wood Science and Biochemistry, Virginia Polytechnic 
Institute and State University, Blacksburg, VA 24061 

2Philip Morris USA, Research Center, Richmond, VA 23261 

Lignin deposition processes in Leucaena leucocephala and 
Triticum aestivum L. have been monitored in situ, fol
lowing administration to the growing plants of various 
specifically-labelled C-13 lignin precursors and analysis 
of the resulting plant tissue by solid state carbon-13 
nuclear magnetic resonance spectroscopy. The results 
obtained were compared to those obtained with artifi
cial dehydrogenatively polymerized (DHP) lignins, long 
thought to more or less represent lignin structure. For L. 
leucocephala plant tissue, it was found that the dominant 
bonding environment of lignin corresponded to 2-O-4' 
(so-called β-O-Α) linkages. Importantly, bond frequen
cies were very different when compared to artificial syn
thetic preparations. Surprisingly, lignified T. aestivum 
tissue provided very different results, and no significant 
contribution due to β-Ο-4 bonding was evident. This 
underscored the point that lignins vary greatly in struc
ture depending upon the plant species under investiga
tion. It was also found that significant bonding occurred 
at C3 (so-called Cα) to other constituents, presumed to 
be mainly of carbohydrate origin. These results again 
showed the limitation of DHP polymers as adequate rep
resentation of lignin structure in situ. 

Lign ins and suberins are complex, s t ruc tura l cell wal l polymers of terrest ial 
vascular plants. T h e i r roles include i m p a r t i n g r ig id i ty and strength to cell 
walls , as well as prov id ing barriers to diffusion and infection (1,2). A l l 
current evidence suggests that l ignins are exclusively metabol ic products of 
the phenylpropanoid pathway, whereas suberins are composites having both 
phenylpropanoid and al iphatic ( fatty ac id , fatty alcohol derived) domains. 

0097-6156/89A)399-0169$06.00/0 
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O f the two polymer classes, l ignins are the more abundant and can 
often account for as much as 20-30% of dry plant tissue. In gymnosperms, 
l ignins are thought to be formed from two monolignols , E - p - c o u m a r y l 1 
and E-coni feryl 2 alcohols, whereas in angiosperms s inapy l alcohol 3 is also 
involved (1). Grasses and cereals also conta in covalently-bound hydroxy -
c innamic acids (e.g., p-coumaric 4, ferulic 5), a por t i on of which are con
sidered to be part of the l ign in framework (3-5). In the case of suberins, 
the exact chemical ident i ty of the precursors undergoing po lymer iza t i on has 
not yet been unambiguously established (2). 

Fo l l owing precursor t ransportat ion f rom the cy top lasm into the cell 
w a l l , the po lymer izat ion reactions leading to l i gn in and suber in are believed 
to be catalyzed by peroxidase(s) and H2O2 (1,2). Interestingly, specific 
isoperoxidases are thought to be involved (6-12), a l though this s t i l l awaits 
rigorous exper imental verif ication (13). 

Unfortunate ly , there s t i l l remain massive gaps i n our knowledge of the 
processes of deposition of
tures i n plant tissue. For instance, a l though it is well documented that 
l ign in formation begins in the cell corners (14), our knowledge of how this 
is in i t ia ted and regulated is essentially u n k n o w n . Further , as regards l ign in 
structure w i t h i n plant cell walls , this is poor ly understood for two m a i n 
reasons: firstly, there is no known method whereby l ignins can be isolated 
in their native, or intact , state. Consequently, current representations pro
posed for l i gn in structure are based upon analyses of isolated derivatives. 
T h i s tends to be mis leading since these have undergone extensive s t r u c t u r a l 
modi f i cat ion , the severity of which depends upon the method employed for 
isolat ion. T h u s , l ignins are currently classified according to plant tissue 
and isolat ion method (15). Secondly, there is a growing body of evidence 
suggesting that l i gn in polymers can vary, i n terms of monomer composit ion 
and bonding patterns , w i t h respect to morphological region (16). However, 
this has been a most difficult point to prove, since i n d i v i d u a l cell wal l layers 
are not readi ly obtainable i n amounts sufficient for detai led, reproducible 
chemical analyses. 

It therefore follows that when isolated l ignins (and suberins) are e x a m 
ined and subsequent s tructura l representations are proposed, c r i t i ca l infor
m a t i o n on nat ive structure has already been lost, e.g., as regards the extent 
of po lymer modi f icat ion dur ing removal f rom the cell w a l l , and the effect of 
" m i x i n g " polymers f rom the various cell wal l layers f rom which they or ig 
inated . For these reasons, a l l current representations of native l ign in (and 
suberin) structure should be viewed w i t h caut ion u n t i l such questions are 
satisfactori ly resolved. 

In this chapter, we review our recent progress in establ ishing the exact 
bonding patterns of l i gn in in situ i n intact plants. Presumably , s i m i l a r 
strategies can be employed to study suberin structure . 

L i g n i n Structure i n situ i n Vascular P l a n t C e l l Walls 

Biosynthesis of E-Monolignols and Lignins. Over the past forty years 
or so, a fairly detailed knowledge of the metabol ic pathways leading to 
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the E-monol ignols 1-3, f rom phenylalanine 7 (and i n some cases, t y ro 
sine 8) has been obtained (1,17,18) ( F i g . 1). A s can be seen, stereospecific 
deaminat ion , hydroxy lat ion and methy lat ion as required then affords the E -
hydroxyc innamic acids 4 -6, which can be converted into their monol ignols 
v i a the corresponding aldehydes 12-14. These pathways were determined 
by short - term radio labe l l ing experiments (normal ly < 24h), together w i t h 
isolat ion of the appropriate enzymes involved. However, po lymer izat i on 
studies have suffered from two major drawbacks: (i) a l l investigations used 
wounded tissue (1,17,18), which can lead to de novo synthesis of an altered 
l i gn in , par t i cu lar ly i f the tissue is infected (19), and (ii) newly-synthesized 
l ign in (formed w i t h i n 24-48h) is more a lkal i - labi le than that of more mature 
tissue (20), suggesting significant differences i n structure . 

Solid State Carbon-13 Nuclear Magnetic Resonance Spectroscopy of Intact 
Plant Tissue. Carbon-13 nuclear magnetic resonance (nmr) spectroscopy 
has found considerable appl i cat io
tissue (21), and isolated polymers such as cellulose (22,23). In the case of 
plant tissue, the carbohydrate resonances tend to mask i m p o r t a n t l i gn in 
inter -unit l inkages, and hence key s tructura l in format ion is lost. T h u s , 
w i t h respect to l ign in structure , C-13 n m r analysis of n a t u r a l abundance 
plant tissue is of l imi ted usefulness. A n alternate strategy was therefore re
quired i f we .were to observe resonances due to specific in ter -uni t linkages i n 
the l ign in polymer i n its native state. T h i s was achieved by adminis ter ing 
appropriate specif ical ly- labelled C-13 l ignin precursors to intact growing 
plants over extended durations of t ime (weeks, months) and then e x a m 
i n i n g the result ing lignified plant tissue by sol id state C-13 n m r (5,24,25). 
T h e plants treated in this way were the hardwood , Leucaena leucocephala 
(25) and wheat, Triticum aestivum L . (24). These were grown either hydro -
ponical ly or on agar f rom germinated seeds under aseptic condit ions , and 
on med ia conta in ing the appropriate precursor and inorganic nutrients . For 
methods development, the l ignin precursor used was ferulic ac id 5, label led 
at the [ 1 - 1 3 C ] , [2 - 1 3 C] and [3 - 1 3 C] positions, respectively, i .e., structures 
5 a - c . 

A t this po int , i t must be emphasized that , based on previous s t r u c t u r a l 
analysis of isolated l ignins (27), appropriate l i gn in model compounds and 
synthetic dehydrogenatively polymerized ( D H P ) l i gn in preparations (28-
30), it was concluded that the m a i n bonding environments in native l ign in 
were the substructures A - E as shown. T h u s , these C-13 labe l l ing exper i 
ments using p lant tissue as described should provide in format ion essential 
to verify, one way or the other, the val id i ty of these proposed s t r u c t u r a l 
representations. T h e results obtained are discussed below: 

Incorporation of [ 1 - 1 3 C J Ferulic Acid. [ 1 - 1 3 C] ferulic ac id 5 a , s y n 
thesized as previously described (26), was administered for 21-28 days to 
seedlings of L. leucocephala and T. aestivum fo l lowing germinat ion . T h e 
sol id state C-13 spectra so obtained are shown i n F igs . 2a and 2b, respec
tively. Note that these are difference spectra, obtained by subtrac t i on of 
na tura l abundance resonances f rom that of the C-13 enriched samples, i .e., 
only C-13 enhanced resonances are evident. 
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X R 1 ( R 2 = H 

2. , R 1 - O C H 3 , R 2 = H 
a, 1 = 13C 

b, 2= 1 3 C 
c, 3 : R*C 

_3 , Ri,R 2 = OCH 3 

5 a, 1 = 1 3C 

CO,H 

Figure 1. Biosynthet ic pathways to E-monol ignols 1-3 f rom Phe 7 (or T y r 
8) . 
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L = Lignin 

C « Carbohydrate 

H = Hydrogen 

R = H, guaicyl substructures 

R β OCH 3 , syringyl substructures 
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2(5o ϊ3ό î î ô 35 i P P M 

Figure 2. 1 3 C N M R sol id state difference spectra of (a) L. leucocephala 
and (b) T. aestivum (24) root tissue previously administered [1 - 1 3 C] ferulic 
ac id 5 a . F i g . 2c shows the difference spectrum of a D H P polymer , derived 
f rom [1 - 1 3 C] coniferyl alcohol 2 a (29). C P / M A S spectra were obta ined at 
50 M H z on a V a r i a n X L - 2 0 0 Spectrophotometer equipped w i t h a Doty 
Scientific M A S Probe . S S B = sp inning side band . 
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For L. leucocephala tissue, one major s ignal is observed at 63 p p m , as 
wel l as two overlapping resonances ranging f rom 170-174 p p m ( F i g . 2a). 
In agreement w i t h previous results f rom appropriate radio labe l l ing studies, 
this large resonance at 63 p p m provided unequivocal proof that reduct ion 
to the monolignols , and then incorporat ion into l i gn in , had occurred. T h e 
chemical shift at 63 p p m is coincident to those of substructures A , B , 
D and E . Note though that whi le i t is possible to d is t inguish between 
these i n d i v i d u a l possible substructures i n so lut ion state spectra (29), se
vere l ine-broadening prevents this poss ibi l i ty i n the so l id state at present. 
T h e smaller signals at 170.3 and 174.1 p p m can be considered due to hy 
droxy c innamic acids or esters, respectively. We are current ly establ ishing 
whether these latter resonances are an integral part of the l ignif ied tissue 
of L. leucocephala, or some transient species involved i n l igni f i cat ion. If 
i t is the latter , this may expla in Higuchi ' s observation (20) that newly-
synthesized l i gn in is more a lkal i - labi le . T h i s question w i l l be resolved i n 
the near future. 

A s can be seen f rom F i g 2b, the so l id state C-13 n m r spec t rum of T. 
aestivum also shows sets of enhanced resonances at 61 p p m and 169.6-174.9 
p p m respectively (24). However, their relative intensities are very different 
f rom that observed for L. leucocephala. Indeed, i t can immediate ly be seen 
that very l i t t l e reduct ion of the administered precursor to hydroxymethy l 
analogues (at 61 ppm) has occurred. O n the other h a n d , the dominant 
resonances at 169.6 and 174.9 p p m are coincident w i t h bound h y d r o x y c i n -
namic acids (e.g. ferulic 5a) and its esters (31). Subsequent analysis of 
its isolated acetal l i gn in derivative (32) indicated that much of the l ign in 
contained hydroxyc innamate residues (33). 

For comparative purposes, a synthetic dehydrogenative po lymer was 
prepared from [1 - 1 3 C] coniferyl alcohol 2 a by the act ion of horseradish 
p e r o x i d a s e / H 2 0 2 (29). Such polymers have long been viewed to closely 
resemble nat ive l i gn in structure (17). T h e result ing spec trum is shown i n 
F i g . 2c (24,29). T h e large resonance at 61 p p m corresponds to guaiacy l 
substructures A , B , D and E , whereas the smaller resonance at 71 p p m 
is a t t r ibuted to substructure C . W h i l e the D H P polymer showed closest 
resemblance to L. leucocephala root tissue, i t is not possible to draw any 
conclusions regarding relative bond frequencies or type. T h i s is because 
v i r t u a l l y a l l of the hydroxymethy l resonances for the different substructures 
overlap i n the so l id state C-13 spectrum. 

Incorporation of [2-13C] Ferulic Acid. F igs . 3a and 3b show the results 
obtained when [2 - 1 3 C] ferulic acid 5 b was administered to L. leucocephala 
(25) and T. aestivum L . (24), respectively. In the case of L. leucocephala, 
the dominant resonance observed at 82.7 p p m was coincident to that of 
2 -0 -4 ' bond ing (substructure B ) (25). We consider this to represent the 
first definitive proof that this is the major bonding pattern of that carbon 
i n l ignif ied woody tissue. T h e smaller resonances centered at ~ 54 and 
127.5 p p m can tentatively be assigned to substructures C - E and A , re
spectively, based on s imi lar chemical shifts. T h e smal l s ignal at 117.4 p p m 
was a t t r ibuted to those corresponding to hydroxyc innamic acids and es-
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Figure 3 . 1 3 C NMR solid state difference spectra of a, L. leucocephala (25) and b, 
T. aestivum (24, 25) root tissue previously administered [2-13C] ferulic acid 5b. c 
shows the difference spectrum of a DHP polymer, derived from [2-13C] coniferyl 
alcohol 2b (29). SSB, spinning side band. (Reproduced with permission from ref. 
25. Copyright 1988.) 
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ters, a l though, as stated above, no evidence for their involvement i n l i gn in 
format ion i n this plant has been demonstrated. 

For T. aestivum (see F i g . 3b) , enhanced resonances were observed at 
127.3 (substructure A ) , 114.6 (hydroxyc innamic ac id or esters), 74.1 and 
39.7 p p m (24). W h i l e the latter two resonances are current ly unassigned, 
neither is consistent w i t h a 2 -0 -4 ' bonding pat tern . T h i s was a most u n 
expected result, and more work is required to establish the exact chemical 
ident i ty of these bonding environments. 

For comparative purposes, the spectrum for the D H P po lymer f r o m 
[2 - 1 3 C] coniferyl alcohol 2 b is also inc luded ( F i g . 3c) (24,29). A s readi ly 
noted, the guaiacy l resonances at 127.6 (substructure A ) , 83.8 (substruc
ture B ) and 55.5 p p m (substructures C - E ) show some s i m i l a r i t y to L. 
leucocephala tissue. However, even in this case, the D H P po lymer is not 
an adequate representation since relative intensities are essentially inverted 
between both spectra ( F i g

Incorporation of [3-
results obtained fol lowing uptake of [ 3 - 1 3 C] ferulic ac id 5 c to L. leuco
cephala and T. aestivum L . , respectively; the spectrum shown i n F i g . 4c 
corresponds to a synthetic D H P polymer f rom [2 - 1 3 C] coniferyl alcohol 2 c . 

A s regards L. leucocephala ( F i g . 4a), large resonances were observed at 
74.7 and 83.2 p p m w i t h minor signals at 132 (hydroxyc innamyl alcohol ) , 146 
(hydroxyc innamic acids/esters) , 170.1 and 174.3 p p m . T h e s m a l l signals at 
170.1 and 174.3 p p m presumably provide evidence that low levels of C 2 - C 3 

cleavage have occurred to give subst i tuted benzoic acids, such as vani l l i c 
or syr ingic acids. However, since most of the l i g n i n i n L. leucocephala was 
apparent ly involved i n 2 -0 -4 ' linkages (see F i g . 3a and substructure B ) , the 
dominant resonances at 74.7 and 83.2 p p m must be explained on that basis. 
T h u s , the large s ignal at 74.7 is a t t r ibuted to 2 -0 -4 ' substructures (i.e. 
substructure B ) , hav ing free benzyl ic alcohol (C3) functional it ies . Note also 
that resonances due to substructure Ε would also be expected i n this region, 
but at relat ively reduced levels as was evident f rom F i g . 3a. T h e resonance 
at 83.2 p p m is impor tant since, based on model compounds, i t is coincident 
w i t h benzyl ether linkages to both carbohydrates (34), or l ign in i n 2 - 0 - 4 ' 
(substructure B) (4) bonding environments. Such bonding environments 
have long been proposed. F i n a l l y , the relative frequency of substructures 
C and D is difficult to assess, since these are essentially concealed by the 
large resonance at 83 p p m . 

In the case of T. aesiivum, four major resonances were evident at 83 
and 73 p p m , w i t h minor signals at 132-137.1 and 146.5 p p m (24). These 
latter two signals correspond to h y d r o x y c i n n a m y l alcohol and h y d r o x y c i n -
namate functionalit ies as before. However, the large signals at 83 and 73 
p p m cannot be explained on the same basis as for L. leucocephala. T h i s is 
because substructure Β ( 2 -0 -4 ' bonding) was found to be only a minor con
st i tuent in the lignified tissue. Nevertheless, whi le current evidence again 
points to l ignin-carbohydrate bonding as before, the precise nature of the 
bonding environments present for C 3 i n this tissue needs to be u n a m b i g u 
ously determined. 
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74.7 

2SÔ 150 100 50 0 PPM 

Figure 4. 1 3 C N M R sol id state difference spectra of (a) L. leucocephala and 
(b) T. aestivum (25) previously administered [3 - 1 3 C] ferulic acid 5c . F i g . 
4c shows the difference spectrum of a D H P polymer , derived f rom [3 - 1 3 C] 
coniferyl alcohol 2c (29). 
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C o m p a r i s o n w i t h the synthetic D H P polymer f rom [3 - 1 3 C] coniferyl 
alcohol 2c was also carried out (24,29). Resonances were observed at 132 
(substructure A ) , 86 (substructures C and D ) and 72 (substructures Β and 
E ) p p m , respectively. N o precise correlation w i t h either l ignif ied tissue was 
possible. 

C o n c l u d i n g R e m a r k s 

It should now be self-evident that substant ia l progress has been made i n 
developing methodology to probe l ignin structure in situ. Obv ious ly s i m i l a r 
strategies for suber in also could be developed. T h e fo l lowing points can now 
be made: 

i . Fo l l owing incorporat ion of [1 - 1 3 C] ferulic ac id 5a into the l i g n i n of L. 
leucocephala root tissue, substant ia l conversion of the precursor into 
the corresponding monolignols , coniferyl (and s inapyl?) alcohols, had 
occurred. These monolignol
l ignin as evidenced b
onances corresponding to hydroxyc innamic acids and their esters were 
evident, these may represent some transient species involved i n l igni f i 
cat ion. A n answer to this question needs to be obta ined . O n the other 
hand , the incorporat ion of [1 - 1 3 C] ferulic ac id 5a into T. aestivum pro
vided products w i t h very different bonding pat terns /env ironments to 
that observed for L.leucocephala. T h e reasons for these differences need 
to be identif ied. However, i t clearly emphasizes that phenylpropanoid 
bonding patterns vary markedly between different plant tissues. 

i i . A d m i n i s t r a t i o n of [2 - 1 3 C] ferulic ac id 5b to L. leucocephala revealed 
that the prevalent bonding environment i n that tissue corresponded to 
2 -0 -4 ' (so-called /7-0-4) linkages. Interestingly, the T. aestivum tissue 
d id not give a s imi lar result. 

i i i . T h e spectra obtained for L. leucocephala and T. aestivum tissue, pre
viously administered [3 - 1 3 C] ferulic ac id 5c, prov ided convinc ing e v i 
dence for the existence of benzyl ic linkages to carbohydrate (and per
haps l ignin) polymers. 

i v . D H P polymers d id not adequately represent l ign in structure in situ, 
when compared to the results obtained for T. aestivum and L. leuco
cephala. T h i s should not be unexpected, since it is generally thought 
that l ignif ication in p lant tissue is a highly coordinated and t ight ly 
controlled process occurr ing w i t h i n a carbohydrate m a t r i x . 

v. It is also impor tant to recall that significant variat ions i n l i g n i n struc
ture have been reported which can vary depending upon the cell wal l 
layer under investigation. Hence, methodology needs to be developed 
to obta in carbon-13 enhanced spectra of l ignin in the i n d i v i d u a l cell 
wal l layers (i.e., middle lamel la , secondary cell walls) of (woody) plant 
tissue. 
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Chapter 13 

Biochemical and Biosynthetic Studies 
on Lignification of Gramineae 

Monique Gaudillere and Bernard Monties 
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Paris-Grignon, Centre de Grignon, 78850 Thiverval-Grignon, France 

Differences in lignificatio
ined in terms o
tal factors. This was achieved by comparison of brit
tle ecotypes of fescue (Festuca arundinacea), and brown
-midrib (b.m.3)-mutants of maize (Zea mays) with the 
corresponding "normal" plants. For each plant type, 
Klason, acid-insoluble and acetyl bromide lignin con
tents, and monomeric compositions, were determined 
and compared. While only weak differences in lignifi
cation were found in the case of fescue, significant dif
ferences in both lignin content, and its monomeric com
position, were found for maize between its upper and 
lower internodes. These differences were due to genetic 
and/or environmental factors. Heterogeneity in lignifi
cation, brittle organ character, and other biosynthetic 
aspects of stem formation in Gramineae are discussed, 
in relation to results previously obtained with rice and 
wheat. 

Forages such as hay and straws of the Gramineae are produced for ruminant 
feed on an enormous scale. In France, annual product ion is 12.8 χ ΙΟ 6 Τ (1) 
w h i c h approaches that for wood-harvest ing operations (23 χ 10 6 T ) (2). A s 
described in preceding chapters, l ignins (and related aromatics) appear to 
b i n d phys ica l ly a n d / o r chemical ly to the cell wal l polysaccharides of forages. 
These aromat ic substances have a profound effect on a n i m a l n u t r i t i o n (3-
10). Differences between forage digest ibi l i ty have also been correlated w i t h 
environmental and nutr i t i ona l factors (11), as well as species and genetic 
var iabi l i t ies (12,13). A s regards l ignin (14) and ce l l -wal l -bound h y d r o x y c i n -
namic acids (15) (i.e., p -coumaric , ferulic acids), i t is now generally accepted 
that any increase i n their content results i n decreased digest ibi l i ty . R u m i 
nant d igest ib i l i ty of p lant mater ia l can be improved by either m i l d ac id (16) 
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or, more usually, a lkal i (17-18) treatment to remove labile phenolics and 
l ignin-carbohydrate fractions, thus leaving beh ind a more readily-accessible 
polysaccharide feed. Interestingly, differences i n digest ib i l i ty between c u l t i -
vars can be higher than differences result ing f rom chemical treatment (19), 
thus underscoring the importance of biological var iabi l i ty . T o date, most 
conclusions made regarding digest ibi l i ty differences of maize , sorghum and 
rice, have been explained on the basis of variations i n l ign in contents. In the 
case of maize (Zea mays L . ) , a fami ly of ten single- or double-mutants was 
first observed by K u c et al. (20,21). Such mutants were dist inguished by a 
browning of the mid - r ibs of the leaves (brown-midr ib : b . m - m u t a n t ) , by a 
lower l ign in content and higher digestibi l ity. In these mutants , differences 
i n both l i gn in monomer composit ion (following nitrobenzene oxidat ion) and 
i n the relative content of cell-wall-ester l inked p-coumaric and ferulic acids 
were observed. B r o w n - m i d r i b mutants of sorghum (Sorghum bicolor L . 
Moensch) were the second fami ly of mutants studied, and were also char
acterized by a lower l igni
L . ) was also found, and was readi ly dist inguishable by a brittleness of the 
c u l m which appeared only after matur i ty of the plant . T h i s mutant had a 
lower cellulose content, and this difference was assumed to be related to the 
brittleness of the c u l m (24). Significant differences were also found in the 
ex t rac tab i l i ty of the l ign in fractions and associated phenolic acids (25-26), 
suggesting that l ign in format ion was also affected. 

In this work, our main objective was to explore the under ly ing reasons 
for such variat ions in graminaceous l ignins. A s before for rice (26), phenol ic -
ester and l i gn in analyses (content and monomer composit ion) were carried 
out , a l though only l i gn in data are shown here. 

F i r s t l y , we studied possible relationships between l ign in var iat ion and 
brittleness of p lant organs, using two ecotypes of t a l l fescue grass (Festuca 
arundinacea Schreb). T h u s , both " n o r m a l " fescue and a br i t t l e ecotype 
(discovered by Jadas-Hecart (27)), characterized by a brittleness of leaves, 
sheath and stem, were compared. Possible environmental effects on the 
biochemistry of l i gn in formation were est imated by comparison of several 
paral le l crops from two locations. 

Secondly, a biosynthetic investigation on l i gn in var iat ion was under
taken using maize internodes. M a i z e internodes were examined in this 
study since: (a) fewer plants were required for analysis (greater biomass) ; 
and (b) possible variations between normal and b .m-mutants (21) could be 
s tudied . L i g n i n contents and monomer composit ion were compared between 
internodes, both being collected at the top and the b o t t o m of the maize 
stem. These plant parts were chosen because of differences i n the d igest ib i l 
i t y of different internodes as documented for T i m o t h y (Phleum pratense) 
(28) and , i n l igni f icat ion, for wheat (Triticum aestivum L . ) (29-30). 

Mater ia ls a n d M e t h o d s 

Material. P lants were grown under field or greenhouse condit ions at 
G r i g n o n , and harvested before heading for Fescue (27), and at grain m a t u 
r i t y i n the case of maize (31). In each case, plants were harvested at the 
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same stage of matur i ty , as shown by the development of inflorescence, and 
the relat ive rat io of leaves and stalk . 

Methods. W h o l e plants were harvested in the case of fescue leaves, whereas 
for maize stalks , sheaths and nodes were removed, leaving internodes which 
were who l ly analyzed. Samples (6 to 10 plants) were freeze dr ied , finely 
ground and exhaustively extracted, i n a Soxhlet , w i t h toluene-ethanol 
( 2 / l : v / v ) , e thanol , then water, leaving an insoluble "par ie ta l residue" 
( P R ) w h i c h was freeze dried before storage and analysis. L i g n i n deter
minat ions used three different methods; K l a s o n l i gn in ( K L ) (72% H 2 S O 4 ) ; 
acid- insoluble l i gn in ( A I L ) (5% H2SO4 prehydrolysis followed by K l a s o n 
determinat ion) ; and acetyl bromide l i gn in ( A B L ) , using ferulic acid as a ref
erence mater ia l (26). Cel l -wall -esters of p - c o u m a r i c - ( P C ) and f eru l i c - (FA) 
acids were hydro lyzed w i t h 2 M N a O H and est imated after H P L C (26,32). 
M o n o m e r i c composit ions were obtained fol lowing nitrobenzene ox idat ion 
(32), or thioacidolysis , w i t
M S ) determinat ion of thioacidolysis products (33). Lignocel lulose ( L C ) , 
recovered after 5% H2SO4 pretreatment (34), and saponif icat ion residues 
( S R ) , obtained after N a O H hydrolysis of phenolic esters (26), were char
acterized according to the procedures previously adopted for characteriza
t i on of par ieta l residue (32,33). Phenol ic acids (p-coumaric , caffeic, ferulic 
and sinapic) were obtained f rom F L U K A and used wi thout pur i f i cat ion ; 
5-hydroxyferulic acid was a gift f rom N . G . Lewis ( V i r g i n i a Polytechnic 
Inst i tute and State Univers i ty , B lacksburg , V A 24061, U S A ) . 

Results a n d Discussion 

Lignification of Fescue. Results shown in a l l Tables are the mean of three 
determinations . Tables I and II show l i gn in contents and monomer com
posit ions for both n o r m a l and br i t t l e fescue grass ecotypes. These were 
harvested at two locations: G r i g n o n and L u s i g n a n . D a t a shown were only 
for one of two crops grown at G r i g n o n , and one of three at L u s i g n a n . N o 
visible differences between the same crops f rom either locat ion were dis
cernible. In a l l cases, though, l i gn in contents were signif icantly higher at 
G r i g n o n than at L u s i g n a n . A s plants were harvested at the same stage of 
development, differences can be ascribed to environmental effects. Tab le I 
also shows the differences in overall l i gn in contents of both ecotypes from 
the same or ig in . Interestingly, only acetylbromide l i g n i n ( A B L ) contents 
were signif icantly different between fescues grown at G r i g n o n , whi le only 
sulfuric acid l ignins ( K L and A I L ) contents were different at L u s i g n a n ; 
such variat ions are difficult to exp la in at present. Furthermore , in each 
case, acid- insoluble l ign in contents were lower than K l a s o n l ignin contents 
conf irming the importance , i n the A I L procedure, of the 5% sulfuric acid 
prehydrolysis step required i n the case of green plants , which are usual ly 
r i ch i n protein as discussed previously (34). 

A B L contents, expressed in ferulic acid equivalents, were of the same 
order of magnitude as K l a s o n and acid- insoluble l ignin contents. However, 
this agreement was fortuitous as the A B L determinat ion provided only 
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Table I. K l a s o n , Ac id - inso lub le , and Acety lbromide L i g n i n Contents of N o r 
m a l and B r i t t l e Fescue Ecotypes G r o w n at G r i g n o n and L u s i g n a n (standard 
dev iat ion less than 10%) 

L i g n i n Content (%) 

G r i g n o n Harvest L u s i g n a n Harvest 

T y p e of N o r m a l B r i t t l e N o r m a l B r i t t l e 
L i g n i n (%) (%) (%) (%) 

K L 20.4 19.4 17.2 15.1 
A I L 14.0 14.4 11.2 7.7 
A B L 18.0 15.5 12.0 13.0 

Where K L = K l a s o n l i g n i n 
A I L = A c i d Insolubl

A B L = A c e t y l B r o m i d e L i g n i n 

Tab le II . L i g n i n Monomer C o m p o s i t i o n , Obta ined by Nitrobenzene O x i d a 
t i on of L i g n i n f rom N o r m a l and B r i t t l e Fescue G r o w n at Lus ignan (Same 
as i n Tab le I) 

N o r m a l B r i t t l e 

Mass % P R L C P R L C 

V 1.2 0.8 1.3 0.8 
S 0.4 0.5 0.4 0.4 

V + s 1.6 1.3 1.7 1.2 
s / ν 0.3 0.6 0.3 0.5 

Where V = V a n i l l i n 
S = Syringaldehyde 

P R = Par ie ta l residue 
L C = Lignocellulose 

amounts relative to ferulic acid absorpt ivity . Differences between A B L 
values of n o r m a l and br i t t l e fescue must be related to variations i n l ign in 
content, since no significant differences i n the to ta l content of p -coumaric 
and ferulic esters were found between samples f rom the same or ig in (data 
not shown). 

T h e monomeric composit ion of l ignin i n par ieta l residues ( P R ) , and the 
corresponding lignocellulose ( L C ) of n o r m a l and br i t t l e fescue, harvested 
at Lus ignan are shown i n Tab le II. A s differences between K L and A I L con
tents had previously only been found between fescues grown at Lus ignan 
(Table I) , the l ign in composit ion of P R and the corresponding L C fractions 
were compared. A s can be seen from Table II , no signif icant differences 
between n o r m a l and br i t t le ecotypes were observed. However, signif icant 
differences in monomeric composit ion of l i gn in f rom L C and P R are clearly 
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discernible for each ecotype. These differences may be due to ac id pre-
treatment , result ing i n differences i n condensation reactions and loss of 
acid-soluble l ign in fractions (34). A s s imi lar trends were observed for both 
ecotypes, the results suggest a great s imi lar i ty between the react iv i ty of 
the l ignins of both plants. T h u s , comparisons of l ign in of both ecotypes 
revealed that differences were ma in ly related to environmental factors, and 
not genetic var iabi l i ty . 

Lignification of Maize Internodes. L i g n i n var iab i l i ty in maize was studied 
by comparison of the l i gn in contents and monomeric composit ion of its 
internodes. 

Tab le III shows a weak trend in K L and A I L contents between the 
upper and lower internodes of both ecotypes. L i g n i n contents are s l ight ly 
higher i n the lower internode, i n agreement w i t h previous results (4). T h i s 
conclusion was further strengthened by comparison of the A B L ( S R ) data . 
A s alkal ine hydrolysis , use
solubi l ized phenolic ester
not only a higher l i gn in content, but also a lower react iv i ty (delignif ication) 
of the l ign in core i n the lower internodes of bo th types. A B L d a t a for 
par ieta l residues ( P R ) are more difficult to interpret because they include 
both l i g n i n and phenolic esters. These bound esters differ for both ecotypes. 
In agreement w i t h K u c et al. (20,21), only ferulic and p-coumaric acids were 
found as the two m a i n phenolic esters l inked to the cell walls of n o r m a l 
and mutant maize . In each case, the P C / F E rat io for n o r m a l maize was 
about twice that of the b . m . mutant (data not shown); these results are in 
agreement w i t h previous studies on b m - 1 , but not bm-3 , mutants (20,21). 

Tab le III . K l a s o n ( K L ) , Ac id - inso lub le ( A I L ) and A c e t y l b r o m i d e ( A B L ) 
L i g n i n Contents i n U p p e r and Lower Internodes f rom N o r m a l and b . m . -
M u t a n t of M a i z e . ( P R = par ieta l residue, S R = N a O H saponif ication 
residue, s tandard deviat ion less than 10%) 

L i g n i n contents (%) 

N o r m a l M u t a n t 

U p p e r Lower Upper Lower 

K L ( P R ) 17.6 18.5 14 14.5 
A I L ( P R ) 10.7 11.2 6.4 7.5 
A B L ( P R ) 12.5 12.3 9.8 10.3 
A B L ( S R ) 1.8 4.6 1.5 2.3 

Tables I V and V show the monomer composi t ion of l ignins for both 
par ie ta l and saponif ication residues. In this regard, comparison between 
P R and S R values allows the character izat ion of the l ign in core, wh i ch is 
not so lubi l ized after alkaline treatment (20,21). Instead of using n i t roben
zene ox idat i on , thioacidolysis was used to characterize the non-condensed 
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monomeric units l inked by a r y l - a l k y l ether linkages i n the l ign in polymers . 
Thioac ido lys i s allows a more specific character izat ion of l i g n i n (35); i n the 
case of woods, i t provides a good correlation w i t h nitrobenzene ox idat ion 
d a t a (36) and , i n the case of gramineae, i t allows an unambiguous dis 
c r i m i n a t i o n between l ign in monomeric units and associated phenolic acids. 
T h i s is not possible by direct nitrobenzene ox idat ion of par ie ta l residues 
(37). A s shown in F igure 1, the two m a i n thioacidolysis products of non -
condensed guaiacy l (G ) and syr ingy l (S) units are clearly separable by gas 
chromatography w i t h relative retention times (Rt) of R f = 1.14, 1.15 and 
R f = 1.24, 1.25 w i t h reference to tetracosane as an internal s tandard . U n 
der these condit ions, the R t ' s of p-coumaric acid ( P C ) , ferulic ac id ( F A ) and 
their add i t i on products w i t h ethanethio l , were R P C = 0.69, R P C A = 0.85, 
RFE = 0.77 and R F E A = 0.81, respectively. T h u s , thioacidolysis products 
of phenolic acids and l ign in monomeric units can be clearly separated; this 
is not the case for nitrobenzene ox idat ion products where, for example , 
v a n i l l i n can originate f ro

Table I V . Monomer i c C o m p o s i t i o n of L i g n i n i n the P a r i e t a l Residue ( P R ) 
of the U p p e r and Lower Internode f rom Stem or N o r m a l and b . m . - M u t a n t 
of M a i z e shown by Thioac ido lys is ( G = guaiacy l and S = s y r i n g y l - t r i t h i o -
ethylethers: F i g . 1). (Y ie lds are expressed as micromoles per g r a m of A B L 
i n each sample of P R ; s tandard deviat ion less than 10% ) 

N o r m a l M u t a n t 

Upper Lower U p p e r Lower 

G 126 168 184 234 
S 109 289 11 69 

S + G 234 457 193 303 
S / G 0.86 1.71 0.06 0.29 

Tab le V . Monomer i c C o m p o s i t i o n of L i g n i n in the Saponi f icat ion Residue 
( S R ) of the U p p e r and Lower Internode f rom Stem of N o r m a l and b . m . -
M u t a n t of M a i z e as shown by Thioac ido lys is (abbreviations and d a t a as in 
Tab le I V ) 

N o r m a l M u t a n t 

Upper Lower U p p e r Lower 

G 72 202 73 217 
S 56 224 n.c. 30 

S + G 122 426 73 248 
S / V 0.74 1.10 n.c. 0.14 

n . c : not calculated. 
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Figure 1. P a r t i a l G C chromatogram showing the peaks of the m a i n 
thioacidolysis products , separated as T M S derivatives i n funct ion of t ime 
(t ) , f rom parietal residue of n o r m a l ( P N ) and mutant ( P M ) maize and , 
f rom corresponding saponif ication residue S N and S M . For each type of 
monomer : guaiacyl ( G ) and syr ingy l (S), two erythro and threo T M S -
glycerol - tr i thioethylether isomers were observed w i t h s imi lar mass spectra. 
T h e case of X isomers, w i t h s imi lar fragmentation patterns to those of G 
and S, has been discussed elsewhere (45). 
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Table I V shows that , i n both ecotypes, the yields of non-condensed 
guaiacy l and syr ingy l units were higher i n the lower internode. T h u s , 
l i gn in was apparent ly less condensed i n lower, rather t h a n upper , in tern -
odes. F r o m the syr ingy l to gua iacy l ra t io i t was also evident that more 
syr ingy l units were deposited i n the lower internode. Interestingly, the 
mutants had s l ight ly higher gua iacy l contents and much reduced s y r i n g y l 
contents, i n comparison to the n o r m a l p lant . U s i n g nitrobenzene ox ida t i on , 
K u c et al h a d reported exact ly the opposite for n o r m a l and b .m.3-mutants 
of maize (21). U s i n g their nitrobenzene ox idat ion method for comparison , 
the monomeric composit ion of the lower internodes f r om mutant and nor
m a l maize were again determined. In agreement w i t h thioacidolysis d a t a , 
the mutant showed the same trends as before. T h u s , the discrepancy be
tween these results and data f rom K u c et ai (21) cannot be a t t r ibuted to 
differences i n the ana ly t i ca l procedures used, and an alternate exp lanat ion 
is required. 

In the case of saponif icatio
more pronounced for the upper internode. T o t a l yields of thioacidolys is 
products , (S + G ) , were s l ight ly higher for the case of P R (Table I V ) , t h a n 
that of S R (Table V ) . However, the residual l ign in f rom the S R of the lower 
internodes was relatively unchanged when compared w i t h P R , w i t h the 
difference between S R and P R being nearly negligible i n the case of n o r m a l 
maize but significant i n the case of the mutant . 

C o m p a r i s o n of qual i tat ive and quant i tat ive data on l igni f icat ion of the 
upper and the lower internodes of maize stems shown i n Tables III to V , 
indicated only weak quant i tat ive differences in l ignin contents. However, 
there were significant differences i n l i gn in monomeric composi t ion a n d re
act iv i ty (delignif ication) between internodes in the maize s ta lk . 

T h e l i g n i n contents and monomeric composit ions were also compared 
between fractions of internodes as follows: E a c h of the upper and lower 
internodes previously studied was d iv ided into three parts of equal length . 
C o m p a r i s o n of l i g n i n contents and monomeric composit ions of upper and 
lower parts of each internode revealed only weak differences (data not 
shown) . 

Conclusions 

Results f rom this s tudy suggest several differences i n l igni f icat ion between 
ecotypes of fescue and mutants of maize. W h i l e weak differences in to
t a l l i gn in contents were observed between br i t t l e fescue and n o r m a l plant 
ecotypes, no significant variat ions i n l ign in monomeric compos i t ion and re
ac t iv i ty were evident , even after 5% H2SO4 pretreatment . E n v i r o n m e n t a l 
effects on l igni f icat ion of fescues were minor and m a i n l y changed only l ign in 
contents; thus, i n contrast to rice, the br i t t l e character of fescue was not 
due to direct variat ions in l ign in content or monomeric composi t ion . E v e n 
though brittleness of p lant organs was not measured and quant i ta t ive ly re
lated to l igni f icat ion parameters, i t seems l ikely that organ brittleness and 
l ignin content are not related. O n the other h a n d , a re lat ionship between 
brittleness and structure of fibers and polysaccharide content has been re-
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peatedly suggested (24,38,39,40). L i k e l y the br i t t l e properties rely upon the 
format ion of molecular associations and networks, whose properties depend 
more on m u t u a l association of components t h a n on their intr ins ic chemi 
cal compos i t ion . T h i s topic was discussed recently (41) and would require 
réévaluation i n the case of br i t t l e rice and fescue. 

U n l i k e the cases of rice and fescue, differences i n bo th l i g n i n con
tent and monomeric composi t ion were found between n o r m a l plants and 
the b .m.3-type mutant of maize . In agreement w i t h K u c et ai (20,21), 
l i gn in contents were always lower in these mutants . However, the sy-
r i n g y l / g u a i a c y l ratios were signif icantly lower than those described prev i 
ously for the b.m.3-type (21). A s imi lar discrepancy was also noted for the 
P C / F E ratios . In both cases, the ratios found for the b .m.3-type were s i m 
i lar to values reported for the b . m . l - t y p e by these authors (20,21). These 
differences cannot be explained at present, but may be related to the fact 
that the b . m . genes, or genetic blocks, were expressed i n a different epige-
netic environment i n the cas
here. Differences i n l igni f icat ion between the maize internodes may be re
lated to the biosynthesis and elongation of the stem (4); to our knowledge, 
no d a t a have been publ ished concerning the mutants of maize i n this re
spect. In addi t ion to environmental effects on l i gn in contents, signif icant 
differences were found between internodes i n terms of bo th l i gn in content 
a n d monomeric composi t ion . Weak differences were also found w i t h i n i n 
ternodes. Such differences m a y be explained by the biosynthetic model of 
growth of gramineae stems in which intercalat ing meristems subtend the 
development of a series of separated internodes. T h e biosynthetic hete
rogeneity of l i g n i n i n the apica l internode of wheat (reported previously 
(20,30)) are i n agreement w i t h this model ; these differences are related not 
on ly to l i gn in properties, but also to associated cel l -wall -phenolics i n their 
re lat ion to cell wal l re t i cu lat ion (41,42). 

It should be evident that an unequivocal es t imat ion of the re lat ive 
effects of genetic and environmental factors on gramineae l igni f i cat ion re
quires more biosynthet ic studies i n re lat ion to organs, tissues and cell dif
ferent iat ion, and less g lobal b iochemical analysis . In part i cu lar hetero
geneity of l i g n i n (43) should be emphasized. A n a t o m i c a l examinat ion of 
b .m. -mutant of maize , for example , has already indicated that , possibly, 
several k inds of l ignins are found w i t h i n the same p lant i n different t i s 
sues (44). Very recently, dur ing the ed i t ing of the manuscr ipt , th ioac ido l 
ysis of l i g n i n f rom internodes of b .m. -mutant has shown that add i t i ona l 5-
hydroxyguaiacy l monomeric uni ts , compound X ( F i g . 1) were incorporated 
into the l ign in of this mutant (45), conf irming the possibi l i ty of q u a l i t a 
t ive var iat ions i n l i g n i n wh i ch may be of great interest for biotechnological 
m a n i p u l a t i o n of l ignins. 
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Chapter 14 

Inhibition of Cell Wall Peroxidases with Ferulic 
Salts and Fluorinated Analogues 

Anne-Marie Catesson1, An Pang1, Charlette Francesch2, Christian 
Rolando2, and Renée Goldberg1 

1Biomembranes et Surfaces Cellulaires Végétales, ENS, 46 rue d'Ulm, 
75230 Paris Cedex 05, France 

2Laboratoire de l'Activation Moléculaire, ENS, 24 rue Lhomond, 75231 
Paris Cedex 05, France 

The extent of inhibition of the oxidation of peroxidase 
substrates by ferulic salts was quite variable, from no 
inhibition to total inhibition. Total inhibition occurred 
when the substrate (e.g., syringaldazine) was closely re
lated to ferulic acid. The presence of a fluorine atom in 
ferulic acid slightly reduced the inhibitory effect. Oxi
dation of ferulic compounds was restricted to lignifying 
cell walls in situ. Cell wall peroxidases from bark and 
xylem were fractionated into their component isozymes. 
Two main anionic groups were present in the xylem and 
their activity towards ferulic salts and their fluorinated 
analogues was determined. Whether the two isozymes 
represent enzymes specifically involved in lignin biosyn
thesis is discussed. 

Peroxidases are widely d is tr ibuted enzymes i n the plant k i n g d o m . Despite 
their ub iqu i ty and the ever-increasing number of functions ascribed to t h e m , 
the precise role and loca l izat ion of the m a n y isozymes remain uncer ta in 
(1,2). One of the difficulties of peroxidase studies is that the enzymes can 
react w i t h a number of synthetic or na tura l substrates and that even the use 
of purif ied isozymes i n assays for substrate specificity does not identify any 
definitive roles. A search for specific inhib i tors represents another approach 
whi ch is s t i l l poor ly developed despite i ts potent ia l u t i l i t y . 

T h e only biological funct ion whi ch has been repeatedly confirmed is 
the role of peroxidases i n l ign in monomer po lymer izat ion (1). B u t even i n 
this case, the role of the various isozymes is not yet clear, a l though anionic , 
cell wa l l bound peroxidases generally seem to be involved i n l igni f i cat ion 
(1,2). In plant cell walls , l ign in monomers seem to be present in vivo i n 
the f o rm of c i n n a m y l alcohols. In vitro, their ac id precursors can also be 
oxidized by peroxidases (3). In order to gain further insight into the possible 
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role of each isoperoxidase i n l i gn in biosynthesis, we decided to check the 
potent ia l i n h i b i t o r y effects of c innamyl compounds and their fluorinated 
analogues. T h e exchange of hydrogen for a fluorine a t o m i n the 2 pos i t ion 
of the propane chain (^-carbon) should interact w i t h the site of coupl ing 
of l i g n i n monomers. In this regard, a pre l iminary survey (4) showed that 
fluorinated c i n n a m y l alcohols and acids had s imi lar effects to unf luor inated 
compounds. However, a l though alcohols are na tura l l i gn in precursors, they 
are difficult to use as inhib i tors since they are water insoluble . Hence, a 
detai led s tudy was undertaken on the act ion of the acids. T h e present paper 
reports comparat ive results obtained w i t h ferulic and fluoroferulic acids on 
cell wa l l peroxidases. 

Mater ia ls a n d M e t h o d s 

F i v e - to s ix -month-o ld tobacco plants (Nicotiana tabacum var. Samsun) 
grown i n a glasshouse a
synthet ic substrates employed b o t h for histochemical and b iochemical as
says were guaiacol , p-phenylenediamine-pyrocatechol ( P P D - P C ) , 3-3' d i -
aminobenzidine ( D A B ) , tetramethylbenzidine ( T M B ) and syr ingaldazine . 
Isopropylamine and monosod ium salts of ferulic acid were also used as sub
strates as wel l as their "^ - f luor inated analogues" subst i tuted w i t h a fluorine 
a t o m on the /?-carbon ( F i g . 1). Histochemica l observations were done on 
hand-made transverse sections of fresh tobacco stems. B iochemica l assays 
were performed separately on bark (inner cort ical parenchyma, ph loem and 
fibres) and x y l e m fractions. Technical d a t a of incubat i on , enzyme extrac
t i o n , spec trophotometry and electrophoretic assays were given elsewhere 
(5-7). Synthesis of fluorinated compounds was performed as previously 
described (4). 

Results a n d Discussion 

Oxidation of Salts from Ferulic and β-Fluoroferulic Acids. W h e n stem 
sections were incubated w i t h ferulic ac id , isopropylamine or s o d i u m salts , 
the cell walls of the youngest x y l e m or sclerenchyma elements were stained a 
l ight p ink color. N o reaction was observed i n other cell walls (Table I) . T h e 
same result was obtained w i t h fluorinated analogues. T h e fact that only 
peroxidases f rom l igni fy ing cell walls are able to oxidize ferulic compounds 
and syr ingaldazine must be emphasized. A b s o r p t i o n spectra of the p ink 
ox idat ion products of ferulic ac id and /?-fluoroferulic ac id i n the presence 
of hydrogen peroxide and peroxidases extracted f rom tobacco cell walls 
("covalently b o u n d " fraction) showed a peak at 520 n m . 

T h u s ferulic ac id , which is not in vivo a na tura l substrate for perox i 
dases involved i n l ignif icat ion processes, can be oxidized not only in vitro 
but also in situ, i .e., i n the n o r m a l , biological environment of the enzyme. 
Furthermore , the ox idat ion seems to be l imi ted to the walls of l i gn i fy ing 
cells. T h i s restricted loca l izat ion has been described only i n the case of sy
r ingaldazine , a synthetic substrate closely related to c innamic compounds 
(8,9). It is interest ing to note that the presence of a f luorine a t o m on the 
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Table I. S t a i n i n g Relat ive Intensity Observed i n Tobacco S t e m Sections I n 
cubated w i t h Different Peroxidase Substrates . Transverse sections 
were incubated w i t h H2O2 and a peroxidase substrate . T h e o x i 
dat ion of rout inely used commerc ia l substrates was checked i n the 
presence or the absence of ferulic ac id salts. Var ia t i ons of s ta in ing 
intensity i n cell walls (— to ++ ) were judged by observation w i t h 
a l ight microscope 

Substrate P a r e n c h y m a 
B a r k 

Fibres P h l o e m Y o u n g X y l e m 

Ferul ic Sal t — + - + 
/ ? -Fluoroferulic Sal t - + - + 
Syr ingaldaz ine - ++ - ++ 

4-Ferulic Salt 
+/?-Fluoroferulic Salt 

T M B + ++ ++ ++ 
+Feru l i c Salt - -/+ - -/+ 
+/?-Fluoroferulic Salt - -/+ - -/+ 

D A B ++ ++ ++ ++ 
+Feru l i c Salt + + +/++ + 
+/?-Fluoroferulic Sal t + -/+ -/+ + 

G u a i a c o l ++ ++ ++ ++ 
-hFerulic Salt + + -/+ -/+ 
+/?-Fluoroferulic Sal t + -/+ + 

P P D - P C -/+ ++ -/+ ++ 
+Feru l i c Salt -/+ +/++ -/+ +/++ 
+/?-Fluoroferulic Sal t -/+ +/++ -/+ +/++ 

/?-carbon does not alter the results. T h i s suggests that the red color may 
be due to reactions oc cur ing on the aromat ic r i n g since the fluorine a t o m 
is present on the side chain. 

These d a t a agree w i t h the idea that l igni fy ing walls conta in specific 
isozymes, each possessing different affinities towards given substrates. In 
order to check this hypothesis, an analysis of cell wal l peroxidase fractions 
was undertaken. 

Oxidative Activities of Cell Wall Isozymes. Previous electrophoretic s t u d 
ies (4) have revealed the presence of several isozymes i n a l l enzyme ex
tracts . We attempted therefore to fractionate them by an ion exchange 
chromatography. We began our study w i t h the most active enzymes, i .e. , 
the l i ght ly -bound ( " i on i ca l ly -bound" ) peroxidases f r om bark tissues a n d 
the strongly bound ( "covalent ly -bound" ) enzymes f rom the x y l e m . C h r o -
matograms obtained w i t h bark ionica l ly bound peroxidases are shown i n 
F igure 2. E n z y m e activit ies were est imated w i t h isopropylamine salt f r om 
/?-fluoroferulic ac id , syringaldazine and T M B , respectively. T w o m a i n peaks 
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C O O H 

Figure 1. C h e m i c a l s tructure of ferulic ac id (left) and /?-fluoroferulic ac id 
( r ight ) . 

F igure 2. A n i o n exchange chromatogram of ionical ly bound ph loem per
oxidases on D E A E - S e p h a r o s e . Col lected fractions were analyzed for their 
oxidase ac t iv i ty towards T M B (1), syr ingaldazine (2) and isopropylamine 
salt f r om /?-fluoroferulic ac id (3). Bo : cat ionic peroxidases; B i and B 2 : a n 
ionic peroxidases. C o l u m n was equi l ibrated w i t h 0.01 M phosphate buffer 
( p H 7.1). Fract ions were eluted w i t h a N a C l gradient (0-0.5 M ) i n the same 
buffer (0.01 M phosphate, p H 7.1). 
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( B i and B2) of anionic isozymes were separated and their p u r i t y checked by 
po lyacry lamide gel electrophoresis. T h e y probably represented the two a n 
ionic groups reported i n crude extracts of tobacco tissues (2). B o t h peaks 
oxidized the three tested substrates but reactions were marked ly weaker 
w i t h the fluorinated salt . Large amounts of cationic peroxidases (Bo) were 
present i n the extract . T h e y were also able to oxidize the three substrates. 
A c c o r d i n g to M a d e r (2), basic isozymes would represent cytop lasmic en
zymes b i n d i n g to the w a l l dur ing cell breakage. Ion exchange chromatogra
phy of x y l e m extracts allowed the separation of two anionic peaks ( X i and 
X 2 ) of peroxidase ac t iv i ty when T M B was used as substrate ( F i g . 3). 

Once the four anionic fractions were isolated ( B i , B 2 , Χ ι , X2)) their 
act iv i t ies were investigated using ferulic or /?-fluoroferulic isopropylamine 
salts as substrates. Rates were plotted as a funct ion of substrate concentra
t i o n . T h e L ineweaver -Burk plots obtained ( F i g . 4) were not always s t r i c t ly 
l inear as already reported i n the case of ferulic acid and scolopet in o x i 
dat ion (10,11). A n est imat io
l inear part of the plots and results were compared w i t h those obta ined for 
T M B . T h e values found i n this case were i n the same order of magni tude , 
about 0.5 x 10~"3 to 1 χ 1 0 ~ 3 M . In a l l extracts , /?-fluoroferulic salt inh ib i ted 
enzyme act iv i ty for concentrations higher t h a n 0.25 χ 1 0 " 2 M . 

Inhibition of Commercial Synthetic Substrates with Salts from Ferulic and 
β-Fluoroferulic Acids. Table I summarizes the results obta ined on stem 
sections incubated i n a m e d i u m containing one of the usual commerc ia l 
substrates and a salt of ferulic or /?-fluoroferulic ac id . Three types of inter
actions could be observed: 

1. N o i n h i b i t i o n , or only a very slight one, could be seen on sections 
incubated i n a P P D - P C m e d i u m . A b s o r p t i o n spectra d i d not show 
much difference when ferulic or /?-fluoroferulic ac id were added to the 
assay m i x t u r e . 

2. A rather weak inh ib i t i on was observed when sections were incubated 
i n D A B and guaiacol . 

3. A strong i n h i b i t i o n occured w i t h T M B and syr ingaldazine . For i n 
stance, syr ingaldazine ox idat ion could be completely i n h i b i t e d w i t h 
ferulic ac id either in situ (Table I) or in vitro. Inh ib i t i on of s y r i n g a l 
dazine and T M B oxidations was noticeably weaker when /?-fluoroferulic 
salt was used instead of ferulic salt . 
Consequently, at a given concentration an i n h i b i t i o n can develop be

tween ferulic ac id (or their fluorinated analogues) and some of the current ly 
used synthetic substrates but there is no interact ion w i t h others, e.g., P P D -
P C . T h e same differences i n inh ib i tory ab i l i ty were previously observed w i t h 
/?-fluoroconiferyl alcohol (4). These differences might be related to the con
f igurat ion of substrate molecules. T h e strongest i n h i b i t i o n was observed 
when the three-dimensional structure of the substrate was closely related 
to c i n n a m y l compounds. T h i s suggests that l igni fy ing cell walls contain at 
least one dist inct ive isoperoxidase specifically able to recognize this type 
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Figure 3. A n i o n exchange chromatogram of covalently bound x y l e m perox
idases. Col lected fractions were analysed for their ac t iv i ty towards T M B . 
X i and X 2 : anionic peroxidases. For e lut ion details , see F igure 2. 
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of molecule. Exper iments w i t h /?-fluoroferulic salts corroborate this inter
pretat ion since the fluorinated analogue is less readi ly oxidized w i t h the 
specific isoperoxidase(s). 

T h e act iv i ty of isoperoxidases able to oxidize ferulic ac id is not re
str icted to a few s imi lar substrates such as syr ingaldazine or T M B . A wider 
range of substrates are involved (3). Syringaldazine-oxidases f rom pop lar 
and sycamore are known to react at least w i t h T M B , P P D - P C and guiacol , 
but their affinity towards the last substrate is 100 to 1000 t imes lower t h a n 
for syr ingaldazine (5,7,9). S i m i l a r results were obtained w i t h other m a t e r i 
als (12-14). However, other isozymes are not able to react w i t h ferulic ac id 
or syr ingaldazine (5,7,12,13). 

Several hypotheses could be given to exp la in our results. T h e first 
one postulates the simultaneous existence of at least two active sites on 
isozymes. One of t h e m would exclusively recognize c innamic compounds 
and would be restricted to isozymes involved i n l igni f icat ion processes. A t 
the present t ime , we ar
por t ing this interpretat ion . A c c o r d i n g to a second hypothesis , a l l isozymes 
would be able to oxidize a wide range of substrates but their specif icity 
towards a given substrate would be modulated by cel lular events probably 
through conformational changes. T h i s interpretat ion agrees w i t h the h y 
pothesis of a po ly funct ional i ty of peroxidase protein modulated by meta l 
ions (14). Phenols were also proposed as inducers of conformat ional changes 
(15). Differences i n redox potent ia l between peroxidase isozymes might also 
exp la in their specificity. Interactions between isozymes might also play a 
role (16). 

Conclusions 

It is often stated that the last step of l ign in biosynthesis requires the s i 
multaneous presence in the cell wal l of a specific isoperoxidase and its two 
substrates, i.e., hydrogen peroxide and l ignin monomers. X y l e m and scle-
renchyma cells are programmed to synthesize these substances i n the course 
of their dif ferentiation. In fact, the presence of H2O2 i n the cell wal l was 
demonstrated only i n two instances, dur ing cell wal l l igni f i cat ion (5,8) and 
dur ing p r i m a r y cell wal l ret i culat ion through phenolic bonds (17). T h u s 
H2O2 product ion and l i gn in monomer supply are two l i m i t i n g factors i n cell 
wa l l l igni f icat ion. B u t peroxidase avai labi l i ty might not be i n itself a l i m i t 
ing factor since the enzyme is present i n most cell walls . For instance, i f the 
hypothesis of peroxidase po ly funct ional i ty was proved to be true, l i m i t i n g 
factors would be the molecules control l ing the conformational changes nec
essary to induce specific recognition of c innamyl alcohols. A l t e rnat ive ly , cy
toplasmic compartments , especially the vacuoles, contain peroxidases w i t h 
a wide range of affinities. Some of them are even able to oxidize syr inga l 
dazine (7,9). T h e y could constitute a storage poo l of enzyme, a l lowing 
r a p i d responses to metabol ic or environmental changes. 
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Chapter 15 

Lignification in Young Plant Seedlings Grown 
on Earth and Aboard the Space Shuttle 

Joe R. Cowles, R. LeMay, G. Jahns, W. H. Scheld, and C. Peterson 

Department of Biology, University of Houston, Houston, TX 77204-5513 

The space shuttle era has provided an opportunity for 
investigators to
environment. Tw
each contained an experiment designed principally to de
termine whether young plant seedlings exposed to mi
crogravity had reduced lignin content in comparison to 
seedlings grown at one gravity. Three different plant 
species, pine, oats, and mung beans, were exposed for 
eight days to the microgravity environment of the shut
tle. The lignin content of in-flight seedlings was less than 
the control seedlings in all seven sets of seedlings included 
in these two experiments. In five sets of seedlings, the 
reduction in lignin content in flight seedlings ranged from 
6 to 24% and was statistically significant. In addition, 
the activity of two enzymes involved in lignin synthe
sis, phenylalanine ammonia lyase and peroxidase, were 
significantly reduced in pine seedlings. It was therefore 
concluded that microgravity, as perceived by young plant 
seedlings, results in reduced lignin synthesis. 

T h e stems of most higher plants grow upward in an ant igrav i ta t iona l d i 
rect ion, and are supported by the s tructura l polymers synthesized and de
posited in the cell walls . T h e pr inc ipa l s t r u c t u r a l components of plant cell 
walls are l i g n i n , cellulose and hemicelluloses. T h e biosynthesis of at least 
one of these polymers , l i gn in , is believed to be effected by gravi ty (1-4). 
T h e evidence that gravi ty is an impor tant factor i n l ignin synthesis has 
accumulated f rom a number of different experiments over several years (2-
5). U n t i l recently, however, investigators were unable to determine direct ly 
whether gravi ty was required for l igni f icat ion because a zero or micro grav
i ty was not available for an extended per iod of t ime . T h i s has changed 
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w i t h the advent of the space shutt le where scientific experiments can be 
exposed to at least the micrograv i ty environment of the space shutt le . W e 
were provided an oppor tun i ty to fly two plant experiments on the shutt le . 
T h e first experiment was on Space Transport System-3 ( S T S - 3 ) , wh i ch was 
launched on M a r c h 21, 1982. T h e second experiment was part of Spacelab 
II , w h i c h was flown aboard S T S - 5 1 F that was launched on J u l y 29, 1985. 
B o t h of these flights were for eight days dura t i on . T h e pr inc ipa l exper i 
menta l objective was to establish the effect of micrograv i ty on l igni f i cat ion 
i n higher p lant seedlings, and was part of an overall goal to understand the 
effect of grav i ty on l igni f icat ion i n higher plants . 

T h i s paper reports a s u m m a r y of l igni f icat ion values and phenylalanine 
a m m o n i a lyase ( P A L ) and peroxidase ac t iv i ty f rom the S T S - 3 and S T S - 5 1 F 
experiments . T h e results show a reduct ion i n both l igni f icat ion and enzyme 
ac t iv i ty i n flight seedlings as compared to one gravi ty contro l seedlings. 

M a t e r i a l s , Procedures

Flight Hardware. T h e experiments were contained in min igrowth units 
referred to as P l a n t G r o w t h U n i t s ( P G U ' s ) . Bas i ca l ly the P G U ' s consisted 
of a cavi ty for growing plants , a l ight source, a passive temperature contro l 
system and an automated recording system (6) ( F i g . 1). T h e seedlings 
were grown i n s m a l l plant growth chambers ( P G C ' s ) that fitted w i t h i n the 
cavi ty of the P G U ' s ( F i g . 2). E a c h P G U accommodated up to 6 P G C ' s . 
T w o flight-qualified P G U ' s were bu i l t by Lockheed Miss i les and Space C o . 
and N A S A A m e s Research Center , respectively. In the S T S - 3 experiment , 
one P G U was flown and the other was used to grow contro l seedlings in real 
t ime at N A S A Kennedy Space Center ( K S C ) . In the S T S - 5 1 F exper iment 
both P G U ' s were flown and subsequently used for the post-fl ight contro l 
exper iment at N A S A K S C . 

Pre-flight Activities. T h e pre-fl ight act ivit ies at N A S A K S C were in i t ia ted 
10 and 15 days ahead of the scheduled S T S - 3 and S T S - 5 1 F launches, re
spectively. In bo th experiments m u n g bean and oat seeds were planted 
w i t h i n 16 hours of scheduled launch . In add i t i on to p lanted seeds, the ex
periments inc luded 4-day-old pine (Pinus elliotti Enge lm) seedlings in the 
S T S - 3 experiment and 4- and 10-day-old pine seedlings i n the S T S - 5 1 F ex
per iment . In the S T S - 3 experiment 2 P G C ' s were devoted to each plant 
species (16 seeds or seedlings each). In the S T S - 5 1 F experiment 3 P G C ' s 
were c ommit ted to each age group of pine seedlings and 2 and 4 P G C ' s 
were devoted to oats (Avena sativa L . cv. G a r r y ) and mung beans ( Vi-
gna radiata), respectively. Pre - launch act ivit ies inc luded p lant ing m u n g 
bean and oat seeds, assembling P G C ' s , exchanging atmospheric gas in the 
sealed P G C ' s w i t h a defined gas (21% 0 2 , 300 p p m C 0 2 and balance N 2 ) , 
P G C photography, and load ing P G C ' s into P G U . T h e loaded P G U ' s were 
transported to the launch pad and placed into the shutt le mid-deck. 

Flight Activities. T h e P G U ' s were designed to require m i n i m a l in-f l ight 
attendance. Shutt le crew t ime , however, was requested to read and record 
P G C temperatures and to check flight equipment 2 to 3 t imes daily. O n the 
S T S - 3 miss ion , the temperature d a t a were rout inely voiced down and used 
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F igure 2. A d iagrammat i c sketch of the P G C . 
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i n conduct ing the control exper iment . In add i t i on to reading temperatures 
and checking hardware , the S T S - 5 1 F flight crew also took photographs of 
the p lant seedlings and sampled atmospheric air in the P G C ' s . 

Post-Flight Activities. T h e S T S - 3 flight landed at an alternate l and ing site 
near W h i t e Sands, New Mex i co , where a temporary laboratory was estab
l ished i n a motor home. T h e P G U arrived to the laboratory about 75 m i n 
post - landing , where observations, P G C air sampl ing and analysis , photog
raphy, and plant measuring and packaging was conducted. A b o u t 4 hr 
after l and ing the seedlings were packed i n insulated containers surrounded 
by cold packs for return to the P I laboratory for analysis . U p o n arr iva l 
(about 13 hr post - landing) , seedlings selected for l i g n i n and enzyme a n a l 
ysis were further processed. T h e stem sections used for enzyme analysis 
were frozen for later analysis . A l l stems were measured and cut into sec
tions. T h e stem sections used for l i gn in analysis were treated w i t h 1.5 m l 
a ce tone /1% HC1 to begin
completed about 18 hr post - landing

T h e S T S - 5 1 F flight landed at N A S A D r y den, Edwards A i r Force 
Base, C a l i f o r n i a , where a temporary laboratory had been established. T h e 
amount of exper imental tissue was twice that of the S T S - 3 experiment and 
the measuring and sectioning were conducted at the l and ing site. T h e two 
P G U ' s were received at the l and ing site laboratory 2 hrs after touchdown. 
G a s samples were taken f rom the P G C ' s and the plants were observed and 
photographed. T h e seedlings were removed, measured, weighed, sectioned, 
and placed in labeled containers. T h e tissues designated for l i gn in analysis 
were chi l led while those to be used for enzyme analysis were frozen on dry 
ice. T h e tissues either chil led or frozen were returned to the P I laboratory 
where the l i g n i n samples were immediate ly treated w i t h 1.5 m l a c e t o n e / 1 % 
HC1 as before. 

Control Experiments. T h e one gravi ty ( l g ) control for the S T S - 3 exper
iment was conducted dur ing the flight miss ion . T h e contro l P G C ' s were 
prepared at the same t ime as those designated for flight. In fact, the contro l 
P G U was transported to the launch pad as a backup exper imenta l pack
age but was returned to the operations b u i l d i n g when the flight P G U was 
declared funct ional . T h e control P G U was connected to ground support 
equipment for power and mon i to r ing . 

T h e l g control for the S T S - 5 1 F experiment was conducted post-f l ight 
at N A S A K S C Li fe Support Faci l i t ies . T h e loaded P G U ' s were connected to 
ground support equipment located i n a computer-control led environmental 
room. T h e temperature of the room was mainta ined such that the P G U ' s 
were able to m a i n t a i n P G C temperature profiles s imi lar to those of flight. 
T h e flight t ime profile also was s imulated i n the control exper iment . 

L i g n i n Analys is 

L i g n i n quant i ta t i on was based upon a modif ied procedure of Johnson , 
Moore , and Zank (7) and van Z y l (8). In the S T S - 3 experiment eight 
seedlings f rom each P G C (every other seedling) were selected for l ign in 
analysis . In the S T S - 5 1 F experiment , five seedlings f rom each P G C were 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



208 PLANT C E L L WALL POLYMERS 

selected for l ign in analysis . T h e pine hypocotyls were cut into six equal 
sections and oat stems into two equal sections i n both experiments. In the 
S T S - 3 experiment only three 1 c m mung bean stems were analyzed. These 
were the sections located just below the needles and cotyledons and just 
above the root col lar . In the S T S - 5 1 F experiment , mung beans were first 
cut into hypocoty l and epicoty l regions and each region was further d iv ided 
into three equal sections. T h e lower oat stem was cut into two 3 c m sections. 
E a c h stem section const ituted a sample. Before digestion each section was 
cut into approximate 2 m m subsections. T h e subsections were extracted i n 
a series of steps: 1.5 m l absolute ace tone /1% HC1 for 24 hr at - 1 0 ° C , 1.5 m l 
2 N N a O H for 48 hr at room temperature , and 7 m l deionized water for 24 hr 
at room temperature . T h e samples were dehydrated w i t h 0.5 m l acetone 
and oven-dried for 1 hr at 70°C. T h e samples were digested i n 0.4 m l 2 5 % 
acetyl b r o m i d e / g l a c i a l acetic acid for 1 hr at 70°C, and d i luted w i t h 2.7 m l 
g lac ia l acetic a c i d / N a O H (15:2.7) and 20 μ\ 7.5 M h y d r o x y l a m i n e - H C l . 
A f ter so lubi l i zat ion the sample
(A280) and compared to a wood l ignin s tandard . 

E n z y m e a n d P r o t e i n Analysis 
S i x pine seedlings f rom each P G C were selected for enzyme and protein 
analysis i n the S T S - 3 and S T S - 5 1 F experiments. T h e pine seedlings were 
sectioned as described previously for l ign in analysis. A l l s ix sections f rom 
each region were pooled for analysis . T h e samples were frozen at this 
po int . Later the samples were homogenized 30 to 60 sec at 4 °C using a 
P o l y t r o n homogenizer. T h e tissues were homogenized i n 1.5 m l of buffer 
containing 0.1 M Na-borate buffer ( p H 8.8) conta in ing 0.1 M K G and 
soluble po lyv iny lpyrro l id ine ( P V P ) (20% m g / m l ) . A f ter centrifugation for 
10 m i n at 15,000 r p m the supernatants were transferred to ice-cold test 
tubes. 

Phenyla lanine a m m o n i a lyase ( P A L ) ac t iv i ty was determined as prev i 
ously described (9). T h e react ion m ix t ure contained 0.25 m l 0.4 M s o d i u m 
borate buffer ( p H 8.8) containing 0.4 M K C 1 , 0.1 m l 100 m M phenyla la 
nine, 0.1 m l 2 / i C i / m l ( U - 1 4 C ) - p h e n y l a l a n i n e , 0.1 m l tissue homogenate and 
deionized H 2 O to a volume of 1.0 m l . T h e m ix ture was incubated 1 hr at 
37°C and the reaction stopped by add i t i on of 0.4 m l 5 0 % trichloroacetic 
acid ( T C A ) . 

Peroxidase act iv i ty was based on the po lymer izat ion rate of guaiacol 
i n the presence of hydrogen peroxide (10). T h e reaction mix ture contained 
2.0 m l 13 m M potass ium phosphate buffer ( p H 7.0) containing 5 m M H2O2, 
0.7 m l 15 m M guaiacol , and 0.1 m l of tissue extract . T h e reaction rates were 
moni tored continuously i n a spectrophotometer. Changes in absorbance 
(A470) were recorded at 15 sec intervals for 2 to 3 m i n . 

P r o t e i n concentration was determined by use of Coomassie B l u e 
reagent (11). 

Results 
T h e pr inc ipa l exper imental objective of the S T S - 3 and S T S - 5 1 F flight ex
periments was to determine whether young p lant seedlings grown predom-
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inant ly i n a micrograv i ty environment would respond by synthesiz ing less 
l i gn in . T h e S T S - 3 experiment was designed to be a pre l iminary exper iment 
that would provide useful results in p lann ing the Spacelab II experiment to 
be flown on S T S - 5 1 F . It was impor tant , however, that at least some of the 
S T S - 5 1 F experiment be a repeat of the S T S - 3 experiment. 

T h i s was accomplished i n pr inc iple in that (1) the same three plant 
species were flown on both missions; (2) durat ions of the missions were 
s imi lar (194 hr for S T S - 3 and 190.5 hr for S T S - 5 1 F ) ; and (3) the same 
regions of oats and pine were analyzed in the two experiments, whi le more 
of the m u n g bean stem was analyzed i n the S T S - 5 1 F exper iment . It is i m 
portant , however, to note certain major differences i n the two experiments . 
F i r s t l y , the lamps remained on continuously i n the S T S - 5 1 F experiment 
rather t h a n being on a 14/10 hr d a y / n i g h t cycle as w i t h the S T S - 3 exper
iment . Secondly, the temperature in the P G C ' s remained just above 26°C 
in the S T S - 5 1 F experiment rather than cyc l ing between 23° C and 26° C 
w i t h the d a y / n i g h t cyc l in
twice as many seedlings i n the S T S - 5 1 F experiment . 

P i n e seedlings that were 4 days o ld at launch and 12 days o ld at l a n d 
ing were analyzed for l ign in i n both flight experiments . In both cases, flight 
seedlings contained less l ign in than control seedlings (Table I). T h e average 
decrease i n l i g n i n i n flight seedlings over controls was 4.4% and 5.5% for 
the S T S - 3 and S T S - 5 1 F experiments , respectively. T h i s smal l difference in 
l i gn in content between flight and control seedlings was s tat i s t i ca l ly signif
icant at the 0 .5% level in the S T S - 5 1 F experiment but not in the S T S - 3 
exper iment . In both experiments the largest reduct ion in pine seedling 
l ign in occurred in the upper hypocoty l region. 

Table I. L i g n i n Content in 12-day-old P ine Seedlings 

F l i g h t N u m b e r 

S T S - 3 S T S - 5 1 F 

Section F l i g h t C o n t r o l Difference F l i g h t C o n t r o l Difference 
N u m b e r ( / ig / s tem section) (%) (^g /stem section) (%) 

1 157.3 162.1 - 2.9 208.2 198.7 + 4.8 
2 137.8 139.6 - 1.3 188.3 187.5 + 0.4 
3 112.7 117.9 - 4.4 155.5 166.0 - 6.3 
4 85.2 88.0 - 3.1 133.8 146.4 - 8.6 
5 55.8 58.4 - 4.6 107.5 123.6 - 1 3 . 0 
6 28.5 37.6 - 2 4 . 2 62.5 72.7 - 1 4 . 0 

A v : - 4.4 A v : - 5.5 

T h e S T S - 5 1 F experiment also inc luded pine seedlings that were 10 
days o ld at l aunch and 18 days o ld at l and ing . T h e l ign in content i n flight 
seedlings was reduced 13.0% i n comparison to controls (Table II) . In this 
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set of seedlings the reduct ion i n l ign in content was significant at the 0 .1% 
level . T h e reduct ion i n l i gn in content i n older flight seedlings was more 
evenly d is tr ibuted over the hypocoty l than i n the younger pine seedlings. 

Tab le II . L i g n i n Content i n 18-day-old P i n e Seedlings F l o w n on S T S - 5 1 F 

Section F l i g h t C o n t r o l Difference 
N u m b e r ( / i g / s tem section) (%) 

1 162.7 205.5 - 2 0 . 8 
2 173.3 197.9 - 1 2 . 4 
3 154.9 179.2 - 1 3 . 6 
4 141.5 153.5 - 7.8 
5 118.8 128.9 - 7.8 
6 79.4 89.5 - 1 1 . 3 

M u n g beans were started as seeds i n the S T S - 3 and S T S - 5 1 F exper
iments and germinated and grown to an average height of about 12 c m 
w i t h i n the 8-day exper imenta l periods. In the S T S - 3 experiment on ly three 
1 c m sections of m u n g bean stems were analyzed for l i gn in . These would 
be equivalent to a por t ion o f sections 3, 4 and 6 i n the S T S - 5 1 F exper iment 
(Table III) . F l i g h t mung bean seedlings i n the S T S - 3 experiment contained 
16% less l i gn in than contro l seedlings. T h i s re lat ively large and stat is 
t i ca l l y significant difference i n l ign in content between flight and contro l 
m u n g beans led to a more extensive analysis of m u n g beans i n the S T S - 5 1 F 
exper iment . T h e results f rom the latter experiment showed an even greater 
reduct ion (37%) i n l ign in i n flight as compared to control seedlings. T h e 
largest change in l i gn in content i n the microgravi ty environment was in the 
younger stem region. 

Tab le III . L i g n i n Content i n M u n g Bean Seedlings 

F l i g h t N u m b e r 

S T S - 3 S T S - 5 1 F 

Section F l i g h t C o n t r o l Difference F l i g h t C o n t r o l Difference 
N u m b e r (^g /s tem section) (%) (/L/g/stem section) (%) 

1 50.6 59.6 - 1 5 . 1 138.6 186.2 - 2 5 . 6 
2 — — — 116.1 160.4 - 2 7 . 6 
3 32.6 41.9 - 2 2 . 2 109.3 167.7 - 3 4 . 8 
4 — — — 131.0 235.4 - 4 4 . 4 
5 — — — 77.3 162.6 - 5 2 . 5 
6 17.2 21.0 - 1 8 . 2 42.5 69.9 - 3 9 . 2 

A v : - 1 6 . 1 A v : - 3 7 . 4 
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S i x 12-day-old pine seedlings per P G C were ut i l ized to determine pro 
tein content and P A L and peroxidase ac t iv i ty in bo th the S T S - 3 and S T S -
51F experiments . In both experiments , flight seedlings contained signif
i cant ly less P A L act iv i ty than control seedlings (Table I V ) . T h e average 
reduct ion in P A L act iv i ty was 22 .2% for the S T S - 3 experiment and 18.3% 
for the S T S - 5 1 F experiment . T h e change i n P A L ac t iv i ty was more or less 
evenly d is tr ibuted along the pine hypoco ty l . 

Tab le I V . P A L A c t i v i t y i n 12-day-old P i n e Seedlings 

F l i g h t N u m b e r 

S T S - 3 S T S - 5 1 F 

Section F l i g h t C o n t r o l Difference F l i g h t C o n t r o l Difference 
N u m b e r (^g /stem section

1 3.78 5.25 - 2 8 . 0 3.27 4.67 - 3 0 . 0 
2 5.44 6.30 - 1 3 . 6 3.62 4.07 - 1 1 . 1 
3 5.88 7.28 - 1 9 . 3 4.16 5.73 - 2 7 . 4 
4 6.58 7.51 - 1 2 . 4 4.45 5.17 - 1 3 . 9 
5 6.15 8.62 - 2 8 . 7 4.51 5.62 - 1 9 . 8 
6 3.67 5.53 - 3 3 . 6 3.05 2.95 + 3.4 

A V : - 2 2 . 2 A V : - 1 8 . 3 

Peroxidase ac t iv i ty i n flight seedlings was reduced to essentially the 
same extent as P A L act iv i ty . A g a i n , the average difference in the S T S - 3 
( -19 .0%) and S T S - 5 1 F ( -20 .2%) experiments were s imi lar (Table V ) . A s 
w i t h P A L act iv i ty the reduct ion i n peroxidase ac t iv i ty in flight seedlings 
was s imi lar along the pine hypoco ty l . 

Tab le V . Peroxidase A c t i v i t y i n 12-day-old P i n e Seedlings 

F l i g h t N u m b e r 

S T S - 3 S T S - 5 1 F 

Section F l i g h t C o n t r o l Difference F l i g h t C o n t r o l Difference 
N u m b e r ( /zg/stem section) (%) (^g /stem section) (%) 

1 47.96 59.16 - 1 8 . 9 68.61 107.75 - 3 6 . 3 
2 42.56 57.06 - 2 5 . 4 60.95 72.12 - 1 5 . 5 
3 45.56 53.91 - 1 5 . 5 55.27 61.29 - 9.8 
4 41.76 50.06 - 1 6 . 6 47.36 56.85 - 1 6 . 7 
5 42.91 52.86 - 1 8 . 8 49.13 55.26 - 1 1 . 1 
6 56.41 68.96 - 1 8 . 2 42.68 52.81 - 1 9 . 2 

A v : - 1 9 . 0 A v : - 2 0 . 2 
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Discussion 

O u r conclusion is that young higher plant seedlings perceive micrograv i ty 
and respond by synthesiz ing signif icantly less l i gn in . L i g n i n content was 
reduced i n a l l seven sets of flight and control seedlings compared in the 
two experiments . In five sets of seedlings, two m u n g beans, two pines and 
one oat, the difference i n l i g n i n between flight and control experiments 
ranged f r om 6 to 2 4 % a n d a l l were s tat is t i ca l ly signif icant. T h e two sets of 
seedlings, oats and 4-day-old pines that exhib i ted smaller and s tat i s t i ca l ly 
insignificant differences i n l ign in were part of the S T S - 3 experiment where 
the t o ta l amount of l ight received was considerably less than in the S T S - 5 1 F 
exper iment . B o t h of these seedling types exhib i ted a significant difference 
i n l i g n i n i n the S T S - 5 1 F experiment . 

T h e magnitude of the reduct ion i n l ign in content due to micrograv i ty 
was especially significant considering that (1) l igni f icat ion is a developmen
t a l process; (2) the exper imenta
s t ra t ing differences i n l igni f icat ion; (3) the exper imenta l tissue was not 
apprec iably weight-bearing; and (4) the micrograv i ty environment of the 
shutt le was i n the 1 χ 1 0 ~ 3 g range, w h i c h is not near weightlessness. 

T h e results on P A L and peroxidase ac t i v i ty also support the hypothesis 
that young seedlings perceive microgravi ty and synthesize less l i gn in . T h e 
ac t iv i ty of both enzymes was reduced about 2 0 % in flight seedlings over 
controls i n both experiments. These results were very consistent and were 
s tat i s t i ca l ly s ignif icant. Whether reduced act iv i ty of these enzymes was 
pr inc ipa l l y responsible for reduced l ign in content remains to be determined. 
T h e exper imental procedures and assays were designed to measure to ta l 
P A L and peroxidase ac t iv i ty and not just that associated w i t h l igni f i cat ion. 
These same procedures and assays, however, have been used to demonstrate 
a posit ive correlation between the ac t iv i ty of these enzymes and l ignif icat ion 
d u r i n g elongation i n young pine seedlings (increased enzyme ac t iv i ty at the 
t ime of increased l igni f icat ion, unpubl ished results). 

T h e results between the two flight experiments were posit ively related 
or could be accounted for by known exper imental differences. T h e difference 
between l i gn in content of 12-day-old flight and control pine seedlings was 
s imi lar between the two experiments , as were P A L and peroxidase act iv i ty . 
T h e significant reduct ion i n l i gn in content i n flight m u n g beans and oats i n 
the S T S - 5 1 F exper iment , as compared to the S T S - 3 exper iment , was prob
ably due to the posit ive response of these p lant species to the add i t i ona l 
amount of l ight and to the s l ight ly higher temperatures of the S T S - 5 1 F 
exper iment . T h e amount of l i g n i n i n both flight and contro l seedlings was 
higher i n the S T S - 5 1 F experiment (Tables I and III) . A g a i n , this was prob
ably a posit ive response to the increased amount of l ight in the S T S - 5 1 F 
exper iment . T h e difference i n l ight also helped exp la in the d a t a shown in 
Tab le III where the amount of l ign in in the S T S - 5 1 F experiment was 2 to 
4 t imes that of the S T S - 3 experiment . Another impor tant difference in the 
mung bean d a t a was that the S T S - 3 values for both the flight and contro l 
seedlings were for 1 c m sections and the S T S - 5 1 F values were one-s ixth of 
the stem length, which averaged more than 2 c m . 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



15. C O W L E S E T A L . Seedlings Grown on Earth & on Space Shuttle 213 

It is i m p o r t a n t that these flight experiments be followed by exposure 
of plants to longer exper imenta l periods i n microgravity . W h i l e results re
ported here suggest a significant reduction i n l igni f icat ion as a result of 
microgravity , other experiments are needed to establish (1) the extent of 
reduct ion over t ime ; (2) how different levels of micrograv i ty effect l i g n i 
fication; and (3) how reduction in l igni f icat ion is brought about at the 
biochemical and cel lular level . 
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Chapter 16 

Molecular Structure and Dynamics of Intact Plant 
Polyesters 

Solid-State N M R Studies 

Ruth E. Stark1, Tatyana Zlotnik-Mazori1, Lisa M . Ferrantello1, and Joel 
R. Garbow2 

1Department of Chemistry, College of Staten Island, City University 
of New

2Monsant  Company, ,

High-resolution 13C NMR studies have been conducted 
on intact cuticles from limes, suberized cell walls from 
potatoes, and insoluble residues that remain after chemi
cal depolymerization treatments of these materials. Iden
tification and quantitation of the major functional moi
eties in cutin and suberin have been accomplished with 
cross-polarization magic-angle spinning as well as direct 
polarization methods. Evidence for polyester crosslinks 
and details of the interactions among polyester, wax, and 
cell-wall components have come from a variety of spin
-relaxation measurements. Structural models for these 
protective plant biopolymers have been evaluated in light 
of the NMR results. 

C u t i n is the s t ruc tura l po lymer of plant cuticle ( F i g . 1, top) , funct ioning 
along w i t h surface waxes as a barrier against loss of moisture from aerial 
organs (1). Suber in plays a related role for underground organs and p e r i d 
erms ( F i g . 1, bot tom) ; i t also forms w i t h i n wound-heal ing tissues to prevent 
fungal penetrat ion (1). B o t h mater ials are biopolyesters w i t h m a n y k n o w n 
fat ty -ac id constituents, but their inso lubi l i ty has hampered investigations 
of how the monomeric units are l inked together i n funct ional ly useful ways. 
T h e agr i cu l tura l importance of cut in and suber in has prompted us to e x a m 
ine their molecular structure and dynamic properties using modern so l id -
state nuclear magnetic resonance ( N M R ) methods. 

D u r i n g the last 15 years, the cross-polarization magic-angle sp inn ing 
( C P M A S ) technique (2) has been used w i t h increasing frequency to pro
vide detai led s t r u c t u r a l in formation about sol id polymers and biopolymers 
(3). For example, the dynamic state of backbone sites i n synthetic block 
copolyesters, as wel l as the chemical bonding patterns in plant l ignins, have 
been elucidated (4-6). 
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CUTICLE 
PECTIN 
CELL WALL 

CELL WALL 
SUBERIZEO WALL 
PLASMA MEMBRANE 
CYTOPLASM 
VACUOLE 

Figure 1. T h e locat ion of p lant polyesters: cu t in attached to the ep idermal 
w a l l (top) ; and suber in w i t h i n the cell wa l l of a plant per iderm (bot tom) . 
Reproduced by permiss ion of the N a t i o n a l Research C o u n c i l of C a n a d a , 
f rom Réf. 1. 
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We report herein on high-resolution N M R studies of cuticles f rom limes 
(7) and of suberized cell walls f rom potatoes. Measurements include ident i 
fication and quant i ta t i on of magnet ica l ly dist inct carbon moieties, determi 
n a t i o n of site-specific po lymer dynamics on bo th M H z a n d k H z timescales, 
and del ineation of the interactions among polyester, wax, and cel l -wal l com
ponents. 

Mater ia l s a n d M e t h o d s 

Isolation of the Biopolyesters. C u t i n was obtained f rom the sk in of limes 
using publ ished methods (8,9) . T h e final solvent extract ions were omi t ted 
i n studies of cut in -wax interactions. T y p i c a l l y , 20 l imes provided 800 m g of 
powdered po lymer . Suberized cell walls were isolated f rom wound-heal ing 
potatoes after seven days of growth (10), w i t h a y ie ld of 4.5 g f rom 22 kg of 
potatoes. C h e m i c a l depolymerizat ion of both polyesters was accomplished 
v i a transesterif ication w i t

P r e l i m i n a r y s t ruc tura l characterizat ion was carried out on the soluble 
products of treatment w i t h B F 3 / C H 3 O H (or L1AIH4) (8), i n order to verify 
the s imi la r i ty of our samples to materials studied previously (8-11). G a s 
chromatography-mass spectrometry ( G C - M S ) ( F i n n i g a n 3300 spectrome
ter) was used to establish the molecular ion and fragmentat ion patterns; 
solution-state 1 3 C N M R ( I B M Instruments W P - 2 0 0 spectrometer) was em
ployed for quant i ta t i on of C H 2 , C H 2 O H , and C H O H moieties. 

Samples for solid-state N M R (175-300 mg) were ground w i t h a mortar 
and pestle and packed into either AI2O3 or boron ni tr ide rotors of cy l indr i ca l 
design. Independent polyester preparations gave ident ical spectral results. 

NMR Spectra. 1 3 C N M R spectra of the polymers and depolymerizat ion 
residues were obtained on two instruments : an I B M Instruments W P - 2 0 0 
(operat ing at a 1 3 C resonance frequency of 50.33 M H z , equipped w i t h h i g h -
power amplif iers and a Doty Scientific probe for M A S at 5.0 k H z ) and a 
homebui l t sol id-state N M R spectrometer operat ing at 31.94 M H z and a 
sp inn ing speed of 3.0 k H z . 

C P M A S experiments were run at ambient temperature (300 K ) and 
w i t h a * H decoupling field of 48-60 k H z (dipolar decoupling) . P r o t o n s p i n -
temperature a l ternat ion and quadrature phase cyc l ing were employed to 
avoid baseline distort ions and other spectral artifacts (12). Recycle de
lays of 1-3 s were inserted between acquisit ions to p e r m i t repolar izat ion 
of the proton sp in reservoir. V a r i a t i o n of the 1 H - 1 3 C contact t ime served 
to determine the relative number of each carbon type and rotat ing- frame 
re laxat ion times T i p ( H ) (2). T w o spectral ed i t ing sequences were also em
ployed: (a) C P w i t h delayed decoupling (50-100 /is) to allow dephasing and 
suppression of signals f rom r ig id protonated carbons (13,14) and (b) C P 
followed by delayed decoupling and a 0.6 s l ong i tud ina l re laxat ion per iod 
to add i t i ona l ly suppress signals f r om mobi le C H and C H 2 carbons (15). 

For direct po lar izat ion experiments ( D P M A S ) , d a t a were acquired 
f rom the B l o c h decay fol lowing a single 1 3 C pulse. A l te rnat ive ly , F T spectra 
and spin- latt ice re laxat ion times were measured in a high-resolution probe 
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w i t h conventional z-axis sp inn ing (20 H z ) . B o t h measurements employed a 
6 k H z decoupl ing field (scalar decoupling) . Recycle delays of 0.2-2.0 s were 
used i n these experiments. 

Quantitation of Carbon Types (2 ,7) . T w o measurements were made on a 
single cut in sample i n the M A S probe: (a) 1 3 C integrated intensities f rom 
C P M A S spectra acquired w i t h XE-13C contact times of 0.75-12.0 ms and 
a recycle delay of > 6 T i ( H ) ' s ; (b) 1 3 C integrated intensities in a D P M A S 
spec trum acquired w i t h a recycle delay of ~ 5 T i ( C ) ' s . Because the trans
fer t imes T C H were short w i t h respect to the contact t ime , the decay of 
1 3 C signal intensities i n C P experiments was governed by Τχ/?(Η). A l inear 
extrapo lat ion of C P M A S intensities to zero contact t ime provided q u a n t i 
tat ive estimates of the magnet ical ly dist inct r i g id carbons (7); D P M A S i n 
tensities prov ided s imi lar estimates for the mobi le carbons. Correct ions for 
double -count ing of s ignal intensity, C P efficiency, and nuclear Overhauser 
effects are described elsewher

Polymer Dynamics. 1 3 C spin- latt ice re laxat ion times (Τχ) were determined 
w i t h either an inversion-recovery sequence (16) (for carbons observed by 
direct po lar izat ion) or w i t h a modified cross-polarizat ion experiment (17). 
1 3 C rotat ing- frame re laxat ion times ( T i p ( C ) ) were derived f rom measure
ments of the carbon signal that remained after a T i p ( C ) ho ld t ime of 
0.05-12.0 ms fol lowing spin lock ing and cross po lar i zat ion . Average v a l 
ues (<Ti />(C)>) were derived f rom the i n i t i a l decay of carbon s ignal as a 
funct ion of delay t ime (2,4) . < T i / ? ( C ) > ' s were measured for B i ( C ) v a l 
ues ranging f r om 37 to 60 k H z . A s is customary for amorphous polymers , 
these re laxat ion parameters were interpreted i n terms of molecular m o t i o n 
(4,18) . 

Results a n d Discussion 

Intact Cutin. F igure 2 shows a typ i ca l 1 3 C C P M A S spec trum of l ime c u t i n , 
and chemical-shift assignments for this mater ia l are summar ized in Tab le I. 
A s expected for a polyester derived from hydroxylated fat ty acids, signals 
were observed f rom bulk methylenes (29, 42 ppm) , a l iphat ic carbons bound 
to oxygen (64, 72 p p m ) , and carboxyl groups (168, 173 p p m ) . Evidence 
for ω-hydroxy-oxo-palmitic acid constituents came f rom the observation of 
a keto peak (209 p p m ) . F i n a l l y , the presence of p-coumaric or related m o i 
eties was suggested by aromatic and olefinic peaks at 105-150 p p m (21,22) . 
E n v i r o n m e n t a l l y s imi lar groupings, probably part of an irregular po lymer 
or a m i x t u r e of mater ia ls , gave rise to rather broad 1 3 C lines. 

Tab le II highl ights the 1 3 C N M R re laxat ion times that reflect molecular 
mot ions and help define the phys ica l properties of the cu t in po lymer . For 
those "so l id - l ike" carbons that cross po lar ized , considerable mot i ona l free
d o m was evidenced for ( C H 2 ) n and C H 2 O C O R groups, on bo th M H z and 
k H z timescales, by the short values of T i ( C ) and T i / ? ( C ) , respectively. B y 
contrast , the £ H O C O R moiety was more restricted dynamica l l y as judged 
f rom its long value of T i ( C ) ; low-frequency motions in par t i cu lar were i m 
pl icated by the strong dependence of T i p ( C ) on B i . These latter groups 
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Table I. l 3 C Chemical Shifts for Intact Lime Cutina 

Carbon Type* Shielding (ppm)b 

(CH2)„— 

- CH 2CH2-0-C 0 

29 
(has two shoulders) 

CH2-0-Cx 
0 

R 
64c 

>CU-0-C >ÇH-0H 
0CH3 

υ * C-CH=CH-/oVoH 

OCH3 
0 
RO 
* C-CH=CHVOV°H» 0 * C-ÇH=CHVOV0H 

I ' X_/ RO " \ - C n r n 

0 C H 3 

0 C H 3 

0 * c-€H=çe-/oVoH> 0 * c-CH=cH-VnS-<iH 

RO- - V _ X RO- X^OCH3 

0CH3 

RO 
: C-CH=CH 

N)CH3 

:
xC--CH=CH-^^--0ll 

—CH2-0-C 

>C=0 

72c d 

(may be two peaks) 

105<J 

115 

120 - 135 
(broad, contribution 
from nonprotonated 
carbons) e 

147 
nonprotonated)* 

156 
nonprotonated)* 

1G8 
nonprotonated)e 

173 

nonprotonated)e 

209 
nonprotonated)* 

a Ass igned from d a t a for model compounds (19-21). 
6 F r o m 1 3 C C P M A S spectra, obtained as described i n F i g u r e 2 and ref

erenced to external T M S . 
c E ther or peroxide linkages are also possible (1). 
d M a y include contr ibut ions f rom res idual polysaccharide. A f ter ex

tended treatment w i t h cellulase, pectinase, and hemicel lulase enzymes, 
an add i t i ona l reduct ion in s ignal intensity occurs at 105 p p m and , to a 
minor extent, at 72 p p m ( Z l o t n i k - M a z o r i , T . ; S tark , R . E . , unpubl ished 
results) . 

e Determined from spectral ed i t ing experiments . 
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' f 't '> f i ' ! r i y Ί ? ι "ι ; ι ι ι Ί ' | Ί Ί Ί Ι | Ί Ι ι ' ι " | 1 ι ' ι ' ι" ι γ ι f τ ι ι 

200 100 0 

CHEMICAL SHIFT (PPM) 

Figure 2. 50.33 M H z 1 3 C N M R spectrum of l ime c u t i n , obtained w i t h cross 
po lar i za t i on (contact t ime 1.5 ms, repet i t ion rate 1.0 s) , magic-angle s p i n 
n i n g (5.0 k H z ) , and dipolar decoupl ing (yB2/2w = 48 k H z ) . T h i s spec t rum 
was the result of 6000 accumulations and was processed w i t h a d i g i t a l l ine 
broadening of 20 H z . Chemica l - sh i f t assignments are summar ized i n Tab le I. 
Reproduced f r om Ref. 7 of the A m e r i c a n C h e m i c a l Society. 
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may wel l correspond to the postulated crosslinks in the cut in structure 
(1 ,23) . 

Tab le II . S p i n - R e l a x a t i o n T i m e s for Intact L i m e C u t i n 

< T 1 / ) ( C ) > ( m s ) a 

C a r b o n T y p e 37 k H z 44 k H z 50 k H z T 1 ( C ) ( m s ) 

225* 
(CH 2) n i D P 

420* 
( C H 2 ) „ , C P 2.4 2.8 3.3 145 c 

C H 2 O C O R 3.4 4.0 5.3 122 c 

C H O C O R , C _ H O H 6.7 8.7 12.4 >7000 c 

aromat ics , alkenes ~ 1 0 0 0
C H 2 O C O R 
CHOÇ.OR ~ 1 7 0 0 c 

a F r o m a straight- l ine fit of 1 3 C signal heights vs. T\p(C) ho ld t imes 
of 0.0&-1.00 ms. Values of B ^ C ) were as noted. A c c u r a c y of the 
measurements was 10%. 

b F r o m direct -po lar izat ion inversion-recovery experiments at 305 and 
356 K , respectively. Accuracy of the measurements was 10% (7). 

c F r o m cross-polarizat ion inversion-recovery experiments at 300 Κ and 
50.33 M H z . A c c u r a c y of the measurements was 15-20% (7). 

A l s o displayed i n Table II are spin- latt ice re laxat ion d a t a for " l i q u i d -
l ike " ( C H 2 ) n groups that were observable i n D P M A S experiments . B o t h 
the dependence on temperature and the part i cu lar Τ χ values suggested 
r a p i d segmental mot ions w i t h i n long runs of methylene groups, quite s i m 
i l a r to the d y n a m i c behavior reported for soft-segment C H 2 ' s i n synthet ic 
polyesters (19). 

F i n a l l y , C P M A S and D P M A S results were combined to estimate the 
numbers of each chemically dist inct carbon type, as presented in Tab le III . 
Despite some uncertainties (7), this quant i tat ive in format ion served to aug
ment pr ior hypotheses regarding cut in structure (1). O u r determinations 
of methylenes, carbonyls , and al iphatics bonded to oxygen were consistent 
w i t h a C i 6 polyester framework, and aromat ic moieties could be present 
add i t i ona l ly as sidechains (Figure 3). A substant ia l degree of cross l inking 
was suggested by the large number of r ig id secondary-alcohol ester carbons 
and the high proport ion of immobi l i zed methylene groups (Tables II and 
III ) . 

Cutin Depolymenzation Residue. F igure 4 compares the 1 3 C C P M A S spec
t r a obtained for intact cut in and for the insoluble residue remain ing after 
transesterif ication w i t h B F 3 / C H 3 O H . T h e narrowing of most spectral lines 
suggested that the depolymerization-resistant mater ia l was a less heteroge
neous po lymer ; delayed-coupling experiments confirmed that , among those 
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τ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 r 

3 0 0 2 0 0 100 0 P P M 

Figure 4. 31.94 M H z 1 3 C N M R d a t a for intact l ime cu t in (bottom) and 
the so l id residue of a depolymerizat ion treatment (top). B o t h spectra were 
obtained w i t h a 1 H - 1 3 C contact t ime of 1.0 ms, repet i t ion rate of 1.0 s, sp in 
n ing rate of 3.0 k H z , a lE decoupling field of 60 k H z , and a l ine broadening 
of 20 H z . (For the chosen contact t ime, peak intensities wiihin each spec
t r u m reflect the approximate numbers of each carbon type.) O n l y the intact 
cu t in spec trum retained s ignal intensity near 30 p p m when decoupl ing was 
delayed before acquis i t ion (13,14) . 
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Table III . C o m p o s i t i o n of C a r b o n Types i n Intact L i m e C u t i n 

C a r b o n T y p e R i g i d Moiet ies " M o b i l e Moieties* 

( £ H 2 ) n
 e 51 7 2 d 

C _ H 2 O C O R 1.9; 5.0 e / 

C H O C O R , C H O H 8.1 i 
aromatics , alkenes a 4.3 
C H 2 O C O R (1)" 
C H O C O R 5.5 
ç o 0.8 

" F r o m extrapo lat ion to zero contact t ime of cross-polar izat ion s ignal 
intensities. 

b F r o m comparison of integrated intensities for D P M A S and C P M A S 
experiments (see Mater ia l s and Methods section). 

c Includes signals that
d Repor ted ( incorrectly) as 36 in Ref. 7. 
e Der ived f rom slopes of a biphasic decay. 
f Some signal intensity appeared at elevated temperatures. 
9 S u m of extrapolated intensities for peaks at 105, 128, and 156 p p m . 
h A r b i t r a r i l y set to 1. 

carbons that cross polarize, immobi le ( C H 2 ) n groups were retained pref
erential ly by the B F 3 / C H 3 O H treatment . T h e appearance of prominent 
resonances between 60 and 105 p p m was a t t r ibuted to residual polysaccha
rides and to C H O C O R crosslinks, both of which are l ikely to resist this 
chemical depolymerizat ion treatment . 

Cutin-Wax Interactions. In order to obta in a more complete s t r u c t u r a l 
picture of plant cuticle , 1 3 C C P M A S d a t a were also obta ined for the po ly 
meric assembly pr ior to removal of waxes (Figure 5). A second ( C H 2 ) n peak 
appeared i n the spectrum, and add i t i ona l s ignal intensity i n the carboxy l 
region produced a single broadened peak. B u l k methylene carbons f rom 
cut in and wax components exhib i ted ident ica l values of T i p ( H ) , ind i ca t ing 
that they were m i x e d in t imate ly and shared a common * H spin reservoir 
(2 ,4) . Assessments of the impact of waxes on cut in f lex ib i l i ty are current ly 
i n progress ( G a r b o w , J . R . ; S tark , R . E . , unpubl ished results) . 

Subenzed Cell Walls. A n analogous set of C P M A S experiments is presented 
for suber in i n F igure 6. Because this polymer is an integral part of the plant 
cell w a l l , the 1 3 C N M R spectrum had contributions f rom both polysaccha
ride and polyester components. Chemica l -sh i f t assignments, summar ized 
i n Table I V , demonstrated the feasibi l ity of ident i fy ing major polyester 
and sugar moieties despite serious spectral overlap. Semiquant i tat ive est i 
mates for the various carbon types indicated that , as compared w i t h c u t i n , 
the suber in polyester had dramat i ca l l y fewer a l iphat ic and more aromat ic 
residues. A s imi lar observation was made previously for the soluble depoly
mer izat ion products of these plant polymers (1 ,8 ,11) . 
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τ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 Γ" 

3 0 0 2 0 0 100 0 ΡΡΜ 

Figure 5. 31.94 M H z 1 3 C N M R d a t a for the l ime cut in polyester (bot tom) 
and a cut in -wax mix tu r e (top). T h e exper imental condit ions were as de
scr ibed i n F igure 4. For contact times that exceeded 3 ms, the cu t in -wax 
assembly displayed two resolved carboxyl peaks near 170 p p m . 
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Figure 6. 31.94 M H z 1 3 C N M R spectra for suberized cell walls f r om p o t a 
toes, before (bottom) and after (top) depolymerizat ion treatment . T h e ex
per imenta l parameters were as i n F igure 4. Chemica l - sh i f t assignments and 
relative numbers of carbons for the untreated mater ia l are found i n T a 
ble I V . Delayed-decoupl ing experiments left some ( C H 2 ) n s ignal intensity 
i n the spectrum of intact suber in , but the analogous signals were drast ica l ly 
attenuated i n the N M R spectrum of the depo lymerizat ion residue. 
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Tab le I V . C a r b o n T y p e s i n Suberized C e l l W a l l s 

Shie ld ing* 
C a r b o n T y p e " (ppm) Relat ive N u m b e r c 

( Ç H 2 ) „ 30 1.8 
6 62 
2,3,5 72 
4 82 
1 101 
aromatics , alkenes 110-160 3.6 
Ç O O R 172 (1) 

α Ass igned f rom d a t a for model compounds (19-21; 24,25) . C e l l - w a l l 
resonances are noted i n italics. 

6 F r o m 1 3 C C P M A S spectra, obtained as described i n F igure 6 (bot tom) 
and referenced external l

c F r o m extrapo lat ion to zero contact t ime of cross-polarizat ion s ignal 
intensities, o m i t t i n g consideration of D P M A S spectra. For these es
t imates , ( £ H 2 ) n , aromatics /a lkenes , and £ O O R were taken as the 
chemical-shift regions 20-40, 110-160, and 165-180 p p m , respectively. 

Intact suberized tissue yielded fa ir ly sharp signals f rom the ce l l -wal l 
component, but , as w i t h c u t i n , broad spectral features characterized the 
polyester mater ia l i n F igure 6 (bot tom) . T h i s s i tuat ion was altered after 
depo lymerizat ion w i t h B F 3 / C H 3 O H : suberin lines were narrowed (F igure 6, 
top) , suggesting selective removal of part i cu lar po lymeric moieties. A g a i n , 
the relatively immobi le ( C l a n ' s of F igure 6 (top) were retained prefer
ential ly . N o substant ia l change i n a l iphat i c - to -aromat ic carbon rat io was 
observed, but the ce l l -wal l signals between 40 and 110 p p m were now a 
much smaller proport ion of the t o ta l s ignal intensity. 

Important s t ruc tura l inferences may be made f rom the dynamic char
acteristics of suberin-cel l wal l assemblies, which are summar ized in Table V . 
F i r s t , the unequal T i p ( H ) values derived f rom suberin and polysaccharide 
carbon signals indicated that the two components formed separate struc
t u r a l domains (2,4) . T h i s could result if, for example , suberin extended 
away f rom its ce l l -wal l attachment site. Secondly, the unequal T i p ( C ) v a l 
ues and Βχ dependences suggested differing degrees of mot iona l freedom for 
the polyester and polysaccharide carbon moieties. B u l k methylene carbons 
of the former component were s imi lar dynamica l ly (on the k H z timescale) 
to corresponding cu t in moieties: low-frequency motions were facile i n both 
cases, par t i cu lar ly i n comparison w i t h synthetic poly(butylene terephtha-
late) (4). T h e polysaccharide component had more restricted mot ions on 
this t imescale, and the presence of such low-frequency mot ions was fur
ther indicated by the strong dependence of < T i p ( C ) > values on the field 
strength B i ( C ) for these carbons. A g a i n , these spin-re laxat ion results were 
consistent w i t h a s t ruc tura l model i n which the suber in po lymer was at 
tached to (rather than embedded in) a relat ively r ig id cell w a l l . 
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Table V . S p i n - R e l a x a t i o n Parameters for Suberized C e l l W a l l s 

C a r b o n T y p e < T i p ( H ) > ( m s ) a 37 k H z 

< T l P ( C ) > ( m s ) k 

44 k H z 50 k H z 60 k H z 

( Ç H 2 ) „ 5.7 2.7 3.1 3.8 4.4 
6 6.8 3.3 6.3 7.8 9.8 

2,3,5 6.8 9.9 17.7 21.4 28.0 
1 6.7 11.9 — 19.1 25.9 

a romat i c s c 5.3 6.4 6.5 6.2 7.7 

a F r o m a straight- l ine fit of 1 3 C signal heights vs. contact t imes of 1.5-
12.0 ms. Accuracy of the measurements was 10%. 

6 F r o m a straight- l ine fit of 1 3 C signal heights vs. Ti />(C) ho ld t imes 
of 0.05-1.00 ms. Values of B i ( C ) were as noted. A c c u r a c y of the 
measurements was 10%

c Resonance at 116 p p m . 

Conclusions 

Sol id-state 1 3 C N M R was employed to characterize intact samples of cu t in 
and suber in biopolyesters. A l t h o u g h a considerable degree of s t ruc tura l 
heterogeneity was observed for b o t h materials , i t was possible nonetheless 
to resolve and assign many N M R peaks, even when the polyesters were 
accompanied by waxes or cell walls . Quant i ta t ive estimates for the v a r i 
ous a l iphat ic , aromatic , and carbonyl carbon types indicated that cut in was 
p r i m a r i l y a l iphat ic i n composit ion, whereas suberin had more aromatic and 
olefinic moieties. A d d i t i o n a l analysis should be fac i l i tated by the b iosyn
thetic incorporat ion of selectively 1 3 C - e n r i c h e d precursors (26,27) . 

K e y features of molecular structure were also deduced f rom the dy 
namic characteristics of these plant polymers: (a) long runs of methy 
lene groups i n cut in were flexible enough to display N M R spectra u n 
der d i rec t -po lar izat ion /sca lar -decoupl ing condit ions; (b) other methylenes 
formed shorter molecular segments ( in cutin) or were associated w i t h cell 
walls ( in suberin) and must be observed w i t h c ross -po lar izat ion /d ipo lar -
decoupl ing N M R methods; (c) many of the moieties described in (b) had 
sp in-re laxat ion parameters that suggested considerable mot ion on M H z and 
k H z timescales; (d) esters of secondary alcohols probably const ituted r i g id 
crosslinks and contr ibuted to the integrity of these b iopolymers , as i n d i 
cated by their T i ( C ) and < T i p ( C ) > values. T h u s , cu t in appears to be a 
resilient crosslinked net t ing , whereas suber in is rendered somewhat more 
r i g id by the cel l -wal l m a t r i x i n which i t grows. 

For the s tudy of complex cut icular mixtures , measurements of cross-
po lar izat ion dynamics proved to be especially informative . T h e equality 
of Ti />(H) values i n cut in -wax assemblies demonstrated that these cut i cu 
lar materials were mixed int imately . B y contrast, T i p ( H ) measurements 
showed that the polymeric components of suberized cell walls were present 
in d ist inct domains , suggesting that suberin was attached at a few struc
t u r a l sites rather t h a n being embedded i n the polysaccharide w a l l . 
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P r e l i m i n a r y s t ruc tura l studies of cut in and suberin breakdown involved 
examinat ion of 1 3 C N M R spectra for insoluble residues that were resistant 
to chemical depolymerizat ion . In cut in samples, flexible C H 2 moieties in 
part i cu lar were removed by such treatments, but C H O C O R crosslinks and 
polysaccharide impur i t ies were retained preferentially. A concomitant nar 
rowing of N M R spectral lines suggested that the treatments produced more 
homogeneous polyester structures in both cases. O u r current studies of cu -
t i cu lar breakdown also employ selective depo lymer izat ion strategies w i t h 
appropriate enzymes (1,28) . 

These results demonstrated the usefulness of 1 3 C N M R i n studies of 
molecular structure and dynamics for the polymeric constituents of plant 
cuticle . A l t h o u g h these mater ials are insoluble and sometimes present as 
interpenetrat ing phases, C P M A S and spin re laxat ion techniques helped 
identify impor tant carbon types and provided s t ruc tura l clues to the pro
tective functions of cut in and suberin in terrestr ial plants . 
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Chapter 17 

Cellulose Biosynthesis 

The Terminal Complex Hypothesis and Its Relationship 
to Other Contemporary Research Topics 

Arland T. Hotchkiss, Jr. 

U.S. Department of Agriculture, Agricultural Research Service, Eastern 
Regional Research Center, 600 East Mermaid Lane, Philadelphia, 

Cellulose biosynthesis is a complex, sensitive, and not 
fully characterized process that occurs in organisms rang
ing from plants to bacteria to animals. Two fundamen
tal approaches have been used to investigate cellulose 
biosynthesis; one structural and the other biochemical. 
The terminal complex hypothesis proposes that the cellu
lose synthesizing enzyme complex can be visualized with 
electron microscopy. Terminal complex is the name given 
to collections of plasma membrane particles thought to 
represent the cellulose synthase. While direct evidence is 
still not available to support this hypothesis, the amount 
of indirect supporting evidence has grown dramatically 
in the past few years. The relationship between terminal 
complexes, cellulose physical structure and the biochem
ical events of cellulose biosynthesis will be discussed. 

Cel lulose , a polysaccharide consisting of l inear l ,4 - / ? -D-anhydrog lucopyra-
nose chains latera l ly associated by hydrogen bonds, is the most abundant 
and commerc ia l ly impor tant plant cell wa l l po lymer (1). Consequently , 
cellulose is also one of the most thoroughly investigated plant cell wa l l 
polymers . However, i t is enigmatic in the sense that significant elements of 
cellulose phys ica l structure and the mechanism of cellulose biosynthesis s t i l l 
are not wel l understood. Since these subjects have been reviewed recently 
(2-10), this review w i l l update topics covered previously and provide a new 
analysis of selected topics of contemporary interest. 

Cellulose Assembly 

T h e te rmina l complex hypothesis proposes that s t ruc tura l manifestations 
of the cellulose synthase enzyme complex can be visual ized w i t h the freeze 
fracture specimen preparat ion technique for electron microscopy. These 
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structures , consisting of collections of intramembranous particles observed 
on the internal fracture faces of the p lasma membrane, are frequently asso
ciated w i t h the ends of cellulose micro f ibr i l impressions. Furthermore , since 
b iochemical evidence has demonstrated that cellulose biosynthesis occurs 
at the p lasma membrane and te rmina l complexes are located at the site of 
cellulose micro f ibr i l assembly, the hypothesis proposes that t e r m i n a l c om
plexes are the cellulose synthase prote in complexes. 

Since Roelofsen (11) and Preston (12) first provided the conceptual b a 
sis for the t e rmina l complex hypothesis, these structures have been reported 
i n a variety of organisms reviewed by B r o w n (6). T h e rosette /globule ter
m i n a l complex consists of a col lection of s ix particles arranged hexagonally 
on the protoplasmic face ( P F ) w i t h a complementary globule on the ex-
oplasmic face ( E F ) of the p l a s m a membrane. Since the last review (6), 
rosette t e rmina l complexes have been observed i n the vascular plants Le-
pidium sativum L . (13) and  (14), as well as i n the green algae 
Chara globularis var. capillacta
and Mougeotia sp. (17,18). T h e l inear t e rmina l complex consists of part ic le 
rows (single, t r ip le , or diagonal) and have been reported on the E F , P F , or 
both faces of the p lasma membrane. L inear t e rmina l complexes consist ing 
of d iagonal rows of P F intramembranous particles have been reported re
cently i n Vaucheria of the Xanthophyceae (19). T h e remarkable d ichotomy 
between the taxonomic d i s t r ibut ion of the rosette /globule and l inear types 
of t e rmina l complexes continues to exist (18). Rosette /g lobule t e r m i n a l 
complexes have been observed throughout the evolut ionary spec trum of 
organisms f rom pr imi t ive plants such as green algae (Charophyceae) to a d 
vanced vascular plants . However, l inear t e rmina l complexes are only found 
i n certain algal groups; the Chlorophyceae and Ulvophyceae classes i n the 
green algae, the Xanthophyceae (yellow-green algae) and the Phaeophyceae 
(brown algae, Pelvetia, 20). 

Direct microscopic evidence demonstrat ing that t e r m i n a l complex par 
ticles are cellulose synthesizing enzymes is not current ly available and w i l l 
await the product ion of antibodies against cellulose synthase fol lowing its 
isolat ion and pur i f i cat ion . However, the proposal that t e rmina l complexes 
are part of the cellulose synthase complex is increasingly becoming accepted 
(2) due to the accumulat ion of indirect evidence support ing this hypothe
sis. Some of the most convinc ing data correlates h igh densities of t e r m i n a l 
complexes w i t h localized deposit ion of cellulose microf ibr i ls dur ing certa in 
stages of plant cel lular development. Rosette /g lobule t e r m i n a l complex 
density values up to 191 per μπι2 were observed under the secondary cell 
wal l thickenings of x y l e m tracheary elements of Lepidium sativum (13) and 
of Zinnia elegans (14). It has been k n o w n for quite some t ime that i n 
t ip -growing plant cells the density of rosette /globule t e rmina l complexes 
increases dramat i ca l ly at the t ip (up to 48 rosettes per / i m 2 ) , where the 
most active cellulose micro f ibr i l deposit ion occurs (21,22). 

T h e identi f ication of t e rmina l complexes i n the Gram-negat ive bac
t e r i u m Acetobacter xylinum now appears to be i n doubt . Previous ly , a single 
l inear row of particles observed on the outer l ipopolysaccharide membrane 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



234 PLANT C E L L WALL POLYMERS 

P F had been proposed as the t e rmina l complex (23) and associated pores 
were reported on the outer membrane E F (24). Due to their p r o x i m i t y to 
the site of cellulose r ibbon extrusion f rom the cell surface, these structures 
were assumed to be responsible for cellulose synthesis. A model was a d 
vanced i n wh i ch cellulose synthase was local ized on the outer membrane , 
which invoked adhesion sites between the outer and p l a s m a membranes as a 
mechanism to exp la in the transfer of uridine-diphosphoryl-glucose ( U D P G ) 
f rom the cytop lasm to the cellulose synthases (25,26). However, when the 
outer and p lasma membranes of Acetobacier were isolated separately by 
density-gradient centr i fugation, the cellulose synthase a c t i v i ty was local ized 
only i n the p lasma membrane fract ion (27). Therefore, the l inear structures 
observed on the Acetobacier outer membrane, while they may be associated 
i n some manner w i t h cellulose biosynthesis, are probably not the cellulose 
synthase t e r m i n a l complexes. Since no u l t ras t ruc tura l evidence for adhe
sion sites between the outer and p lasma membranes has been presented, a 
thorough investigation of
t i on f rom the cytoplasmic membrane to the outer membrane i n Acetobacier 
xylinum is now i n order. 

T e r m i n a l C o m p l e x Structure a n d Phylogeny 

Informat ion derived f rom termina l complex structure has been used to 
probe phylogenetic relationships between cellulose produc ing organisms 
(6,17,18,26,28-30). A s or ig inal ly proposed (26), four characteristics of cel
lulose assembly (fixed vs. mobile sites of cellulose biosynthesis, l inear vs. 
rosette t e r m i n a l complexes, consolidated vs. unconsol idated t e r m i n a l com
plexes, p l a s m a membrane insertion of t e rmina l complexes) were considered 
significant w i t h regard to phylogenetic relationships. W h i l e most of these 
characteristics are s t i l l considered signif icant, their importance in deter
m i n i n g phylogenetic relationships has been reinterpreted. Consequently , 
changes were made i n the relative positions of organisms possessing t e rmina l 
complexes i n phylogenetic schemes which also reflect other u l t r a s t r u c t u r a l 
and biochemical characteristics (18). 

Fixed vs. mobile sites of cellulose biosynthesis. T h e phylogenetic u t i l i t y of 
the fixed vs. mobi le site characteristic of cellulose biosynthesis reflects b a 
sic s t ruc tura l differences between prokaryotic and eukaryotic organisms. In 
eukaryotic organisms, cellulose is produced f rom te rmina l complexes that 
move i n the plane of the " f luid-mosaic" p l a s m a membrane by the force 
generated f rom micro f ibr i l assembly (31), and deposit cellulose so that i t 
envelops the cel l . In contrast, most cel lulose-producing prokaryot ic organ
isms ( inc lud ing Acetobacier, Achromobacier, Aerobacter, Agrobactenum, 
Alcaligenes, Azotobacter, Pseudomonas and Rhizobium; 32) extrude ce l lu 
lose as a r ibbonl ike extracel lular product f rom a single fixed site on the cell 
surface. However, a cellulosic extracel lular layer was reported i n Sarcina 
(33). It would not be possible for the mobi le site mechanism of cellulose 
biosynthesis to exist i n prokaryotes due to the compl i cat ion of cellulose 
extrusion through the p e p t i d y l g lycan cell wal l and outer membrane. 
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Consolidation of rosette/globule terminal complexes. T h e strongly con
served nature of t e rmina l complex morphology i n certain eukaryotic taxo -
nomic groups led to the reorganization of phylogenetic relat ionships, w h i c h 
were based on cellulose biosynthesis, a long either a rosette t e r m i n a l com
plex pathway or a l inear t e rmina l complex pathway (28). T h e significance 
of t e r m i n a l complex consol idation is most obvious w i t h zygnematalean a l 
gae i n the rosette pathway. In this case, b o t h so l i tary t e r m i n a l complexes 
and t e rmina l complex rows are associated w i t h micro f ibr i l assembly d u r i n g 
p r i m a r y wal l f ormat ion , whereas hexagonal arrays of t e r m i n a l complexes 
are involved i n secondary wal l micro f ibr i l assembly. These examples rep
resent three levels of t e rmina l complex consol idat ion. F i r s t , the so l i tary 
rosette consists of s ix intramembranous particles consolidated i n a pat tern 
that contains six-fold ro tat iona l symmetry . Second- and th ird-order con
so l idat ion is observed i n the l inear t rans lat ion of rosette /g lobule t e r m i n a l 
complexes into rows or hexagonal arrays. 

T e r m i n a l complex consolidatio
plants as loosely al igned files of rosettes associated w i t h secondary wa l l 
f ormat ion (13,14,34,35). S imi lar rosette files were also observed d u r i n g 
p r i m a r y wal l format ion i n rap id ly e longating regions of Avena coleoptiles 
(6,36). W h e n coleoptiles were gravis t imulated , t e rmina l complex disag
gregation occurred only on the lower coleoptile hemicyl inder as evidenced 
by the observation of so l i tary globule t e rmina l complexes (6,36). It was 
proposed that so l i tary te rmina l complexes produced microf ibr i ls w i t h less 
intermicro f ibr i l lar hydrogen bonding than was present between microf ibr i ls 
deposited by consolidated t e rmina l complexes, a l lowing the lower h e m i 
cyl inder to bend upward (36). 

There appears to be a direct correlation between t e rmina l complex 
length (l inear consolidation) and the w i d t h of the micro f ibr i l produced. 
T h e best example of this correlation is i n the deposit ion of secondary wal l 
microf ibr i ls i n Micrasterias by hexagonal arrays of rosettes (37). In this 
example , the longest row of rosettes (up to 16 rosettes) located i n the 
center of the array was associated w i t h the widest microf ibr i ls (up to 28.5 
n m ) , whi le shorter rows were associated w i t h narrower microf ibr i ls . T h e 
relat ionship between the number of rosettes i n a row and micro f ibr i l w i d t h 
is not propor t i ona l , however, since rows of 5 rosettes were associated w i t h 
the deposit ion of 20 n m microf ibr i ls in Spirogyra (38) and so l i tary rosettes 
were associated w i t h 8 n m microf ibr i ls i n Mougeotia (17). T h e loosely 
associated files of rosettes involved i n secondary wal l f ormat ion i n vascular 
plants have less l inear order than the rosette rows found i n zygnematalean 
hexagonal arrays. Correspondingly , the micro f ibr i l w idths of the former 
were narrower than those i n the latter . T h e consequence of the two types 
of secondary wal l f ormat ion is that the zygnematalean secondary cell wa l l 
is more r i g id than that t y p i c a l of vascular plants (30), a characterist ic that 
may be m u t u a l l y advantageous for each organism in a funct ional sense. 

Consolidation of linear terminal complexes. T h e correlat ion between l inear 
consol idat ion of t e rmina l complexes and micro f ibr i l w i d t h does not appear 
to be as consistent for l inear t e rmina l complexes, a l though this correlat ion 
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was previously reported (2,39). Oocystis and Boergesenia had the same 
average t e rmina l complex length (510 n m ) , wh i ch was greater t h a n that 
observed i n Valonia (350 nm) and i n Vaucheria (192 n m ) , whi le the Oocys
tis, Valonia and Vaucheria micro f ibr i l w idths were s imi lar (20 n m ) but 
10 n m less t h a n that of Boergesenia (19,39,40). T h e s t r u c t u r a l develop
ment of the l inear t e rmina l complex has recently been reported d u r i n g the 
regeneration of Boergesenia and Valonia protoplasts fo l lowing wounding 
(41) . In both genera t e rmina l complex l inear consol idation was reported 
to increase dur ing p r i m a r y wal l f o rmat ion , reaching a m a x i m u m length as 
secondary wal l f o rmat ion commenced. S i m i l a r results also were observed 
i n Boodlea (Siphonocladales) dur ing p r i m a r y and secondary w a l l f o rmat ion 
(42) . T h u s , l inear t e rmina l complex consol idation appears to be a manifes
ta t i on of the stage of cell wa l l development rather t h a n a significant factor 
i n the determinat ion of micro f ibr i l dimensions. 

Plasma membrane insertion
ule t e rmina l complexes observed i n the Zygnematales (Micrastenas, Clos-
terium, Spirogyra and Mougeotia) were previously thought to be more 
transmembrane t h a n those typ i ca l of vascular plants (26,37), the former 
t e rmina l complexes are now considered to be more closely related to the 
latter t h a n to the transmembrane l inear t e rmina l complexes characteris
t ic of the Ulvophyceae (18). T h i s statement does not i m p l y disagreement 
w i t h the observation that part of the rosette structure may be pul led away 
w i t h the globule when the leaflets of the p l a s m a membrane separate d u r i n g 
the freeze fracture process. Rosette substructure appears to be a universal 
characteristic of globular t e rmina l complexes, since i t has been observed 
i n vascular plants (30,43) and i n the Zygnematales (37). It now appears 
that whi le the entire rosette /globule t e rmina l complex spans the p l a s m a 
membrane based on observations of complementary double replicas (37), 
neither the rosette nor the globule i n d i v i d u a l l y are transmembrane p a r t i 
cles as suggested previously (37). 

H e r t h (29) first reported that the rosette t e rmina l complex was charac
teristic of those algae (Charophyceae) which represent the evolut ionary l ine 
that gave rise to higher land plants . Several other taxonomic characteristics 
also are thought to support the proposal that the Charophyceae represents 
this phylogenetic l ine (44). Therefore, the insert ion of the rosette /globule 
t e rmina l complex i n the p lasma membrane does not appear to be phyloge-
net ical ly signif icant, whereas this is the case for the l inear t e rmina l complex . 
V a r i a t i o n i n l inear t e rmina l complex p lasma membrane insert ion exists i n 
organisms representing d is t inct ly different taxonomic groups. O n l y E F l i n 
ear t e rmina l complexes are observed i n Oocystis (Chlorophyceae) , whi le 
those i n Vaucheria (Xanthophyceae) are observed only on the P F and those 
characteristic of Valonia and Boergesenia (Ulvophyceae) are found on both 
the E F and P F . T h e taxonomic groups represented by those organisms pos
sessing l inear t e rmina l complexes are not considered to be closely related i n 
a phylogenetic sense based on other u l t ras t ruc tura l and b iochemical char
acteristics (44). 
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Cellulose Structure 

V a r i a t i o n i n the phys ica l structure of cellulose has been observed according 
to its source and developmental stage (2,5). T h i s var ia t i on , w h i c h includes 
differences i n micro f ibr i l crystal lographic or ientat ion , degree of po lymer i za 
t i on ( D P ) , transverse crystal l ine dimensions (crystal l i te size), patterns of 
g lucan cha in hydrogen bonding and g lucan chain polar i ty , has made the 
basic crystal l ine structure of cellulose difficult to determine. X - r a y diffrac
t i on studies have identified several crystal l ine po lymorphs of cellulose (45). 
Cel lulose isolated f rom plants and bacter ia typ i ca l ly occurs i n the f o rm of 
cellulose I (native cellulose). T h e cellulose II p o l y m o r p h is formed f rom cel
lulose I by treatment w i t h a lka l i (mercerization) or by prec ip i tat ion f r om 
so lut ion . A reversal i n g lucan chain po lar i ty f r om paral le l to ant ipara l le l is 
thought to result f rom the conversion f rom cellulose I to II . W h i l e cellulose I 
and II are the most common po lymorphs , other forms (cellulose I I I , I V and 
X ) have been reported (45)

T h e cellulosic microf ibr i ls of Acetobacier, and those present i n the p r i 
m a r y and secondary walls of vascular plants are twisted and show no pre
ferred crystal lographic or ientat ion relative to the cell surface. However, flat 
crystal lographical ly oriented microf ibr i ls are produced by s iphonocladalean 
algae (Valonia, Boergesenia; Ulvophyceae; 46; Roberts and Hotchkiss , u n 
publ ished results) , c ladophoralean algae (Cladopkora, Chaetomorpha; U l 
vophyceae; 47,48), zygnematalean algae (Mougeotia; Charophyceae ; 18) 
and xanthophycean algae (Vaucheria; 19) i n which the 6.OA latt ice plane 
of cellulose is typ i ca l ly paral le l to the cell surface (unip lanar or ientat ion , 1). 
T h e flat Spirogyra (Zygnematales) microf ibri ls appear to have unusual u n i 
p lanar or ientat ion , since either the 3.9Â or the 5.4Â latt ice planes have been 
reported to para l le l the cell surface (49). U n u s u a l un ip lanar or ientat ion also 
has been reported i n Oedogonium (Chlorophyceae) , i n wh i ch the 5.4Â l a t 
tice plane was observed to paral le l the cell surface (1,50). Differences i n 
cellulose micro f ibr i l crystal lographic or ientat ion w i t h i n the Zygnematales 
are thought to result f rom the presence (Spirogyra) or absence (Mougeo
tia) of secondary wa l l formation (18). In this regard, i t w i l l be interest ing 
to see i f other zygnematalean algae w i t h secondary wal l f ormat ion (i.e., 
Micrasterias, Closterium) possess the same unusual un ip lanar or ientat ion . 

Further cellulosic s t ruc tura l var iat ion is displayed by D P and c rys ta l 
l i te size parameters. Acetobacier and vascular plant p r i m a r y w a l l celluloses 
are low i n D P (2,000-6,000), whi le s iphonocladalean and vascular plant 
secondary wa l l celluloses are re lat ively h igh i n D P (> 10,000) (2). D u r i n g 
cotton fiber development, the cellulose I V p o l y m o r p h is produced dur ing 
p r i m a r y wa l l f ormat ion , while i n secondary walls , cellulose I is observed 
(51). T h e cellulose crystal l i te size is highest in ulvophycean and certa in 
chlorophycean algae (114-169Â), lowest i n vascular plants (49-62Â) and i n 
termediate i n Acetobacier (70-84Â) (1). It appears that cellulose crystal l ine 
dimensions are independent of the type of t e rmina l cellulose synthesiz ing 
complex. T h e idea that cellulose biosynthesis is not exclusively responsible 
for determining its crystal l ine dimensions has been proposed previously by 
M a r x - F i g i n i (52). 
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R a m a n spectroscopy and 1 3 C C P - M A S N M R techniques have proved 
i m p o r t a n t i n the investigation of cellulose crystal l ine s tructure (3). Based 
on the nonequivalence of alternate β (1-4) g lucan chain glycosidic linkages 
as determined by R a m a n spectroscopy, i t was concluded that the basic 
repeat ing un i t was a disaccharide (53). T h e slight r ight and left -handed 
deviations f rom a two-fold screw axis were approx imated by those observed 
i n the crysta l structures of cellobiose and methyl- /?-cellobioside model d i -
saccharides. Cel lulose computer models have also been generated based 
on the glycosidic oxygen bond ro tat iona l angles. These computer models 
were reported to better approximate the saddle pos i t ion between the two 
major ro ta t i ona l angle energy of conversion m i n i m a (thought to be rep
resentative o f native cellulose) t h a n the cellobiose and methyl-/?-cellobiose 
crystal lographic models (54). 

Microscopic evidence conf irming cellulose I g lucan chain po lar i ty was 
reported previously w i t h Valonia cellulose (55,56). Recently , para l le l cha in 
po lar i ty also was demonstrate
labeled reducing ends at only one end of Acetobacier cellulose I fibrils (57). 
T w o dist inct crystal l ine forms of cellulose I ( I a and Ιβ) were reported by 
A t a l l a and V a n d e r H a r t (58), based on C P - M A S 1 3 C N M R evidence. C e l 
lulose I a and I^ differed only i n their patterns of hydrogen bonding , whi le 
their molecular conformations were otherwise ident ica l (3). A l l cellulose 
microf ibr i ls were thought to be mixtures of I a and lp forms w i t h the I a 

f o rm predominant i n cellulose f rom siphonocladalean algae and Acetobac
ier, whereas vascular plant cellulose p r i m a r i l y consisted of the \β f o rm. 
These conclusions were recently modif ied (59) fol lowing observations of the 
preferential la suscept ibi l i ty to ac id hydrolysis and mechanica l beat ing , as 
wel l as so l id state 1 3 C N M R methods w h i c h enhance the crystal l ine core 
resonances. It was determined that vascular plant cellulose consists almost 
exclusively of the Ιβ f o rm, w i t h far less ( i f any) I a content than reported 
earlier. T h e celluloses of Mougeotia and Chara were recently reported to 
be predominant ly 1^ (60). T h i s evidence suggests that a correlat ion exists 
between the presence of so l i tary rosette /globule t e rmina l cellulose synthe
s iz ing complexes and the assembly of Ιβ cellulose (60). L inear t e r m i n a l 
complexes may be associated w i t h the formation of a m i x t u r e of both I a 

and Ιβ crystal l ine forms. 
It now appears that cellulose I is not exclusively the native p o l y m o r p h 

present i n a l l organisms. T h e results reported or ig inal ly by Sisson (61), 
wh i ch provided evidence that cellulose II was the nat ive p o l y m o r p h present 
i n Halicystis (Ulvophyceae) cell walls , were recently reinvestigated and con
firmed (62). A d d i t i o n a l l y , cellulose II produc ing mutants of Acetobacier 
have been isolated and analyzed w i t h x - ray and low-dose electron diffrac
t ion (63). W h e n cellotetraose is induced to crystal l ize i n so lut ion i t forms 
a s tructure whi ch has been used as a model compound a p p r o x i m a t i n g the 
crystal lographic nature of cellulose II based on x - ray di f fract ion, electron 
dif fraction and C P - M A S 1 3 C N M R evidence (64). Signif icantly , i n a l l cases 
where Acetobacier cellulose synthase in vitro ac t iv i ty has been reported, 
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the product was cellulose II as determined by x-ray and low-dose electron 
dif fraction (27,65). These observations indicate that cell-free synthesis of 
cellulose I is not known and that the spat ia l arrangement o f components re
sponsible for the biosynthesis of cellulose I may be easily d i s turbed . There 
fore, the biosynthesis of cellulose II i n nature may reflect alterations i n the 
structures responsible for cellulose assembly i n those organisms where i t 
has been observed. 

In Vitro Cellulose Synthase A c t i v i t y 

W h i l e p a r t i a l pur i f i cat ion of U D P G : l , 4 - / ? - D - g l u c a n glucosyltransferase (cel
lulose synthase) f rom Acetobacter has been achieved (2,27,65), i t has not 
been possible to demonstrate cellulose synthase ac t iv i ty in solubi l ized vas
cular p lant membrane fractions. Instead, isolated vascular plant membranes 
produced β (1-3) g lucan (callose) using U D P G as a substrate. Prev ious ly 
reported low levels of β (1-4
solubi l ized membranes are now thought to represent xy log lucan biosynthe
sis (2,66). A possible candidate for the Acetobacter cellulose synthase has 
been purif ied as an 83 K d concanavalin Α-binding glycoprote in (65). A n 
earlier report of in vitro cellulose biosynthesis by Acetobacter d ig i t on in -
solubi l ized membranes (67) is now considered to be i n doubt since the 
product formed was reported as cellulose I and a correlat ion between the in 
vitro product formed and the observed electron dif fraction pattern was not 
demonstrated (27). Cel lulose synthase ac t iv i ty was local ized on the p l a s m a 
membrane of Acetobacter (27), and is k n o w n to be regulated by b is - f3 ' -
5 ' ) -cyclic d iguanyl ic ac id , wh i ch is degraded by a membrane-bound C a * + -
sensitive phosphodiesterase (2,68). However, vascular plant cellulose s y n 
thase does not appear to be under s imi lar contro l . A c c o r d i n g to Delmer (2), 
the vascular plant cellulose synthase is a mul t i func t i ona l /?( l -3) : /?( l -4) g l u -
cosyltransferase under the regulat ion of an 18 K d 2,6-dichlorobenzonitr i le 
( D C B ) b i n d i n g protein and C a 2 + . In order to test this hypothesis , a n t i 
bodies raised against the D C B b ind ing prote in and callose synthase w i l l be 
used to examine their affinity for rosette/globule t e rmina l complexes (69). 
F r o m the results of this research, i t w i l l be possible to determine whether 
cellulose synthase and callose synthase are the same enzyme complexes 
and i f the t e rmina l complex structure is actual ly associated w i t h cellulose 
biosynthesis. 

It also should be noted that Northcote (70; see chapter 1, th is vo l 
ume) has proposed a mechanism to exp la in the product ion of callose when 
vascular plant cells are damaged ( inc luding dur ing membrane isolat ion for 
in vitro cellulose synthase ac t iv i ty ) . In this model , the cellulose synthase 
complex includes a b i n d i n g prote in which controls the or ientat ion of the 
growing glucan chain non-reducing end. Under n o r m a l condit ions, the C-4 
h y d r o x y l at the non-reducing end is oriented so that i t is the most favored 
site for transfer of the next glucose f rom U D P G . W h e n cell damage occurs, 
the or ientat ion of the b i n d i n g prote in is d isrupted so that the C - 3 h y d r o x y l 
is the most favored site for acceptance of glucose. However, this model fails 
to exp la in how the transfer of glucose to the glucan chain non-reducing end 
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is coordinated so that each successive glucose is rotated 180° relat ive to 
the adjacent one. N o exper imental evidence is current ly available to de
termine the possible correlation between the Northcote model and electron 
microscopic observations of t e rmina l complex structure . 

Progress comparable to that made i n understanding the β (1-4) g lucan 
po lymer izat ion event has not been achieved w i t h the cellulose c rys ta l l i za 
t i on process, since no evidence demonstrat ing the in vitro p roduc t i on of 
cellulose I has been reported. Haigler ' s cell -directed self-assembly model 
comes closest to exp la in ing cellulose c rysta l l i zat ion i n Acetobacter (25,26). 
T h i s model proposes that l inear rows of outer membrane part ic le pores 
m a i n t a i n nascent β (1-4) g lucan chains i n 1.5 n m nondissociable fibrils as 
they are extruded. Outs ide of the cel l , g lucan chains i n register (established 
by the outer membrane pores) spontaneously self-assemble into 3.5 n m cel
lulose I microf ibr i ls . 

H o w the self-assembly of 1.5 n m fibrils occurs is the source of cur
rent debate. R u b e n an
observed 1.78 n m submicrof ibri ls arranged i n a le f t -hand-twisted, t r ip l e -
stranded pattern w i t h i n 3.68 n m microf ibri ls by p la t inum-carbon shadow
ing for electron microscopy. T h e y concluded that this type of construct ion 
was incompat ib le w i t h the proposal (5,26) that microf ibr i ls were formed 
by the latera l fasciation of 1.5-1.8 n m fibrils along crysta l latt ice planes. 
A hélicoïdal association of submicrof ibri ls mediated by the hydrogen-bond 
forces of xylose-containing hemicellulosic polysaccharides was suggested as 
the mechanism of self-assembly i n Acetobacter (71). However, the recent 
evidence that crystal lattices of Acetobacter cellulose up to 25 n m wide 
were imaged by electron microscopy (72), suggests that continuous, u n i n 
terrupted crystal l ine domains of cellulose exist , which intr ins i ca l ly follow 
crysta l latt ice planes. Furthermore , no evidence for the presence of xylose-
containing polysaccharides i n Acetobacter pellicles was confirmed (Gretz 
and Hotchkiss , unpubl ished data) . Therefore, the self-assembly of 1.5 n m 
fibrils into microf ibri ls probably occurs i n a hel ical fashion, but by a mech
an i sm w h i c h mainta ins the symmetry of congruent latt ice planes. M o r e 
evidence is needed to prove that the self-assembly process is hélicoïdal. 

A l t e r a t i o n of Cellulose Biosynthesis 

A t t e m p t s to examine the process of cellulose crysta l l i zat ion have frequently 
involved cu l tur ing Acetobacter i n the presence of fluorescent brighteners, 
direct dyes, carboxy-methyl-cel lulose, or other agents which compete for 
interchain hydrogen bond sites, thereby d i srupt ing micro f ibr i l f o rmat ion 
(5,26). T h e sheet-like structure of the altered Acetobacter cellulose is now 
better understood fol lowing x - ray and electron diffraction analysis (73). 
T h e results of this s tudy indicated that fluorescent br ightening agents, such 
as Calco f luor , stack transverse to the glucan chain long axis and assume 
a hel ical or ientat ion due to g lucan chain twis t ing . T h e p r i m a r y forces i n 
volved i n the s tacking of dyes to the nascent g lucan chains were reported 
to be hydrophobic interactions. Hel i ca l ly twisted fibrils of cellulose I could 
be regenerated f rom the noncrystal l ine altered cellulose fo l lowing water 
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washing. However, a reduction i n crystal l i te size relative to that typ i ca l 
of Acetobacter cellulose was observed. K a i (74) reported that dye-altered 
cellulose was not t o ta l ly amorphous, observing reflections at 6.0Â. In con
trast , the only reflections Haigler and C h a n z y (73) observed (3.99Â) w i t h 
s imi lar mater ia l were a t t r ibuted to the hel ical s tack ing of the dye. 

These results suggest that i f the events of cell -directed extrus ion and 
nascent g lucan chain self-assembly become uncoupled (as i n the case of cel 
lulose regeneration f r om dye-altered cellulose), the native crystal l ine ce l lu
lose dimensions w i l l not be achieved. T h e cell-directed self-assembly model 
is strengthened by this in format ion , w i t h the corol lary that the cellulose 
synthase is local ized on the p lasma membrane as suggested by B u r e a u and 
B r o w n (27). It appears obvious that , regardless of how the nascent g l u 
can chains traverse the p e p t i d y l g lycan cell wa l l and outer membrane , the 
c r i t i ca l s t ruc tura l components responsible for cell -directed extrus ion are 
local ized on the outer membrane
brane particles i n cellulos
directed extrusion mechanism was altered, leading to the c rys ta l l i za t i on of 
cellulose II . Future research examin ing the self-assembly of ex truded β (1-4) 
g lucan chains i n the presence of compounds that undergo cholesteric l i q u i d 
crystal f ormat ion should also y ie ld valuable in format ion that w i l l address 
the poss ib i l i ty of a hélicoïdal mechanism for micro f ibr i l construct ion . 

Since the events of g lucan chain po lymer izat ion and cellulose c rys ta l 
l i za t i on are not spat ia l ly separated i n eukaryotic organisms as they are i n 
prokaryot ic organisms, the observation of cellulose II i n the former (62,63) 
raises interesting questions concerning the structure of a t e r m i n a l complex 
that could assemble ant iparal le l cellulose. One poss ib i l i ty is that the P F 
component contains the cellulose synthase ac t i v i ty and the E F component 
either is miss ing or lacks the ab i l i ty to a l ign nascent g lucan chains i n a 
para l le l or ientat ion . A l ternat ive ly , i f cellulose II chain po lar i ty is p a r a l 
lel instead of ant ipara l le l , t e rmina l complex mediated cellulose II assembly 
would be much more easily explained based on our present knowledge. A 
paral le l crysta l structure model for cellulose II has been described recently 
(75). 

It is interesting to consider the effects of non-cellulosic cell wa l l polysac
charides on cellulose crysta l l i zat ion i n eukaryotic organisms. T h e add i t i on 
of purif ied pea xy log lucan (76) or mannodextr ins ( A t a l l a , personal c o m m u 
nicat ion) to Acetobacter cultures has been reported to prevent or alter cel
lulose micro f ibr i l c rys ta l l i zat ion . These results suggest that plant cell wa l l 
polysaccharides present dur ing micro f ibr i l deposit ion may alter cellulose 
biosynthesis. Based on ^ - N M R evidence (second moment and so l id echo 
analysis) , a model was proposed which suggests that cellulose microf ibr i ls 
f o rm a h ighly ordered complex w i t h an immobi le -populat ion of xy log lucan 
i n the p r i m a r y cell walls of bean hypocotyls (77). W h i l e this model is pre
l iminary , i t appears to i m p l y that the int imate association w i t h xy l og lucan 
may be due to c rysta l l i zat ion of cellulose i n the presence of xy log lucan at 
the p lasma membrane. These proposals represent a possible exp lanat ion 
for the observed var iat ion i n cellulose crystal l i te sizes that would be open 
to developmental regulat ion based on changes i n cell wal l compos i t ion . 
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C e l l wa l l components also have been reported to influence the pat 
tern of micro f ibr i l deposit ion. G l u c u r o n o x y l a n has been aff inity-labeled 
(xylanase-gold complex) preferentially at the points of hélicoïdal micro f i 
b r i l or ientat ion shifts between S i and S2 lamellae i n Tilia plaiyphyllos wood 
(78). It was proposed that the s t r u c t u r a l attr ibutes of the hemicel lulosic 
g lucuronoxylan (elongated stiff backbone w i t h short, flexible side chains) 
were favorable for cholesteric l i q u i d c rys ta l format ion . Therefore, through 
close association w i t h the cellulose, the g lucuronoxylan could induce a héli
coïdal t rans i t i on between S i and S2 micro f ibr i l orientations. T h e turnover 
of xy log lucan i n dicots and /?-glucan (mixed 1-3, 1-4 linkages) i n mono-
cots catalyzed by specific cell wa l l local ized glucanohydrolyases i n add i t i on 
to C a 2 + / H + ion exchange by acidic cell wa l l carbohydrates, are thought 
to al low the slippage reorientation of cellulose microf ibr i ls to occur dur 
ing cell e longation (79). C e l l wa l l glycoproteins may also influence the 
spat ia l arrangement of cellulose microf ibr i ls . T h e d i s t r ibut i on of i sod i ty -
rosine cross-links betwee
been proposed to establish a cell wal l m a t r i x mesh whi ch restricts the de
posit ion of cellulose microf ibri ls i n vascular plants (80). 

M o l e c u l a r Genetics of Cellulose Biosynthesis 

Biochemica l knowledge of biosynthetic metabo l i sm has often been aided 
by genetic studies of mutants defective i n key enzymes i n various anabol ic 
pathways. It is hoped that this research approach w i l l also be helpful i n 
investigations of cellulose biosynthesis. C u r r e n t l y Acetobacier mutants de
ficient i n cellulosic pellicle product ion (Pel"") have been produced (81,82). 
However, the P e l " mutants produced i n one study (82) s t i l l made s m a l l 
quantit ies of cellulose II in vivo, possessed n o r m a l U D P G : l , 4 - / ? - D - g l u c a n 
glucosytransferase ac t i v i ty in vitro and had no detectable galactose i n 
l ipopolysaccharides ( L P S ) . These observations were interpreted to mean 
that the Pel" " defect was not i n the cellulose po lymer izat i on event but 
that the defect may have been i n the preceding step catalyzed by U D P G 
pyrophosphorylase (83). However, an add i t i ona l m u t a t i o n affecting the 
structures responsible for nascent g lucan chain trans locat ion through the 
p e p t i d y l g lucan and outer membrane may also be present since cellulose II 
is produced i n vivo. T h e a l terat ion i n l ipopolysaccharide structure may 
be a manifestat ion of the latter type of defect i n P e l ~ mutants . Fur ther 
invest igat ion of these mutants should provide valuable in format ion about 
the mechanism of cellulose II formation and glucan chain translocat ion i n 
Acetobacter. 

Isolation and sequencing of the cellulose synthase gene(s) has not been 
accomplished yet; however, D N A from Acetobacter xylinum containing this 
gene(s) was cloned into broad host-range p lasmid vectors (82). These vec
tors were mobi l ized into P e l " mutants to test for complementat ion . T o date, 
this approach has not produced a pel l ic le - forming transconjugant f rom a 
P e l " mutant of Acetobacter (82). T h e direct correlat ion between cellulose 
produc t i on and presence of p lasmid D N A i n Acetobacter has been reported 
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(84), suggesting that the cellulose synthase gene(s) was local ized on one 
or more p lasmids . However, some Acetobacter strains lack ing p lasmids or 
cured of p lasmids were recently reported to produce cellulose (82). There 
fore, p lasmids cannot be regarded as the exclusive site for cellulose synthase 
genes. 

Conclusions 

M u c h progress has been made i n the field of cellulose biosynthesis i n the 
past few years. T h e d i s t r ibut ion of t e rmina l complexes i n plants has been 
more fu l ly described. T h e gap between u l t ras t ruc tura l observations o f ter
m i n a l complexes and biochemical evidence for their funct ion i n cellulose 
biosynthesis has been narrowed, leading to a growing acceptance of the ter
m i n a l complex hypothesis i n the scientific community . In Acetobacter, the 
cellulose synthase has been local ized on the p lasma membrane and signi f i 
cant progress has been mad
has been presented to describe the process of cell-directed self-assembly of 
Acetobacter cellulose r ibbons. Future examinat i on of the role of cholesteric 
l i q u i d c rys ta l l i zat ion i n cell-directed self-assembly may help to resolve dif 
ferences between this model and the tr ip le -stranded, le f t -hand-twisted ce l lu
lose micro f ibr i l model for cellulose c rys ta l l i zat ion . T h e diversity of cellulose 
phys ica l s tructure i n nature has been further defined. Espec ia l ly signif icant 
i n th is regard have been the observations of the correlation of t e r m i n a l com
plex type w i t h cellulose I a and 1^ structure and the occurrence of nat ive 
cellulose II. 

Due to the abundance of l i terature concerning cellulose structure and 
biogenesis, th is review was not intended to be comprehensive i n nature . 
Instead, interpretat ion , speculat ion and analysis of recent progress i n v a r i 
ous areas of cellulose biosynthesis research have been offered i n an at tempt 
to st imulate new ideas and discussion. M a n y of the recent investigations 
enumerated can potent ia l ly make significant contr ibut ions toward a better 
understanding of cellulose structure and its biosynthesis i n the future. T h e 
author agrees w i t h Delmer (2,85) that there is ample oppor tun i ty for new 
contr ibutors and novel approaches i n this enigmatic field. 
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Chapter 18 

(1,3)-β-Glucan Synthase 

Subunit Identification Studies 

B. P. Wasserman1, T. L. Mason1, D. J . Frost1, S. M . Read1 ,3, R. M . Slay2, 
and A. E. Watada2 

1Department of Food Science, New Jersey Agricultural Experiment 
Station, Cook College, Rutgers University, New Brunswick, NJ 08903 

2Horticultural Crops Quality Laboratory  U.S  Department 
of Agriculture, Agricultura

Research Center, Beltsville, MD 20705 

Tools have recently been developed that should enable 
identification of the catalytic subunits of the plasma 
membrane β-(1,3)-glucan synthase from red beet stor
age tissue and other plant sources. These include: an ef
ficient procedure for solubilization and enrichment of this 
enzyme using the detergent CHAPS, generation of anti
bodies, and use of affinity labels such as UDP-pyridoxal. 
In addition, it is shown that partially purified prepa
rations are enriched in several polypeptides including a 
54 kD polypeptide that becomes phosphorylated in the 
presence of ATP and protein kinase. Preliminary results 
of these studies are described. 

C e l l wa l l polysaccharides i n fungi and higher plants are thought to be 
biosynthesized f rom their appropriate monomeric precursors by membrane-
bound glycosyl transferases (1 ,2) . G l y c o s y l transferases f rom a variety of 
sources have been characterized i n crude f orm, but have proven diff icult to 
puri fy (3-7). T h i s has hindered generation of the genetic and immuno log 
ical probes necessary to s tudy the regulat ion of polysaccharide f ormat ion 
d u r i n g growth and development. 

O u r laboratory has been focusing on pur i fy ing and ident i fy ing the 
cata lyt i c subunits of the p lasma membrane / ? - ( l , 3)-glucan synthase f rom 
red beet storage tissue. T h i s source of g lucan synthase possesses good 
s tab i l i ty (8). Recent ly an effective procedure for p a r t i a l pur i f i cat ion 
consisting of two-step so lubi l i zat ion and gel filtration w i t h phospho
l i p i d ( funct ional reconst itut ion) using the detergent 3-[(3-cholamidopropyl) 
d imethylammonio] - l -propanesul fonate ( C H A P S ) was developed (4). In this 

3Current address: Plant Cell Biology Research Centre, School of Botany, University 
of Melbourne, Parkville, Victoria 3052, Australia 
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way, the specific ac t iv i ty of the enzyme could be increased f rom 50 U / m g 
i n microsomal membranes to over 1,000 i n the funct ional ly reconst i tuted 
f o rm. 

Efforts to pur i fy the enzyme beyond the reconstituted f o rm have proven 
difficult thus far due to ac t iv i ty losses occurr ing d u r i n g reso lubi l izat ion . 
Therefore, we have focused our efforts on identi f icat ion of subunits us
i n g methods that may be appl ied to par t ia l l y pure preparations (3). A p 
proaches that show promise are: (i) generation of antibodies to par t ia l l y 
pure fractions; (ii) use of affinity labels such as U D P - p y r i d o x a l ; and ( i i i ) 
s t u d y i n g the possible regulat ion of ac t iv i ty by phosphory lat ion and showing 
the existence of subunits that are phosphorylated by A T P i n the presence of 
added or endogenous protein kinases. O u r pre l iminary results are presented 
here. 

Mater ia ls a n d M e t h o d s 

Preparation of Glucan Synthase Fractions. M i c r o s o m a l and p l a s m a m e m 
branes were isolated by differential and density-gradient centri fugation. 
C H A P S - s o l u b i l i z e d g lucan synthase ( C S G S ) was prepared by the two-step 
procedure (4 ,9) . In step 1, contaminat ing proteins were extracted w i t h 
0 .3% C H A P S i n the presence of divalent cations and i n step 2 enzyme 
was so lubi l ized w i t h 0.6% C H A P S i n the presence of chelators. Recon
s t i tuted g lucan synthase ( R C G S ) fractions were prepared by passage of 
C S G S through a Sephacryl S-400 gel f i l t rat ion co lumn eluted w i t h 50 m M 
T r i s - H C l , p H 7.5, containing 0 .1% C H A P S , 0.15 m g / m l asolectin, 1 m M 
d i th i oe ry thr i t o l ( D T E ) and 5% glycerol . E n z y m e was assayed i n the pres
ence of 5 m M M g C b , 2 m M C a C b , 5 m M cellobiose or sucrose, 0 .01% 
d ig i ton in , 1 m M U D P G and 50 m M N-2 -hydroxyethy lp iperaz ine -N ' -2 -e th -
anesulfonic ac id ( H E P E S ) - N a O H or T r i s - H C l , p H 7.5. T h e specific ac t iv i ty 
of C S G S preparations ranged between 300-500 n m o l / m i n / m g and R C G S 
between 900 and 1,500 n m o l / m i n / m g . Detai ls of each of these procedures 
w i t h current modif ications are described i n a recent review (9). P l a s m a 
membranes f rom celery were isolated by two-phase p a r t i t i o n i n g essentially 
as described (10). 

Electrophoresis. Electrophoresis was conducted on 9 to 18% gradient gels 
under denatur ing condit ions as described (11,12) . For detect ion, proteins 
were electrotransferred to nitrocellulose paper (13) and stained using co l 
l o i d a l gold w i t h a silver overlay (14). 

Chemical Modification. Inhib i tor screening was conducted by pre incubat -
ing C S G S i n 50 m M H E P E S - N a O H w i t h each inh ib i tor as follows: N -
ethy lmale imide , 30 m i n , on ice, p H 8.0; phenylg lyoxal , 15 m i n , 30°C, p H 7.5; 
formaldehyde, 90 m i n , 23°C, p H 7.5, i n the presence of 10 m M N a C N B H 3 . 
U D P - p y r i d o x a l was preincubated w i t h C S G S on ice w i t h 5 m M M g C b , 
2 m M C a C l 2 , 5 m M cellobiose, 0 .01% d ig i ton in , and 125 m M H E P E S -
N a O H , p H 7.5. A f ter 1 hr , mixtures were brought to 50 μΜ N a B H 4 . 

Effector dependence studies w i t h U D P - p y r i d o x a l were conducted as 
follows: R e d beet p lasma membranes (10 / i g protein) were preincubated i n 
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80 μΐ of 50 m M H E P E S / N a O H , p H 7.5, containing 100 m M sucrose, 0 .01% 
d ig i ton in and effectors at the fo l lowing concentrations: M g C b , 5 m M ; 
C a C l 2 , 2 m M ; E G T A and E D T A , 1 m M each; and U D P G , 2.5 m M . T h i s 
was followed by add i t i on of U D P - p y r i d o x a l to 5 μ Μ . Af ter 30 m i n at 0°C, 
the reaction was stopped by add i t i on of N a B H 4 to 200 μΜ. Samples were 
incubated a further 10 m i n and tr ip l i cate 20 μΐ aliquots removed for assay. 
U D P - P y r i d o x a l was synthesized essentially as described (15). 

Phosphorylation. T o study regulat ion of enzyme act iv i ty , fractions were 
preincubated w i t h 150 μΜ A T P , 5 U prote in kinase cata lyt i c subunit f rom 
bovine heart, 5 m M M g C l 2 , 60 m M d i th io thre i t o l , 120 μ Μ A T P , 5-80 μg 
prote in depending on source and 50 m M T r i s - H C l , p H 8. Samples were 
held 5 m i n at 35°C and assayed. 

For label ing studies, samples were first concentrated to 8.5 μg of prote in 
and then phosphorylated i n a volume of 100 μΐ as above w i t h 2 μΟί [ γ— 3 2 P] 
A T P . Incubations were fo
on 10% po lyacry lamide gel

Results 

Electrophoretic Analysis. Electrophoret ic profiles of g lucan synthase frac
t ions purif ied f rom red beet are shown i n F igure 1. T o visualize prote in 
subunits it was necessary to ut i l i ze a h ighly sensitive s ta in ing method . For 
this system, co l lo idal gold s ta in ing followed by a silver overlay (F igure 1) 
gave excellent v isual izat ion (14). 

Three major polypept ide bands of 72, 68 and 54 k D , a l l of which cofrac-
t ionated w i t h the d i s t r ibut i on of enzyme ac t iv i ty on R C G S columns, were 
seen upon reconst i tut ion i n a l l preparations examined to date (F igure 1). 
Other polypeptides , whose presence and intensity seemed to vary between 
preparations, were seen at 45, 42 and 30 and 28 k D a . 

T h e fact that the 72, 68 and 5 4 k D polypeptides are invar iab ly present 
i n purif ied fractions raised speculat ion that these bands represented g lucan 
synthase subunits . A number of recent findings suggest that the 54 k D 
band might be of part i cu lar interest. These are: (1) a 54 k D band was 
greatly enriched i n a reconstituted fract ion f rom another plant source, celery 
( F i g . 2); (2) a 54 k D band had weak C a 2 + b i n d i n g act iv i ty i n the denatured 
state; (3) a 54 k D band became phosphorylated by b o t h endogenous and 
added kinases (see below); and (4) i n m u n g bean, a 54 k D band reacted 
w i t h a monoc lonal ant ibody directed against g lucan synthase ac t iv i ty (16). 

Antibody Generation and Immunoprecipitation. O b t a i n i n g antibodies that 
specif ically b o u n d to a cata lyt i c or regulatory subunit of g lucan synthase 
would represent a major step towards understanding the regulat ion and 
funct ion of this enzyme system. A s a first effort towards reaching this goal , 
po lyc lona l antibodies were generated against C S G S and R C G S fractions. 
R C G S antisera was tested for its ab i l i ty to immunoprec ip i tate act iv i ty . 
R C G S antibodies immunoprec ip i tated approximate ly 7 4 % of the ac t iv i ty 
relative to pre immune sera (Table I). T h i s confirmed the presence of a n t i 
bodies directed against the enzyme. 
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Figure 1. Electrophoret ic profiles of g lucan synthase fractions purif ied f rom 
red beet. Prote ins were transferred to nitrocellulose and stained by col lo idal 
gold followed by silver overlay. Lane 1, solubi l ized enzyme ( C S G S ) ; Lane 2, 
reconst ituted g lucan synthase ( R C G S ) . 
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Tab le I. Immunoprec ip i tat ion of C H A P S - S o l u b i l i z e d G l u c a n Synthase 

A c t i v i t y Percent 
Sera ( n m o l / m i n / m l ) Reta ined 

P r e i m m u n e 3.5 100.0 
Reconst i tuted 0.9 26.3 

E q u a l volumes of antigen and sera were combined i n 0 .85% ( w / v ) N a C l . 
E a c h m i x t u r e was incubated on ice for 7 hr . P r o t e i n A agarose was 
added followed by an add i t i ona l 1 hr incubat ion on ice. P r o t e i n A was 
pelleted by centri fugation and the supernatants assayed for act iv i ty . 

Immunoblots showed that antibodies were produced against many of 
the bands present i n both preparations. T h e impor tant question remains 
whether antibodies for specifi
precipitate the enzyme. W
specific antibodies by affinity puri f i cat ion (17,18) and by generating a n t i 
bodies to specific subunits excised f rom gels. T h e antibodies w i l l be raised 
against bo th native and deglycosylated forms of these antigens (19,20) . 

Affinity Labeling with UDP-pyridoxal. R e a d and Delmer (21) u t i l i zed the 
substrate analog U D P - p y r i d o x a l to inh ib i t m u n g bean glucan synthase. 
T h i s affinity label inh ib i t ed g lucan synthase at micromolar levels and i n 
h i b i t i o n was protected against w i t h U D P - g l u c o s e . A 42 k D polypept ide 
could be labelled w i t h [ 3 H ] U D P - p y r i d o x a l . 

Tab le II shows that U D P - p y r i d o x a l had a s imi lar i n h i b i t o r y effect on 
red beet g lucan synthase. It inh ib i t ed act iv i ty at much lower concentrations 
t h a n other covalent modi f i cat ion reagents, such as N-ethy lmale imide (cys
teine), phenylg lyoxal (arginine) and formaldehyde ( lysine). U D P - p y r i d o x a l 
had an I 5 0 that is 62-fold lower t h a n formaldehyde. 

Tab le II . C h e m i c a l Mod i f i ca t i on of C H A P S Solubi l ized G l u c a n Synthase 

Inhib i tor Ιβο (μΜ) 

Phenylg lyoxa l 2,000 
n - E t h y l m a l e i m i d e 1,600 
Formaldehyde 250 
U D P P y r i d o x a l 4.5 

T h e chemistry of U D P - p y r i d o x a l b i n d i n g was consistent w i t h the pat 
tern observed i n m u n g bean. Tab le III shows that inact ivat ion was C a 2 + -
dependent and d i d not occur when the aldehyde group was reduced. In 
a d d i t i o n , inact ivat ion was protected against by U D P G (Table III) . T h u s , 
i t appears that U D P - p y r i d o x a l is targeted towards a lysine located at the 
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Table I I I . I n h i b i t i o n of P l a s m a M e m b r a n e G l u c a n Synthase by U D P -
pyr idoxa l 

Pre incubat i on Cond i t i ons 
Spec. A c t . 

( n m o l / m i n / m g ) 
A c t i v i t y 
R e m a i n i n g (%) 

N o Inhib i tors (Contro l ) 119 100 
U D P - p y r i d o x i n e , M g 2 + , C a 2 + 115 97 
U D P - p y r i d o x a l , M g 2 + , C a 2 + 16 14 
U D P - p y r i d o x a l , M g 2 + , E G T A 70 59 
U D P - p y r i d o x a l , E D T A 98 82 
U D P - p y r i d o x a l , U D P G , M g 2 + , C a 2 + 127 107 

active site. Exper iments to determine whi ch polypeptides i n C S G S and 
R C G S label w i t h U D P - [ 3

Phosphorylation Studies. It is becoming increasingly evident that phospho
r y l a t i o n is an impor tant mechanism for the regulat ion of membrane-bound 
plant enzymes (22,23) . A recent report offered evidence that g lucan s y n 
thase I f rom corn coleoptile was s t imulated by phosphory lat ion (24). P r e 
l i m i n a r y experiments w i t h beet suggested that the phosphory lat ion state 
may modulate g lucan synthase ac t iv i ty ; however, the extent to w h i c h this 
occurs needs to be clari f ied. In the presence of prote in kinase and A T P , 
ac t iv i ty was reduced i n membranes and solubi l ized fractions. A T P alone 
was s l ight ly inh ib i tory i n microsomes, suggesting the presence of endoge
nous protein kinase ac t iv i ty which was k n o w n previously to be present in 
beet membranes (25). 

F igure 3 shows an autoradiogram of C S G S and R C G S after phospho
r y l a t i o n w i t h [ γ - 3 2 Ρ ] - Α Τ Ρ i n the presence and absence of prote in kinase. 
W i t h C S G S subunits of 92, 54 and 38 k D became phosphorylated . T h e 
62 k D band is prote in kinase, which is se l f -phosphorylat ing. Since phos
phory la t i on occurred i n the absence of kinase, C S G S appeared to conta in 
an endogenous kinase act iv i ty . T h i s kinase was probably that described 
by B i d w a i and Takemoto (25). In the R C G S fract ion the 54 k D band was 
preferential ly phosphorylated , para l le l ing the enrichment seen on the S D S 
gel ( F i g . 1). Phosphory la t i on i n R C G S fractions wi thout exogenous kinase 
was weak. Endogenous kinase ac t iv i ty was completely removed along w i t h 
other contaminants dur ing the reconst i tut ion step. 

C o n c l u d i n g R e m a r k s 

Development of the C H A P S - b a s e d so lubi l i zat ion and reconst i tut ion proce
dure has provided fractions of g lucan synthase that are signif icantly more 
purif ied than the membrane-bound forms. A l t h o u g h homogeneous prepa
rations of g lucan synthase are not yet available, i t was of sufficient p u r i t y 
to probe subunit composi t ion . T h e current d a t a po int suggestively to a 
54 k D polypept ide as being a cata lyt i c or regulatory subunit of the en
zyme complex. It was enriched i n R C G S and may be regulated by phos-
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Figure 2. Electrophoret ic profiles of g lucan synthase fractions purif ied f rom 
celery. Prote ins were transferred to nitrocellulose and stained by co l lo idal 
go ld . Symbols : P M , p lasma membranes; S O L , C H A P S - s o l u b i l i z e d ; R C , re
const i tuted g lucan synthase preparations. P l a s m a membranes were isolated 
by two-phase p a r t i t i o n i n g . Specific act ivit ies of the three membrane prepa
rat ions were 398, 1355, and 626 n m o l / m i n / m g , respectively. T h e low spe
cific a c t i v i ty of R C relative to S O L may be a reflection of enzyme ins tab i l i ty 
fo l lowing the gel f i l t rat ion step. 

F igure 3. A u t o r a d i o g r a p h of phosphorylated polypeptides. R C G S and 
C S G S were incubated w i t h [ 7 > 3 2 P ] - A T P i n the presence (+) and absence 
(—) of prote in kinase as described in Mater ia l s and M e t h o d s . 
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p h o r y l a t i o n . C a u t i o n must be exercised i n interpret ing these results. O n 
one-dimensional gels, several polypeptides may migrate close together at 
54 k D . Two-d imens iona l gels must be run to be certain that phosphory
l a t i o n , C a 2 + - b i n d i n g and affinity labe l -b inding sites reside on the same 
polypept ide . Other subunits such as the 68 k D polypept ide were present 
i n R C G S preparations and cannot be ruled out as funct ional subunits . 
W o r k is cont inuing on the development of addi t iona l probes such as a n 
tibodies and photoaffinity labels. C o n f i r m i n g the subunit compos i t ion of 
the / ? - ( l , 3 ) -g lucan synthase should enable development of genetic probes 
and hopefully provide cogent answers to some of the m a n y longstanding 
questions surrounding the enzymat ic mechanism of callose and cellulose 
biosynthesis. 
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Chapter 19 

Biogenesis of Cellulose Microfibrils and the Role 
of Microtubules in Green Algae 

Takao Itoh 

Wood Research Institute, Kyoto University, Uji, Kyoto 611, Japan 

This chapter review
cellulose depositio
cellulose synthesizing particle complexes in green algae 
are discussed. Secondly, new evidence on the oriention 
of microtubules in selected giant marine algae and their 
relationship to the orientation of cellulose microfibrils is 
presented. Based on this information, a mechanism for 
the assembly of cellulose microfibrils in giant marine al
gae is proposed. 

O u r current understanding of cellulose micro f ibr i l biogenesis and assem
bly comes f rom (a) freeze-fracture studies of the p lasma membrane of cells 
act ively produc ing cellulose microf ibr i ls ; (b) observations of microtubules 
by immunofluorescence microscopy; (c) direct imaging of cellulose micro f ib 
ri ls (1-5); and (d) in vitro synthesis of cellulose using bacter ia l cell m e m 
brane preparations (6). T h i s chapter examines recent progress i n freeze-
fracture and immunofluorescence studies on the biogenesis of cellulose m i 
crofibrils , as wel l as addressing the role of microtubules i n several green 
algae. 

For the last decade, much of our knowledge of the structure and func
t i on of cellulose forming enzyme complexes (so-called T e r m i n a l Complexes 
or T C ' s ) has been based on results obtained f rom freeze-fracture studies. 
T h e m a i n discoveries f rom these studies were (a) the existence of l inear 
T C ' s by B r o w n and Montezinos (7) in Oocystis apiculata, and (b) the oc
currence of rosette T C ' s by Gidd ings et ai (8) i n Micrasterias denticulata. 
A s w i l l be discussed later, the occurrence of these two types of cellulose 
synthesizing complexes has some evolutionary significance as regards cur
rent phylogenetic relationships w i t h i n the plant k i n g d o m . T h i s is because 
a l l l and plants , inc lud ing higher plants, mosses and ferns, have rosettes (9-
11), whereas some algae have l inear T C ' s and others do not. It has been 
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proposed that the T C ' s move on the fluid p lasma membrane by forces gen
erated dur ing crysta l l i zat ion of cellulose microf ibri ls (12,13). In green algae, 
the newly synthesized microf ibri ls first have a random or ientat ion d u r i n g 
the synthesis of the p r i m a r y wal l and then an ordered or ientat ion d u r i n g 
secondary wal l formation. It is thus conceivable that the factors contro l l ing 
the or ientat ion of T C ' s i n green algae may also be responsible for the o r i 
entat ion of microf ibr i ls ; this could be achieved, for example , by channel l ing 
cytoplasmic microtubules . T h i s view is presented because in higher plants , 
and some algal cells, rosette particles are apparently channelled by cytoplas
mic microtubules which run paral le l to one another (14-16). However, as a 
counter to this argument, some green algae have l inear T C ' s which do not 
appear to have micro f ibr i l lar or ientat ion control led by microtubules d u r i n g 
secondary wal l synthesis (17). T h i s evidence suggests therefore that there 
may be different mechanisms control l ing microf ibr i l lar or ientat ion between 
higher and lower plants. 

Structure of T C ' s i n G r e e n Algae 

T h e green algae include both C h l o r o p h y t a and C h a r o p h y t a . T h e T C ' s of 
C h l o r o p h y t a have been observed in four orders of Chlorel la les , C l a d o p h o -
rales, Siphonocladales, and Zygnematales , and those of C h a r o p h y t a i n one 
order of C h a r ales (Table I). Recent investigations show that 17 genera and 
23 species out of three orders of Chlorel lales , Cladophorales and S iphono 
cladales a l l have l inear T C ' s , as shown i n Table I. W h i l e l inear T C ' s have 
been observed i n some freshwater algae such as Oocystis (7,18), Eremo-
sphaera (19), and Glaucocystis (20) species, most are found in mar ine - type 
algae such as Boergesenia (21,22), Boodlea ( F i g . 1) (23,24), Dictyosphaeria 
( F i g . 2), Ernodesmis ( F i g . 3), Microdictyon (19), Siphonocladus ( F i g . 4) , 
Struvea ( F i g . 5), Valonia ( F i g . 6) (17,24,25), Valoniopsis ( F i g . 7), and 
Chaetomorpha ( F i g . 8) (19,25) species; these eight genera belong to the 
Siphonocladales. A l t h o u g h Chlore l la les , Cladophorales and Siphonoclade-
les have l inear T C ' s , there are significant differences in their locations; 
that is, Chlorel lales have T C ' s only on the E-fracture face, whi le both 
Cladophorales and Siphonocladales have T C ' s on both E - and P- fracture 
faces, thereby m a k i n g transmembrane particles. 

A d d i t i o n a l l y , the T C structure of Zygnematales is quite different f rom 
those of the other three orders in C h l o r o p h y t a . Four genera of the Zygne
matales , inc lud ing Closterium (16,26), Micrasterias (8,27,28), Mougeotia 
(29), and Spirogyra (19,30) species have been investigated so far. A l l have 
rosettes only on the P-fracture face. T h e cells can have either r a n d o m 
a n d / o r unid irect ional rosette d istr ibut ions dur ing active synthesis of the 
p r i m a r y w a l l , and hexagonal arrays dur ing the synthesis of the secondary 
wa l l . 

M o r e recently, rosettes have been observed i n Chara sp. (31) and 
Nitella translucens (32), which belong to another subdiv is ion , C h a r o p h y t a . 
T h e rosettes i n this species occur separately wi thout m a k i n g any po lygonal 
arrays as found i n Zygnematales. T h i s suggests that Charales are closer 
to vascular plants than the other algae, i f plant phylogenic classifications 
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Figure 1. TCs of Boodlea composita on P-fracture face. 

Figure 2. TCs of Dictyosphaeria cavernosa on P-fracture face. 

Figure 3. TCs of Ernodesmis verticillata on Ε-fracture face. 
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Figure 4. TC's of Siphonocladus tropicus on P-fracture face. 

Figure 5. TC's of Struvea elegans on P-fracture face. 

Figure 6. TC's of Valonia ventricosa on Ε-fracture face. 
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Figure 7. T C s of Valoniopsis pachynema on P-fracture face. 

Figure 8. T C s of Chaetomorpha auricoma on P-fracture face. 
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Table I. C u r r e n t S u m m a r y of the Structure and Loca t i on of T C s among 
Green Algae 

Subd iv i s i on , O r d e r , Species 
T C T C 

Structure Loca t i on Reference 

C h l o r o p h y t a 
Chlorel lales 
Eremosphaera sp. L inear T C E F only 19 
Glaucocysiis nostochinearum Linear T C E F only 20 
Oocystis apiculata Linear T C E F only 7 
Oocystis solitaria Linear T C E F only 18 

Cladophorales 
Chaetomorpha sp. L inear T C E F k P F 19 
Chaetomorpha aerea Linear T C E F k P F 24 
Chaetomorpha moniligera 

Siphonocladales 
Boergesenia forbesii Linear T C E F k P F 21,22 
Boodlea coacta Linear T C E F k P F 23 
Boodlea composita Linear T C E F k P F 24 
Dictyosphaeria cavernosa Linear T C E F k P F T h i s chapter 
Ernodesmis verticillata Linear T C E F k P F T h i s chapter 
Siphonocladus tropicus Linear T C E F k P F T h i s chapter 
Struvea elegans Linear T C E F k P F T h i s chapter 
Valonia macrophysa Linear T C E F k P F 17 
Valonia ventricosa Linear T C E F k P F 24,25 
Valonia ventricosa Linear T C E F k P F T h i s chapter 

Zygnematales 
Closterium acerosum Rosettes P F only 26 
Closterium sp. Rosettes P F only 16 
Micrasterias cruxmelitensis Rosettes P F only 28 
Micrasterias denticulata Rosettes P F only 27,8 
Mougeotia sp. Rosettes P F only 29 
Spirogyra sp. Rosettes P F only 30,19 

C h a r o p h y t a 
Charales 

Chara sp. 
Nitella translucens 

Rosettes 
Rosettes 

P F only 
P F only 

31 
32 

can be made based upon cellulose synthesizing complexes. It could thus 
be argued f rom these data that the evolution of T C ' s w i l l follow the lines 
envisaged i n F i g . 9, which is a modi f icat ion of a scheme proposed by H e r t h 
(11) for the hypothet i ca l evolutionary lines of putat ive cellulose synthesiz ing 
complexes. Basical ly , this stems from the fact that both rosettes and l inear 
T C ' s are composed of common partic le subunits s imi lar in size; rosettes 
consist of s ix particles, each having an 8 n m diameter of (8) and l inear 
T C ' s consists of three rows w i t h an average dimension of ca. 8 n m for each 
i n d i v i d u a l part ic le (25). However, T C ' s have only been found i n a l imi ted 
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number of species among the algae. Consequently, a further survey of T C ' s 
is necessary to develop a detailed phylogenic hypothesis. 

T C ' s normal ly occur at the end of micro f ibr i l impr ints on either E - or 
P- fracture faces of the p lasma membrane. E a c h i m p r i n t does not necessarily 
correspond to a single micro f ibr i l , but often to bundles of them. D u r i n g 
the deposit ion of random microf ibri ls of the p r i m a r y w a l l , the impr in ts r u n 
along the p lasma membrane, and often w i t h curved tra i l s . O n the other 
h a n d , when ordered microf ibri ls of the secondary wal l are synthesized, the 
impr ints run straight and paral le l to one another. In Oocystis species, 
each paired T C runs in an opposite direct ion (31). In most giant mar ine 
algae, some T C ' s appear to run in one direct ion, while others r u n in the 
opposite direct ion dur ing the synthesis of ordered microf ibr i ls . T h e latter 
case is i l lustrated i n F igure 10 which shows the Ε-fracture face of newly 
formed cellulose microf ibri ls of ordered or ientat ion . T h e T C numbered " 1 " 
is mov ing to the right whereas the T C numbered " 2 " is mov ing to the 
left. C lear ly , i f the i n d i v i d u a
of / ? - l ,4 linkages, the cell wal l should have an ant i -para l le l g lucan chain 
or ientat ion. 

D e v e l o p m e n t o f L i n e a r T C ' s i n S e l e c t e d G r e e n A l g a e 

T h e length of l inear T C ' s is variable and depends on the developmental 
phase of cell growth. T h i s was determined fol lowing wounding of the mother 
cells of B. forbesii, where the aplanospores were regenerated w i t h i n 1.5 h , 
and the p r i m a r y and the secondary walls were synthesized 2 to 4h and 4 to 
5h after wounding , respectively (33). F igure 11 shows the effect of t ime on 
T C length fol lowing aplanospore induct ion in Boergesenia forbesii. A s can 
be seen, the T C length increases only dur ing formation of the p r i m a r y w a l l ; 
no further increase occurs after deposition of the secondary w a l l . However, 
when we look closer at the freeze-fracture repl ica of the aplanospores i n 
B. forbesii just before, or at the t ime of, synthesis of cellulose microf ibr i ls , 
many nascent T C ' s can be observed on the P-fracture face of the p l a s m a 
membrane ( F i g . 12). T h e smallest T C observed had only 10 partic les. 
M o s t nascent T C ' s d i d not show a direct ional arrangement of partic les , 
whi le some had already organized an elongated cluster (double arrows i n 
F i g . 12). T h e mean length of the T C ' s in this phase was 114 n m . T h e 
nascent T C ' s increased in length dur ing the synthesis of the p r i m a r y w a l l , 
u n t i l the ordered microf ibri ls were assembled. T h e length of nascent T C ' s 
contrasted w i t h that of fu l ly elongated T C ' s , which had a m a x i m u m length 
of ca. 1 m (mean length: 665 nm) in 20h cells of B. forbesii ( F i g . 13). 

O r i e n t a t i o n o f C o r t i c a l M i c r o t u b u l e s 

T h e cellulose synthesizing enzyme complexes i n green algae can be d iv ided 
into rosettes and l inear T C ' s ; the latter increases in size dur ing c ircumfer
ent ia l expansion of the cells. T h e movement of both growing and mature 
T C ' s in the p lasma membrane is controlled by forces generated by crys
ta l l i za t ion of microf ibr i ls , leaving the highly crystal l ine microf ibr i ls in their 
wake (7,34). 
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Figure 9. H y p o t h e t i c a l i l lus trat ion for evolutionary trend of putat ive cel
lulose synthesiz ing enzyme complexes from algae to higher plants . B o t h 
rosettes and linear T C ' s originate f rom their common subunit of 8 n m par
ticle. Aster i sk (*) represents a rosette. 

F igure 10. Ε-fracture face of the p lasma membrane dur ing active synthesis 
of ordered microf ibri ls in secondary wal l of Valonia macrophysa. Impr ints 
of microf ibri ls run paral le l to one another. T C ' s numbered " 1 " and " 2 " 
direct opposite ways to one another. 
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Figure 11. T i m e course of T C length in the aplanospores of Boergesenia 
forbesii. 
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Figure 12. Four nascent T C ' s (arrowheads) are shown on P- fracture face 
of the p lasma membrane in 2h aplanospore of Boergesenia forbesii after 
wounding . 

F igure 13. T w o ful ly elongated T C ' s (ca. 1 m) are shown on P-fracture face 
of the p l a s m a membrane in 20h cell of Boergesenia forbesii. 
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Since the mature walls of Valonia and Boergesenia have a crossed 
lamellate structure (17,35-37), the direct ion of T C movement must be con
tro l led i n some u n k n o w n manner. O n the other h a n d , giant mar ine a l 
gae, wh i ch also have l inear T C ' s , but of apparently r a n d o m or ientat ion , 
only synthesize microf ibri ls of random orientat ion on the innermost face of 
the p lasma membrane dur ing the synthesis of the p r i m a r y w a l l . It was, 
therefore, t imely to examine whether cort ical microtubules were respon
sible for or ientat ion of microf ibr i ls , since recent investigations suggested 
that the direct ion of micro f ibr i l deposit ion in higher plant cells (38-40) and 
some algae (Oocystis and Micrasterias (8,16,33)), was control led by cort i ca l 
microtubules . However, in the alga Closterium, microtubules funct ioned 
only to l i m i t cellulose synthesis to a localized region (41). A d d i t i o n a l l y , 
freeze-fracture studies suggested that newly synthesized microf ibr i ls in the 
spherical cells of the giant marine algae Valonia macrophysa were not par 
al le l to the under ly ing microtubules (17). In the l ight of these contradic 
tory findings, the role of micro tubula
orientat ion among green algae was re-examined using immunofluorescence 
microscopy. L l o y d et al. (43) first used this technique to observe cort ica l 
microtubules , fol lowing the pioneering work on plant cells by Franke (42). 
Since then, it has been used many times to show microtubule or ientat ion 
over whole cells (44). 

T h e materials used for the immunofluorescent s ta in ing were ap lano
spores of B. forbesii and V. ventricosa, where cellulose micro f ibr i l or ien
ta t i on could easily be shown by s ta in ing w i t h the fluorescent br ightening 
agents Calcof luor and T i n o p a l L P W (34). A s mentioned in the previous 
section, Boergesenia aplanospores synthesized r a n d o m microf ibr i ls between 
2 and 4h after wounding of mother cells and ordered microf ibr i ls after 4h . 
T h e Boergesenia aplanospores i n which spheration had just been completed 
showed randomly oriented microtubules just under the p lasma membrane 
( F i g . 14), and the aplanospores in 3h post -wounding d id not differ f rom 
those at 1.5h. ( F i g . 15). However, after 6h post -wounding , dur ing w h i c h 
t ime the normal ly synthesized ordered microf ibri ls were deposited, only r a n 
domly oriented microtubules were observed under the thickened cell wa l l 
( F i g . 16). A t a later phase of cell wa l l regeneration, immunofluorescent 
s ta in ing of microtubules by antigen-antibody reactions became more diff i 
cult because of the thickened wal l surrounding the aplanospores. Never
theless, we managed to observe the arrangement of microtubules even after 
8, 10, and 20h post -wounding without having to resort to enzymat ic cell 
wal l digestion. In a l l cases, only random micro tubular or ientat ion patterns 
(Figs . 17, 18 and 19) were observed. 

However, after successive culture of the spherical aplanospores for more 
than five days, germinat ion occurred w i t h a typ ica l t ip growth to make r h i -
zoids (45); the or ientat ion of microf ibri ls in a single e longating rh izo id of 
10 days post -wounding , for example, has been described recently (13). In 
our study, the innermost wal l lamellae in the rh izo id showed three different 
orientations of microf ibr i ls , i.e., transverse, obl ique, and l ong i tud ina l to the 
growing cell axis . Fo l lowing immunofluorescent s ta in ing of the microtubules 
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Figure 14. Immunofluorescence micrograph of microtubule orientation during cell 
regeneration in Boergesenia forbesii 1.5 h after wounding. 

Figure 15. Immunofluorescence micrograph of microtubule orientation during cell 
regeneration in Boergesenia forbesii 3 h after wounding. 
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Figure 16. Immunofluorescence micrograph of microtubule orientation during cell 
regeneration in Boergesenia forbesii 6 h after wounding. 

Figure 17. Immunofluorescence micrograph of microtubule orientation during cell 
regeneration in Boergesenia forbesii 8 h after wounding. 
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Figure 18. Immunofluorescence micrograph of microtubule orientation during cell 
regeneration in Boergesenia forbesii 10 h after wounding. 

Figure 19. Immunofluorescence micrograph of microtubule orientation during cell 
regeneration in Boergesenia forbesii 20 h after wounding. 
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by the fluorescein isothiocyanate-conjugated antibody, an elongating r h i 
zo id of 8 days post -wounding showed ordered microtubules oriented longi 
t u d i n a l l y to the growing cell axis , as well as paral le l to one another ( F i g . 
20). It is noteworthy that l ong i tud ina l microtubules were also observed in 
the root hairs of some higher plants which show t ip growth (46-48). 

In the case of V. ventricosa, spherat ion was completed w i t h i n 2h of 
wounding , fol lowing which random microf ibri ls were regenerated between 5 
and 12h and ordered microf ibri ls w i t h i n 12 to 15h. T h e t ime course of m i 
crotubule or ientation i n the aplanospores of V. ventricosa followed a trend 
s imi lar to that observed for B. forbesii; that is, microtubules were always 
oriented randomly dur ing the synthesis of bo th r a n d o m and ordered m i 
crofibri ls . It is wor th not ing the s t ruc tura l changes of microtubules in the 
early phase of cell regeneration; the aplanospores produced from V. ventri
cosa w i t h i n 2 and 3h of post -wounding d id not show cort ica l microtubules 
but instead perinuclear microtubule arrays ( F i g . 21), and the aplanospores 
after 4h showed the in i t ia t i o
and 23b show 3h aplanospores of act ively synthesizing p r i m a r y wal l points . 
B o t h figures were taken from the same cell w i t h different focusing. F i g 
ure 23a was focused on the nucleus; note that several microtubules radiate 
f rom the nucleus. F igure 23b was focused on the cort ical microtubules , 
where some of the perinuclear microtubules appeared as part of the cor t i 
cal microtubules . T h i s evidence suggests that the nuclei may play a role 
as microtubule organiz ing centers ( M T O C ) dur ing the regeneration of the 
cell wal l in these green algae. 

S u m m a r y : Microtubule - Independent C o n t r o l of M i c r o f i b r i l O r i 
entation 

F r o m our immunofluorescence experiments, we have concluded that (1) 
only a random micro tubular or ientation occurs dur ing regeneration of p r i 
mary and secondary walls and (2) the growing rhizoids dur ing t ip growth 
only showed microtubules oriented long i tudinal ly to the growing cell wa l l 
axis . However, since three different orientations of microf ibr i ls in the inner
most lamellae of the cell wal l were observed, these findings suggest that the 
direct ion of movement of l inear T C ' s was not controlled by cort ical mic ro 
tubules, at least not in the case of the two giant marine algae, Boergesenia 
and Valonia, s tudied. 

L a C l a i r e (49) recently described a highly ordered array of paral le l and 
long i tud ina l microtubules in the coenocytic green algae Ernodesmis verti-
cillata. However, w i t h other filamentous green algae, Boodlea coacta (50) 
and Chaetomorpha moniligera (51), al igned microtubules and microf ibr i ls 
were not always observed. It was thus suggested that micro f ibr i l or ienta 
t ion in Siphonocladales and probably Cladophorales may be independent 
of cytoplasmic microtubule or ientat ion . 

Once T C ' s are in i t iated in the p lasma membrane, they d istr ibute r a n 
domly w i t h each T C running straight ahead. More recent investigations 
showed that the density of T C ' s was more or less constant (52), ind i ca t ing 
that the number of T C ' s d id not increase appreciably dur ing p r i m a r y wal l 
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Figure 20. Immunofluorescence micrograph of microtubule or ientat ion in 
8 day o ld cells of Boergesenia forbesii. H i g h l y ordered microtubules are 
oriented l ong i tud ina l ly to the cell axis (double-headed arrow) . 

F igure 21. Immunofluorescence micrograph of perinuclear microtubules in 
the aplanospore of 3h post -wounding of Valonia venlricosa. 
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Figure 22. Immunofluorescence micrograph of cort ical microtubules in the 
aplanospore of 4h post -wounding of Valonia ventricosa. 

Figure 23. Immunofluorescence micrographs i n the aplanospore of 3h post-
wounding of Boergesenia forbesii. F igure 23a is focused on the perinuclear 
microtubules , whi le F igure 23b is focused on the cortical microtubules wh i ch 
are oriented randomly. 
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Figure 24. Or i en ta t i on of microf ibri ls is shown in 4h aplanospore of Boerge
senia forbesii, stained w i t h fluorescent br ightening agent T i n o p a l L P W . 

F igure 25. Freeze fractured repl ica. P-fracture face of the p lasma membrane 
in 15h aplanospore of Valonia ventricosa. T h e clustered T C ' s are shown, 
suggesting the bu i ld -up of new axis for micro f ibr i l or ientat ion . 
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synthesis, even though a high density of T C ' s was often local ized i n some 
areas of the p lasma membrane. F igure 24 shows the or ientat ion of microf ib 
ri ls i n aplanospores of B. forbesii 4h after wounding , and stained w i t h the 
fluorescent br ightening agent T i n o p a l L P W . In some areas, short s tr iat ions 
of fluorescence merged into a center, suggesting a shift of micro f ibr i l o r i 
entat ion , probably by localized membrane flow. T C loca l izat ion can often 
be observed in the trans i t ion f rom pr imary to secondary wal l f ormat ion . 
F igure 25 is taken f rom such a phase in the aplanospore of V. ventricosa, 
and may correspond to an area i n which clusters of T C ' s occur and move 
in a direct ion different f rom the former or ientat ion of microf ibr i ls . L inear 
T C ' s i n giant marine algae may be stable, because (a) the T C ' s do not 
disappear fol lowing treatment w i t h cycloheximide, a protein synthesis i n 
hib i tor (34), and (b) glutaraldehyde treatment i n advance of freeze fracture 
d id not destroy the T C ' s (unpublished data) . T h u s , l inear T C ' s i n giant 
marine algae may be involved in the synthesis of ordered microf ibr i ls w i t h 
much longer lifetimes tha

Recently, more evidence for hélicoïdal arrangement of cellulose m i 
crofibrils has been reported for a variety of plant cells (54,55). In Nitella, 
the hélicoïdal or ientation of cellulose microf ibri ls was shown to arise by a 
mechanism s imi lar to self-assembly of a cholesteric l iqu id crystal (56). T h e 
control of micro f ibr i l or ientation was p r i m a r i l y at the interface between the 
p lasma membrane and the innermost lamellae of the newly formed w a l l . 
T h e hélicoïdal w a l l , characterized by a successive change of cellulose m i 
crofibri ls , was supposed to be synthesized in the innermost surface of the 
new w a l l layer. If this is true, then the involvement of microtubules i n 
higher plant cells is much less probable than previously believed. T h e self-
assembly of cellulose microf ibri ls is related to those cells which have such 
a pat tern of cell wal l that show arced or ientat ion of microf ibr i ls in a trans
verse section (56). B o t h aplanospores and thal lus cells of B. forbesii have 
an arced pattern of cellulose microf ibri ls . However, we showed that the 
micro f ibr i l or ientation i n both spherical cells and elongating rhizoids was 
independent of the orientation of microtubules . W h i l e this evidence does 
not contradict the self-assembly mechanism in hélicoïdal walls of green a l 
gae, b o t h hypotheses need addi t ional exper imental veri f ication. 
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Chapter 20 

Triple-Stranded Left-Hand Helical Cellulose 
Microfibril in Acetobacter xylinum and in Tobacco 

Primary Cell Wall 

George C. Ruben1, Gordon H. Bokelman2, and William Krakow3 

1Department of Biological Sciences, Dartmouth College, Hanover, 
NH 03755 

2Philip Morris Research Center, P.O. Box 26583, Richmond, VA 23261 
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Tobacco primary cell wall and normal bacterial Aceto
bacter xylinum cellulose formation produced a 36.8 ± 3Å 
triple-stranded left-hand helical microfibril in freeze
-dried Pt-C replicas and in negatively stained prepara
tions for transmission electron microscopy (TEM). A. 
xylinum growth in the presence of 0.25 mM Tinopal dis
rupted cellulose microfibril formation and produced a 
17.8 ± 2.2Å left-hand helical submicrofibril. Models of 
the triple-stranded left-hand helical microfibril and the 
left-hand helical submicrofibril were directly compared 
to TEM images. Computer generated optical diffraction 
patterns of the models and the images were complex and 
similar. The submicrofibril appears to have the dimen
sions of a nine (1-4)-β-D-glucan parallel chain crystalline 
unit whose long, 23Å, and short, 19Å, diagonals form ma
jor and minor left-handed axial surface ridges every 36Å. 
Synthesis of the left-hand helical submicrofibril appears 
to be the driving force for self-assembly of a left-hand 
helical microfibril from three submicrofibrils. 

T h e g r a m negative bac ter ium Acetobacier xylinum produces a r ibbon 
of crystal l ine cellulose I whose neutral sugar content is 96 .8% glucose 
and 3.2% xylose (1). G r o w t h of A. xylinum i n a m e d i u m containing 
4 ,4-bis (4-ani l ino-6-bis (2-hydroxyethyl) amino -1 ,3 ,5 - t r iaz in -2 -y lamino ) -
2 ,2 - st i lbene-disulfonic ac id , marketed under common names Calco f luor 
W h i t e S T or T i n o p a l L P W , can reversibly disrupt n o r m a l r ibbon f o rmat ion 
i n concentrations greater t h a n 0.1 m M and can increase the rate of cellulose 
synthesis up to four t imes i n concentrations 1 m M or greater (2-5). T h i s 
compound sto ichiometr ical ly binds to glucose residues of newly po lymerized 
g lucan chains and makes cellulose I c rys ta l l in i ty i n the wet state, measured 
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by X - r a y dif fraction, undetectable. In the dry state cellulose I c rys ta l l in i ty 
is present and , depending on Calcof luor concentrat ion, the crysta l l i te sizes 
can be reduced f r om 65 and 74À to 28Â (2 ,3) . Since microf ibr i ls are as
sumed to crystal l ize f rom s m a l l filaments to larger ones by latera l fasc iat ion, 
this enhanced growth rate and an undetectable wet state c rys ta l l in i ty have 
been interpreted as the separation of the p r i m a r y cellulose I po lymer i za 
t i o n step f rom a sequential c rys ta l l i zat ion step (2-5) w h i c h is blocked. W e 
have investigated A. xylinum cellulose product i on i n the absence a n d pres
ence of 0.25 m M T i n o p a l and report on the freeze-dried structure of the 
3 6 . 8 ± 3 Â micro f ibr i l produced under n o r m a l condit ions and the 1 7 . 8 ± 2 . 2 Â 
submicro f ibr i l produced i n the presence of T i n o p a l (1). W e have also found 
submicrof ibr i ls and microf ibr i ls i n tobacco p r i m a r y cell wa l l s imi lar to A. 
xylinum. We present models of the tr ip le -stranded le f t -hand hel i ca l m i 
cro f ibr i l , the le f t -hand hel ical submicro f ibr i l and the apparent re lat ionship 
of the four sugar chain fiber dif fraction un i t cell to the submicro f ibr i l (1 ,6 ) . 
C o m p u t e r generated singl
models and of representative T E M micrographs reinforce our impression of 
congruency. T h e patterns suggest that the 17.8Â cellulose submicro f ibr i l 
generated i n the presence of 0.25 m M T i n o p a l is organized as a fibrillar un i t 
w i t h nine para l le l sugar chains f orming a left-handed hel ica l s tructure (1). 
T h e prevalent assumption that the h igh rate of cellulose synthesis induced 
i n A. xylinum by T i n o p a l or Calcof luor is due to a cellulose po lymer i za t i on 
step uncoupled f rom a sequential r a t e - l i m i t i n g c rys ta l l i zat ion step is not 
consistent w i t h an ordered crystal - l ike submicro f ibr i l . 

M e t h o d s a n d Mater ia ls 

T h e A. xylinum ( A m e r i c a n T y p e C u l t u r e Co l l e c t i on 23769) was grown on 
40 m M D-glucose and 0.5 M phosphate ( p H 7, 20°C) u n t i l i t formed a 
whi te , flocculent surface cap on the so lut ion . Samples prepared i n this way 
were then grown consecutively on 0.25 m M T i n o p a l for 1 h , on 0.25 m M 
T i n o p a l for 1.5 h , on .025 m M T i n o p a l for 1 h , and then on 4 0 f m M D -
glucose and 0.5 M phosphate ( p H 7, 20°C) for 1 h . E a c h 1.25 c m pel l ic le 
of cellulose r ibbons w i t h cells growing and tethered by their r ibbons at i ts 
per iphery was rinsed sequentially, first i n 5 separate dishes of water, then 
i n 5 separate dishes of 1:3 ethanol-water . E a c h pell icle was then placed 
on a 1.25 c m W h a t m a n 50 filter paper disc, b lo t ted , a n d frozen i n l i q u i d 
propane. Pel l ic le f r om A. xylinum grown n o r m a l l y was freeze-dried for 1.5 h 
at -78°C, then repl icated w i t h 17.3À P t - C (at -178°C) , and backed w i t h 
90.2Â carbon on a W i l t e k Industries modif ied Balzer ' s 301 w i t h c ryopump 
and rebui l t cold stage (7). T h e T inopa l - t reated sample was freeze-dried 
for 2.8 h at -70°C, replicated w i t h 16.4Â P t - C (at -178°C) , a n d backed 
w i t h 156Â of carbon . T h e tobacco lower epidermal peels were prepared 
f r om a Coker 319 leaf (No.13 on s ta lk ) . These peels were immersed i n 1:3 
ethanol-water , b lot ted to remove the excess so lut ion and then frozen on 
1.25 c m m i c a discs by r a p i d immers ion i n l i q u i d propane ( -190°C). T h i s 
sample was freeze-dried for 3 h at -70°C, and then repl icated w i t h 15.9Â 
P t - C (45° angle) at -178°C in vacuo (6 .67/ iPa) and backed w i t h 139Â of 
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carbon . A l l of the samples were digested i n 8 0 % sulfuric ac id . T h e replicas 
were rinsed i n deionized water and then picked up w i t h carbon-coated, 300 
mesh grids f rom underneath and examined on a J E M 1 0 0 C X instrument 
as described previously (8). Indirect ly evaporated carbon films of ~ 80Â 
thickness, suspended on 300-mesh grids, were used to support A. xylinum 
cellulose that h a d been treated w i t h bo i l ing tri f luoroacetic ac id to remove 
hemicellulose. T h i s sample was negatively stained w i t h 2 % u r a n y l acetate 
at p H 3.8, as previously described (9). 

T o contrast-enhance unid irec t ional 15-18Â thick P t - C - c o a t e d ce l lu 
lose specimens backed w i t h 100-173Â thick carbon films, micrographs were 
contrast-reversed on K o d a k 7302 fine-grain, posit ive film (8). In add i t i on to 
increasing the contrast of 10-20Â features, the P t - C coated surfaces became 
white , and the molecular details were modulated on this background i n 
blacks and shades of grey for easy s t ruc tura l interpretat ion (10-14). Shoot 
ing a t i l t series at 10° interval
80 k V w i t h a 5 m m foca
a 6.6Â resolution and a 2625A depth of field i n the picture series (8). T h e 
t i l t series was generally viewed stereoscopically, and then a single image 
representing the 3-D structure was shown. In order to estimate the real 
size of a filament underneath its P t - C coat ing (unid irect ional at a 45° a n 
gle), the l ong i tud ina l axis of a filament had to be w i t h i n 10° of the general 
shadow-direct ion on the repl ica surface, so that both sides of the filament 
were P t - C coated. T h e filament should be roughly at a 45° angle w i t h the 
P t - C source (checked by stereo-viewing), a l though filaments w h i c h were 
P t - C coated at approx imate ly a 90° angle were only 1Â smaller (12). Se
ries of fiber w i d t h measurements, made at image magnif icat ions of 2 to 
5 m i l l i o n , and usual ly number ing fewer t h a n 100, were averaged, and the 
P t - C film thickness, measured on the quartz - crysta l moni tor , subtracted 
f r om the average w i d t h , to give an estimate of the real filament diameter 
(11). It was recently found that this width-correct ion method should be 
reduced by 1.5Â (12,13) . In contrast, the center to center distance between 
either ridges or grooves along a P t - C coated micro f ibr i l or submicro f ibr i l 
were assumed to be unchanged. 

C o m p u t e r generated opt i ca l dif fraction patterns of single cellulose m i 
crofibrils and submicrof ibr i ls were obtained f rom large field micrographs 
pr inted at 1 0 6 x magni f i cat ion . T h e images were d ig i t ized v i a a television 
camera connected to an image frame store and control led through an I B M 
309D m a i n frame computer (15,16) . Brief ly , an area of the image conta in 
ing a single molecule was selected by a c ircular electronic aperture defined 
by a graphics overlay cursor under operator contro l . W h e n the image was 
shipped to the host C P U , the fast fourier transform ( F F T ) and subsequent 
power spec t rum were computed f rom the region defined electronical ly, w i t h 
an edge grading funct ion to e l iminate hard edge di f fract ion. T h e electron
i ca l ly sampled image region and its power spectrum (opt ical di f fraction 
pattern) were then sent to a h a r d copy s l ide -making device. T h e diffrac
t i on pattern was cal ibrated using Keuffel & Esser (46 1513) 10 x 10 to c m 
graph paper w i t h the same setup for d ig i t i z ing the molecule. T h e opt i ca l 
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dif fraction patterns were oriented i n the same direct ion as the spacings ap
peared i n the molecule (Figures 5, 6,7 and 10) and were generally scaled 
over 5-6 decades of intensity so that i n d i v i d u a l spot ident i ty and pos i t ion at 
lower intensities could be correctly identif ied at the higher intensity levels 
w h i c h enhanced fainter spots. T h e transparencies were a l l rephotographed 
w i t h a low contrast film developer system and pr inted at the same m a g 
ni f i cat ion w i t h 0-2 grade I l ford mult igrade II pr int paper . T h e features 
of these dif fraction patterns were recorded on overlayed t rac ing paper on 
a l ight table . T h e distance between centers of spots symmetr i c w i t h the 
dif fraction pat tern center were measured w i t h a vernier caliper and then 
d iv ided by two to give the spot posit ion i n reciprocal space. T h e exact cen
ter of most elongated spots was est imated. T h e precision of the dif fraction 
measurements was not better t h a n 8%. T h e reciprocal space distance for 
the molecule was d iv ided into the rec iprocal distance for the 1 m m graph 
paper and m u l t i p l i e d by a magni f i cat ion factor i n À / m m to compute op t i ca l 
di f fraction spacings i n Angstroms

Results 

Imaging A. xylinum's cellulose r ibbon has previously been accomplished 
by adhering cells to a film coated g r i d , growing the cells on a nutr ient 
buffer so lut ion , and negative s ta in ing t h e m for v i s ib i l i t y and for t ransmis 
sion electron microscopy. Images show that A. xylinum produces a left-
h a n d twisted r ibbon normal ly , and i n the presence of carboxymethy lce l lu -
lose ( C M C ) (4 ,5 ) . W h e n grown i n the presence of 0.25 m M Calco f luor , this 
morphology is d ramat i ca l l y altered to a broad cellulose band composed of 
15Â and larger filaments (2-5). 

We have approached specimen preparat ion for T E M imaging differ
ently. A. xylinum n a t u r a l l y forms a pellicle or gel of cellulose r ibbons on the 
surface of a so lut ion d u r i n g growth w i t h the cells tethered at the pel l ic le 's 
per iphery by r ibbons. Since sequential growth condit ions are recorded l i n 
early along a r i b b o n , A. xylinum was grown normal ly , i n 0.25 m M T i n o p a l , 
and normal ly again, then visual ized after freeze-drying and P t - C rep l i ca 
t i o n . F igure 1 shows a n o r m a l l y grown pell icle of A. xylinum cellulose 
r ibbons that appear l inear and untwisted . T h e s m a l l arrows point out left-
h a n d twisted microf ibr i ls w i t h i n the r ibbons. W h e n A. xylinum was grown 
i n the presence of 0.25 m M T i n o p a l , an altered cellulose was produced as 
shown i n F igure 2. T h e same preparat ion shown at higher magni f icat ion i n 
F igure 3 revealed 33Â P t - C coated submicrof ibri ls ( smal l arrows) . These 
i n d i v i d u a l submicrof ibr i ls averaged 17 .8±2 .2Â after correct ion for the P t - C 
coat (1), and frequently twisted together to f o rm larger fibrils. 

Submicro f ibr i l s , previously imaged, have been correlated w i t h the four 
g lucan chain X - r a y fiber dif fraction uni t cell as opposed to the two or eight 
cha in un i t cell by average diameter measurements (1). In the F igure 4 
submicro f ibr i l model the side and diagonal dimensions of the uni t cell were 
est imated. B y t rans la t ing and ro tat ing this paral le l nine g lucan chain cross 
section, the long d iagonal of 23Â and the short diagonal of 19Â generated 
a ma jor and minor surface ridge and also generate a submicro f ibr i l w i t h a 
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Figure 2. Freeze-dried A. xylinum cellulose grown i n the presence of 
0.25 m M T i n o p a l and replicated w i t h 16.4Â P t - C and backed w i t h 156Â 
of carbon . A tangled mass of 33Â P t - C coated submicrof ibr i ls was formed 
instead of n o r m a l r ibbon cellulose. 
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nonuni form diameter whose m a x i m u m dimension is 23Â. T h i s submicrof ib 
r i l h a d a hel ica l p i t c h of 72Â w i t h a major ridge crossing the axis every 36Â 
and a m i n or ridge crossing half -way between the ma jor ridges. In F igure 5 
the submicro f ibr i l model ( F i g . 5a) was compared at equivalent magni f i ca 
t i on to a T E M image of the submicro f ibr i l ( F i g . 5c). T h e P t - C coated 36Â 
major ridge spacings and some of the minor ridges along the submicro f ibr i l 
surface were preserved but the diameter increased by 15.2Â to 33Â. T h e 
image or ientat ion w i t h the computer generated opt i ca l dif fraction patterns 
i n Figures 5-7 were also preserved. T h e model 's di f fraction pat tern ( F i g . 5b) 
was generated f r om one side of a left-handed hel ix w i t h prominent spacings 
( ± 8 % precision) at 25Â and 12Â, w i t h a vert i ca l spacing at 12Â and w i t h 
adjacent spots para l le l ing the 25Â and 12Â spot posit ions . T h e opt i ca l 
dif fraction pattern generated f rom the T E M image of the submicro f ibr i l 
( F i g . 5d) was s imi lar to F i g . 5b w i t h left-handed spacings (±8%*) of 26Â 
and 12Â or 14Â and w i t h two spots below and above the larger spacing of 
26À ( see hor izonta l arrow
26À apart traverse the submicro f ibr i l axis at a 45 ± 15° angle. T h i s angle 
has geometrical ly determined the major ridge repeat along the fiber axis of 
36Â (26Â / s i n 45° = 36.8À). T h e P t - C repl ica resolution i n F igure 5d is 9À 
was only s l ight ly better than the 12Â or 13Â previously reported (10,13) . 

T h e micro f ibr i l model composed of three submicrof ibr i ls le f t -hand 
twisted together i n F igure 6a was compared at the same magni f icat ion 
to the P t - C coated micro f ibr i l image i n F igure 6c. T h e ma jo r and m i n o r 
ridges (thick and t h i n arrow heads) were vis ible along the submicrof ibr i ls 
i n the model and they could also be seen along the central submicro f ibr i l 
i n the T E M image. T h e computer generated opt i ca l dif fraction patterns of 
the model shown i n F igure 6b and of the P t - C coated micro f ibr i l shown i n 
F igure 6d were complex but s i m i l a r . In the diffraction pattern i n F igure 6b, 
we could assign the vert ica l spacing i n the micro f ibr i l model at 23Â and 
one left -handed spacing at 23Â (—45° ± 1 5 ° angle) to the long diagonal 
(see F i g . 4) or m a x i m u m diameter of the submicro f ibr i l . T h e t h i r d 23Â 
spacing at - 1 7 ° ± 15° angle was probably related to a foreshortened pro 
jec t ion of the major ridge center to center distance along the submicro f ibr i l 
wrapped around the micro f ibr i l axis . T h e vert i ca l spacing i n F igure 6d of 
the T E M image was 27Â and there was also a left-handed spacing at 27Â 
at a —45° ± 15° angle. T h i s larger value may be due to the s l ight ly greater 
separation between the submicrof ibri ls i n the T E M image. A t h i r d spacing 
at 23Â or 21Â at a —17° ± 1 5 ° angle was probably related to a foreshortened 
major ridge spacing along the submicro f ibr i l . 

T h e negatively stained micro f ibr i l shown i n F igure 7a was first treated 
to remove hemicellulose before i t was negatively stained. T h e computer 
generated opt i ca l dif fraction pattern was only of the upper micro f ibr i l w i t h 
the 33À spacing. T h e dif fraction pattern i n F igure 7b showed a vert i ca l 
spacing at 24À, a left-handed spacing of 23Â at a —45° ± 5° angle to the 
hor i zonta l axis , and a spacing at 25Â s imi lar to the major ridge spacing i n 
F igure 6b. T h e 33Â left-handed a x i a l micro f ibr i l spacing was geometrical ly 
related to the 23Â submicro f ibr i l spacing (23Â / s i n 45° = 32.5Â). 
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Figure 7. T h i s micro f ibr i l was treated w i t h hot trif luoroacetic ac id to remove 
hemicellulose and was then negatively stained w i t h 2% u r a n y l acetate i n 
F igure 7a. T h e opt i ca l diffraction pattern i n F igure 7b was only of the upper 
micro f ibr i l showing the 33Â spacing. In F igure 7b the submicrof ibr i ls cross 
the T E M micro f ibr i l axis at a 45° ± 5 ° angle. (7a reproduced w i t h permiss ion 
f r om Réf. 1. © 1987 Elsevier Science Publ ishers Β. V . ) 
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It was previously pointed out that fi laments the size of submicrof ibr i ls 
exit the cell wa l l of A. xylinum through pores (4). F igure 8 shows how a 
micro f ibr i l self-assembled f rom three submicrof ibri ls on the exterior of the 
cell (1). A r r o w s point to submicrof ibri ls 1 and 2 on the cell surface. A t 
their j u n c t i o n submicro f ibr i l 2 crosses 1 i n a left-handed manner vis ible i n 
stereo-micrographs (not shown) . Submicro f ibr i l 3 j o ins and then crosses 
the twisted pair of microf ibr i ls i n a left-handed manner near the b o t t o m 
of the figure. T h e image of submicro f ibr i l 3 also showed that i t was not 
rod- l ike but was le ft -hand super-twisted. A model of this process i n F i g 
ure 9 showed three le ft -hand hel ical submicrof ibri ls label led S M 1, 2 and 
3 emerging f rom the cell wa l l at the top of the figure. T h i s model depicts 
three associated submicrof ibr i ls being spun together to f o rm a mic ro f ib r i l , 
a l though i t was unclear how three submicrof ibri ls i n i t i a l l y came together. 
T h i s sp inn ing process may be dr iven by the le f t -hand ro tat ion and e lon
gat ion of the submicrof ibr i ls dur ing cellulose synthesis. T h e left ro ta t i on 
of each submicro f ibr i l drive
micro f ibr i l wh i ch also left rotated as i t grows longer. If any of the sub
microf ibr i ls elongated more rap id ly than the other pa i r , i t would become 
left -hand super-twisted as pointed out in F igure 8 for submicro f ibr i l 3. 

In tobacco p r i m a r y cell wa l l the cellulose microf ibr i ls observed i n d i 
v idua l ly or associated w i t h bundles were also tr ip le -stranded and le f t -hand 
hel i ca l . These observations are shown in F igure 10. Since cellulose is on ly 
19% of the tobacco cell wal l (17), the task of finding and ident i fy ing cel
lulose was compl icated . For this reason A. xylinum wh i ch produces a pure 
r ibbon of cellulose was used for s tudy ing cellulose s tructure . 

Discussion a n d Conclusions 

Submicro f ibr i l and tr ip le -stranded left -hand hel ical microf ibr i ls are found 
i n tobacco p r i m a r y cell wa l l and bacter ial A. xylinum cellulose. W e suspect 
f rom our results and the l i terature survey out l ined in reference (1) that the 
tr ip le stranded structures are prominent i n the p r i m a r y p lant cell w a l l . T h e 
h ighly crystal l ine cellulose of p lant and algae secondary cell wa l l appears by 
X - r a y fiber dif fraction (18,19) and T E M latt ice imag ing (20-23) to be largely 
crystal l ine arrays of p lanar straight chains of ( l -4 ) - / ? -D-g lucan chains. 

T h e submicro f ibr i l i n F igure 5c was clearly a left-handed hel ix w i t h 
a major ridge repeat of 26Â and minor ridge ha l f spacing at 12Â or 14Â 
evident i n the opt i ca l dif fraction pattern ( F i g . 5d). T h e correspondence 
between the model and the P t - C coated submicro f ibr i l was stronger t h a n 
expected since i t was known that evaporated meta l coatings do not jus t 
adhere where they l a n d at ord inary repl icat ion temperatures (24-27). T h e 
specimen temperature used in this work (—178°C) was colder by 110°C than 
the temperature used previously (7). T h e greater meta l s t i ck ing coefficient 
at lower temperatures preserved surface resolution to 9Â i n F igure 5d . 

T h e micro f ibr i l model i n F igure 6a strongly resembled the P t - C coated 
micro f ibr i l i n F igure 6c, which also contained a major and minor ridge 
along a submicro f ibr i l at the center of the image. T h e assignment of spots 
to molecular features i n the complex opt ica l dif fraction pattern i n F igure 6b 
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Figure 8. Since the submicrof ibri ls exit the cell wal l of A. xylinum through 
pores (4), the self-assembly of a tr ip le -stranded micro f ibr i l has occurred at 
the exterior surface of the cell (1). Submicrof ibr i ls 1 and 2 appeared super-
twisted on the cell surface. A t their j u n c t i o n submicro f ibr i l 2 crossed 1 i n 
a left -handed manner whi ch is on ly vis ible w i t h stereo-micrographs (not 
shown) . Submicro f ibr i l 3, which was also le ft -hand super- twisted , j o ined 
and crossed the double fiber i n a left-handed manner . T h i s specimen was 
coated w i t h 16.4Â of P t - C . (Reproduced w i t h permission f rom Réf. 1. © 
Elsevier Science Publ ishers Β. V . ) 
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Figure 9. T h i s model shows three left-handed hel ical submicrof ibr i ls ( S M ) 
1, 2 and 3 wh i ch emerged f rom the cell wa l l at their t e r m i n i . It was not 
clear how the submicrof ibr i ls first associated w i t h other submicrof ibr i ls but 
once associated they were spun together. T h i s model assumed that cellulose 
synthesis provided the mechanical force that s imultaneously extended and 
le f t -hand rotated the submicrof ibri ls , which i n t u r n drove the secondary 
format ion of three submicrof ibri ls into a left -hand hel ical micro f ibr i l ( M ) . 
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could not be accomplished yet except at a rud imentary level . T h e ver t i ca l 
and left -handed spacing (—45° ± 15°) at 23Â represented the m a x i m u m 
w i d t h or long d iagonal ( F i g . 4) of the submicro f ibr i l . T h e —17° ± 15° spac
ing at 23Â probably represented a foreshortened major ridge spacing along 
a submicro f ibr i l curv ing around the micro f ibr i l axis . T h e same spacings 
also appeared i n the opt i ca l dif fraction pattern ( F i g . 7b) of the negatively 
stained micro f ibr i l i n F igure 7a. T h e opt i ca l dif fraction pat tern of the 
freeze-dried P t - C replicated micro f ibr i l ( F i g . 6d) was far more complex, re
so lv ing more spots t h a n its negatively stained counterpart i n F igure 7b. 
T h e vert i ca l and left-handed spacings at —45° ± 1 5 ° i n the P t - C coated 
micro f ibr i l were 27Â, due either to a t ru ly greater space between s u b m i 
crofibrils i n F igure 6c or merely to the 8% precision of measurement whi ch 
made 27À and 23Â of doubt fu l d i scr iminabi l i ty . A 21À or 23Â spacing was 
also located at —17° ± 15°, w h i c h could be a t t r ibuted to the submicro f ibr i l . 

We believe that the T E M and model images of the cellulose he l ix i n 
conjunct ion w i t h the compute
vide strong evidence for a substructure that includes a le f t -hand hel ica l 
micro f ibr i l composed of three submicrof ibri ls ( F i g . 8) and a le f t -hand he l i 
cal submicro f ibr i l . Evidence that the four g lucan chain fiber di f fraction un i t 
cell h a d the same size as the submicro f ibr i l came f rom the correspondence 
between the un i t cell 's average diameter of 18.5Â and the measured s u b m i 
crof ibr i l diameter of 17.8 ± 2.2Â (1), the major and minor ridges v is ib le i n 
T E M ( F i g . 5c) and the m a x i m u m diameter of 23Â for the submicro f ibr i l as 
determined f rom the microf ibr i l ' s opt i ca l dif fraction pat tern . T h i s strong 
correlat ion has supported the hypothesis that the paral le l nine g lucan chain 
uni t represents the submicro f ibr i l cross section. 

T h e method we have advanced for generating the submicro f ibr i l f r om 
the nine sugar uni t cross section i n F igure 4 provides a model for sub
micro f ibr i l synthesis. Af ter each nine glucan chain cross section has been 
assembled and moved to make room for the next , the submicro f ibr i l e lon
gates and s imultaneously rotates. M i c r o f i b r i l self-assembly i n F igure 8 was 
based on a cellulose synthesis-powered mechanism which extends and ro
tates each submicro f ibr i l i n the F igure 9 model . One obvious predict ion of 
the mode l , besides the f ormat ion of a le ft -hand hel ical mic ro f ib r i l , was that 
the micro f ibr i l w o u l d also rotate in a left-handed direct ion as i t elongated. 
We w i l l return to this point i n the last paragraph. 

One impor tant consequence of the nine para l le l g lucan chain u n i t , 
t ranslated and rotated to generate a le ft -hand hel ical submicro f ibr i l , was 
that a l l the ( l -4 ) - / ? -D-g lucan chains were not conformation al ly equivalent 
i n the F igure 4 submicro f ibr i l model . For instance, the g lucan chain at 
the center of this model would f orm a left-handed hel ix 7 cellobiose uni ts 
long w i t h a 72À p i t c h , but a l l other g lucan chains w o u l d require more 
cellobiose units to reach the same ax ia l pos i t ion . Recent theoret ical ca l cu
lat ions indicate that a fami ly of left -hand hel ical ( l -4 ) - / ? -D-g lucan chains 
7-9 cellobiose units long w i t h pitches of about 72Â to 93Â exist near a s i m 
i lar conformational energy m i n i m u m (28). T h e nine para l le l g lucan chain , 
twisted crystal model thus cannot be ruled out on either the basis of g lucan 
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Figure 10. a, Bundled cellulose microfibrils in the lower epidermal cell wall 
(facing mesophyll cells) of Coker 319 tobacco leaves. This epidermal peel was 
freeze-dried, Pt-C replicated (15.9 Â thick) and carbon film backed (133 Â thick), 
b, A cellulose microfibril is seen connecting two bundles of microfibrils (similar 
to a). This Pt-C coated microfibril averages 51 Â in width, shows left-handed 
surface striations, and splits into three smaller submicrofibrils. c, Tobacco primary 
cell wall Pt-C coated microfibril averaging 50 Â shows left-handed surface 
striations. d, Three 16-18-Â submicrofibrils in adjacent ridges wrap (see arrows) 
in a left-handed fashion around the microfibril axis. Bar, 100 A . (a-d reproduced 
with permission from réf. 1. Copyright 1987 Elsevier.) 
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Figure 10. e, Optical diffraction pattern of c. Its important features were similar 
to those in the A . xylinum microfibril diffraction pattern in Figure 6d: left-handed 
spacings at roughly 24 ± 3 A , a vertical spacing at 26 Λ and right-handed 
spacings at 36 Â and 28 Â The left-handed pattern at 47 Â and 48 A , not 
previously seen, was probably caused by an artificial bunching of the 
submicrofibrils (d) when the microfibril was lifted above the cell wall surface by 
peeling the lower epidermal cell layer from the tobacco leaf. 
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chain energy considerations or the lack of left-handed g lucan chain confor
mat ions . Others have also suggested that cellulose g lucan chains f o rm a 
left -handed hel ix of 72Â (29) and can also be left-handed hel ical i n so lu 
t i on (30). T h e nonequivalence of g lucan chains i n a twisted crysta l would 
l i m i t i ts m a x i m u m lateral dimensions. Since chains farthest f rom the axis 
center are less twisted, it is not surpr is ing that i n larger secondary cell 
wa l l crystal l ine cellulose a l l the g lucan chains can energetical ly assume a 
flat l inear configuration w i t h each cellobiose uni t related to the next by a 
180° ro ta t i on (18-23,31). O u r observations suggest that the submicro f ibr i l 
s tructure is a consequence of its s m a l l size and of ( l -4 ) - / ? -D-g lucan chains ' 
n a t u r a l tendency to assume a left-handed hel ix (21). Larger cellulose crys
tals can untwist ( l -4 ) - / ? -D-g lucan chains because of the favorable energetics 
of f o rming p lanar straight chain crystals (31). 

T h e model i n F igure 9 predicts that each micro f ibr i l wou ld rotate i n 
the process of cellulose r ibbon format ion . If the A. xylinum cell were held 
stat ionary, then the r ibbo
the r ibbon were held stat ionary, then the cell wou ld rotate (32). T h e latter 
case explains why ribbons appear untwisted i n the pell icle of r ibbons shown 
i n F igure 1. Moreover, i t has been demonstrated that an A. xylinum cell 
ceased ro tat ion when Calcof luor (> 0.1 m M ) was added to the so lut ion 
(32). 

Prev ious work has shown that the presence of Calcof luor or T i n o p a l 
could d ramat i ca l l y increase A. xylinum cellulose synthesis. T h i s observa
t i on was the basis for the hypothesis that cellulose po lymer iza t i on can be 
uncoupled f rom a slower sequential c rysta l l i zat ion step (2-5). W e believe 
the hypothesis is not consistent w i t h our observations. A t the very least, the 
presence of an ordered and crystal - l ike submicro f ibr i l produced i n the pres
ence of 0.25 m M T i n o p a l would relegate T i n o p a l ' s or Calcof luor 's effects to 
an event occurr ing after the i n i t i a l cellulose po lymer izat ion - crys ta l l i za t i on 
step or steps. 

T h e d a t a we present show that A. xylinum cellulose microf ibr i ls are 
formed by submicrof ibr i ls be ing spun together, as shown i n Figures 8 and 
9, rather t h a n associated through a mechanism of lateral fasciation (1 ,4 ,5 ) . 
We have demonstrated that T i n o p a l disrupts r ibbon formation and the m i 
crof ibr i l f o rmat ion process i n Figures 2 and 3. Since the micro f ibr i l sp inn ing 
process either rotates the r ibbon or the cel l , its d isrupt ion would uncouple 
a r a t e - l i m i t i n g ro tat ion , e longation process f rom cellulose synthesis. T h u s , 
uncoupl ing of a cell 's or a r ibbon 's mechanical ro tat ion w i t h T i n o p a l or 
Calco f luor would result i n an increased rate of cellulose synthesis, an i n 
terpretat ion which is consistent b o t h w i t h our findings and w i t h previous 
work (1-5,32) . 
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Chapter 21 

Structural Characterization and Visualization 
In Situ and After Isolation of Tobacco Pectin 

George C. Ruben1 and Gordon H. Bokelman2 

1Department of Biology, Dartmouth College, Hanover, NH 03755 
2Philip Morris USA, Research Center, Richmond, VA 23234 

Recently two differen
elucidation and transmission electron microscopy, were 
utilized in the study of pectin, with particular empha
sis on tobacco pectin. The goal was to help bridge 
the gap between knowledge of their chemical structures 
to understanding the complex physical structures re
vealed by microscopy. To provide background on chem
ical structure, a study established that tobacco pectin 
was present as a series of related rhamnogalacturonans. 
All of these polysaccharides had a backbone consist
ing of 4-linked α-D-galactopyranosyluronic acid residues 
interspersed with 2-linked L-rhamnopyranosyl residues. 
However, they varied in content of neutral sugars and 
extent of methyl-esterification. The presence of rham
nose in the backbone of pectin was believed to create 
"kinks" which probably disrupted helical stretches of the 
4-linked α-D-galactopyranosyluronic acid residues. In 
the present study pectin samples were gelled in deionized 
water, air-dried or freeze-dried, platinum-carbon repli
cated, carbon-backed and then examined by high reso
lution transmission electron microscopy. The pectin was 
found to be present as single chains of 7 ± 3Å diame
ter that showed helical stretches with a 13Å left-handed 
surface striation. 

P e c t i n is the major component found i n the p r i m a r y cell walls of dicots and 
may play a v i t a l role i n cell growth. D u r i n g cell g rowth , loosening of the 
cell wa l l by acidi f icat ion is an impor tant process which enables the cell to 
elongate by its own turgor pressure. It has been suggested that the p r i m a r y 
act ion of acidi f icat ion is the loosening of a ca l c ium pectate gel w i t h i n the 
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cell wal l (1). P e c t i n is also found i n the midd le l a m e l l a of l and plant tissues 
where it is thought to funct ion as an intercel lular b i n d i n g agent (2). 

P e c t i n constitutes 11-12% of the t o ta l solids (3) or 3 4 % of the cell 
wal l mater ia ls (4) i n tobacco l a m i n a . B y contrast , a l l of the fo l lowing com
ponents are found to a lesser extent w i t h i n the cell walls of tobacco l a m 
i n a : prote in (21.6%), cellulose (18.7%), hemicellulose (11.4%), and l ign in 
(4.1%). 

G a l a c t u r o n i c acid is the major constituent of a l l n a t u r a l pect ins. 
Pect ins also contain vary ing quantities of neutra l sugars, p r i n c i p a l l y a r a b i -
nose, galactose and rhamnose (5). T h e carboxy l funct ion of the ga lactur -
onosyl residues may be present as a m e t h y l ester, ac id or salt . 

Pect ins are best k n o w n for their ab i l i ty to f o rm gels (6), a property 
whi ch often involves intermolecular b i n d i n g mediated by ca l c ium cations 
(7). T h e pr inc ipa l commercia l use of pect in is i n the preparat ion of j e l l y 
and j a m products (8). Pect in
(9-11). Histor i ca l ly , n a t u r a
to prepare reconst i tuted sheets f rom tobacco by-products that are then 
incorporated into cigarette fil ler or cigar wrappers (12-14). 

Pect ins have been s t ructura l ly characterized by a combinat ion of chem
ica l and spectroscopic methods. 1 3 C N M R can be used to examine the p u 
r i ty , degree of esterif ication, and neutra l sugar content of pectins (15). T h e 
monomeric composit ion of pectins may be determined direct ly by a combi 
nat ion of methanolysis (16) and s i ly lat ion procedures to y ie ld O-s i ly lated 
methylglycosides that can be quant i tated by G C (15). T h e linkage pat 
tern of the monomeric sugars may be determined by methy la t i on analysis . 
T h i s procedure involves methy lat i on of the s tar t ing pect in by the H a k o m o r i 
method (17-19), reduction of the carboxyl ic acid functions (18), hydro ly 
sis, reduction of the aldehyde functions and acetylat ion to y ie ld par t ia l l y 
methylated a ld i t o l acetates. T h e par t ia l l y methylated a ld i to l acetates then 
can be analyzed by G C / M S (20). In a var iat ion of the procedures l isted 
above, p a r t i a l ac id hydrolys is may be used to generate a series of d i - and 
oligosaccharide derivatives (15). These derivatives can be identif ied by their 
electron impact mass spectral fragmentation (21). F r o m a l l of the above 
in format ion the chemical structure of the s tar t ing pect in then m a y be de
duced. 

T h e results f r om s t ruc tura l studies on pectins isolated f rom a number 
of different p lant sources have been reported i n several papers and review 
articles (10,22-28). C h e m i c a l investigations of tobacco pec t in (15,29-31) 
have demonstrated that its structure is consistent w i t h the basic s t r u c t u r a l 
elements found in pectins f rom other sources. 

In one recent study (15), i so lat ion and puri f i cat ion of tobacco pect in 
yielded a series of related rhamnogalacturonans. A l l of these polysac
charides were found to have a backbone consisting of 4- l inked a - D -
galactopyranosyluronic acid residues interspersed w i t h 2- l inked L - r h a m n o -
pyranosy l residues i n a rat io of ~ 16:1 (see F i g . 1). T h e presence of r h a m 
nose in the backbone of pect in is believed to create " k i n k s " which probab ly 
disrupt hel ical stretches of the 4- l inked α-D-galactopyranosyluronic ac id 
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residues (10). These tobacco rhamnogalacturonans varied i n content of 
neutra l sugars and extent of methyl-esteri f icat ion. T h e i r average degree of 
po lymer izat i on was est imated to be 400. 

X - r a y fiber dif fraction studies have been performed on s o d i u m and 
c a l c i u m pectate gels (32). F r o m this research a working mode l for the 
hel ical port ions of the pect in chain has emerged, wh i ch is i m p o r t a n t for 
comparison to the transmiss ion electron microscopy ( T E M ) studies. T h e 
fiber dif fraction gel models assume ant iparal le l a - ( l —• 4) po lygalacturonate 
chains w h i c h , when viewed down the c axis of the pectic ac id un i t cel l , 
average about 6.8 x 7.2Â along the a and b directions for a single sugar 
cha in , respectively. One or two waters of hydrat i on can increase this size 
by 3À or 6Â (33,34) i n deep-etched preparations or an associated c a l c i u m 
ion can increase its cross-sectional dimensions by about 2Â (35). 

Few previous attempts have been made to visual ize pec t in at the molec
ular level (36). In the present study, a P t - C repl icat ion technique and T E M 
were used to characterize
(facing mesophyl l cells) i n b o t h fresh, green and senescing Coker 319 to 
bacco leaves. These surfaces were compared to freeze-dried and a i r -dr ied 
calcium-free pect in gels. T h e surface textures and est imated diameters 
of single pect in chains in these preparations were compared. W i t h h igh 
magnif icat ion imaging we were able to conf irm the presence of the po ly 
galacturonate chain hel ix i n tobacco and citrus pectins. 

M e t h o d s a n d Mater ia ls 

T h e tobacco pect in used i n this study was obtained f rom a single grade 
of heavy or bodied , field-grown, flue-cured bright tobacco harvested at the 
upper mids ta lk pos i t ion . C r u d e tobacco pect in was obta ined by extrac
t i on w i t h hot water of the tobacco l a m i n a that previously had been treated 
w i t h aqueous ethanol to remove waxes, nicot ine, s imple sugars and other 
low molecular weight components (15). T h i s crude product was puri f ied 
by tangential flow u l t ra f i l t ra t i on , ion exchange chromatography and gel 
permeat ion chromatography (15). T h e purif ied tobacco pect in had a galac-
turonic ac id content of ~ 80%, a degree of esterif ication of ~ 22 and a 
degree of po lymer izat ion of ~ 400. A separate sample of deesterified pect in 
was obta ined by saponif ication (15) of the purif ied tobacco pec t in . 

Gels were obtained i n the fol lowing manner f rom both the puri f ied , 
s tar t ing tobacco pect in and the deesterified pec t in obtained f rom i t . F i r s t 
the sample of pect in was so lubi l ized i n deionized 100°C water (~ 1% so
lu t i on ) . T h e n the pect in was gelled by ethanol vapor, introduced slowly 
(6 hrs) by surrounding the vessel containing aqueous pect in w i t h 100% 
ethanol i n a closed container at 20° C . 

T h e gel f rom the purif ied tobacco pect in was formed on 1.3 c m ash
less W h a t m a n 50 filter paper discs which were frozen i n propane at about 
- 1 9 0 ° C . These samples were then freeze-dried (90 min ) at —70°C, r ep l i 
cated w i t h 16.9Â P t / C at - 1 7 8 ° C i n a 5 x 1 0 ~ 8 torr . vacuum and backed 
w i t h 146Â of carbon. F i n a l l y , these samples were digested w i t h 8 0 % s u l 
furic ac id , rinsed w i t h deionized water, picked up f rom underneath w i t h 
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carbon-coated 300 mesh grids (37) and examined by transmiss ion electron 
microscopy. Unless specifically noted otherwise, the same general proce
dures were employed to prepare other samples for T E M examinat i on . A 
more detailed discussion of the T E M procedures used, in c lud ing micrograph 
reversals, has been publ ished previously (37). 

C i t r u s pect in ( "Po lyga lac turonic A c i d M e t h y l Ester f r om C i t r u s F r u i t s , 
G r a d e I") was obtained f rom the S i g m a C h e m i c a l Company . It h a d a 
galacturonic ac id content of ~ 8 9 % and a degree of esterification of ~ 57. 
Separate aqueous solutions of c itrus pect in were freeze-dried and a i r -dr ied 
i n deionized water. These samples were replicated w i t h 9.8Â P t / C and 
backed w i t h 148Â of carbon. T h e replicas for these samples were picked up 
wi thout a carbon support film (38). 

T h e fo l lowing procedure was used to ob ta in images of the epidermal 
cell surfaces wh i ch face the mesophyl l cells w i t h i n the leaf interior . B o t h 
fresh green and senescing greenhouse-grown Coker 319 tobacco leaves were 
examined . T h e lower epiderma
leaf, rinsed twice i n a so lut ion of 1 :3 /ethanol :water , and frozen on a | - i n . 
m i c a disc. T h e senescing sample was freeze-dried at —80°C for 105 m i n , 
repl icated w i t h 26.6Â P t / C and backed w i t h 215Â of carbon . T h e fresh, 
green sample was freeze-dried at — 70°C for 3 hr , repl icated w i t h 15.9Â 
P t / C and backed w i t h 139Â of carbon. 

In a separate experiment a sample of the lower epidermal layer f rom 
a fresh, green Coker 319 tobacco leaf was treated w i t h bo i l ing water for 
25 m i n . T h i s sample was then rinsed, freeze-dried for 3.5 hr at —80°C, 
repl icated w i t h 15.9Â P t / C and backed w i t h 133Â of carbon. 

Results a n d Discussion 

Since i t was k n o w n that pect in can be solubi l ized w i t h hot water, a s imple 
experiment was performed to help identify the locat ion of pect in on the 
noncut in ized surface of tobacco lower epidermal cells. T h e noncut in ized 
surface of the lower epidermal cells is the side wh i ch faces the mesophyl l 
cells. Figures 2 A and 2 B , respectively, show the control and treated samples 
for the noncut inized lower epidermal cell surface of a fresh, green Coker 319 
tobacco leaf. Treatment consisted of immers ing the lower epidermal peel 
i n bo i l ing water for 25 m i n . It m a y be seen i n F igure 2 A that the surface 
pect in coat was continuous, w i t h numerous flat regions. T h i s pect in coat 
disappeared fo l lowing hot water extract ion . F igure 2 B shows the exterior 
surface of the lower epidermis for the boi l ing-water treated sample f rom 
which most of the pect in had been extracted . Some pect in- l ike mater ia l 
remained as smooth globs coating the filamentous p r i m a r y cell wa l l ce l lu 
lose. T h e contrast between Figures 2 A and 2 B indicated that a pect in gel 
permeates the cell w a l l . 

F igures 3 A and 3 B show low and h igh magni f i cat ion images of the 
noncut inized lower epidermal cell surfaces i n a senescent Coker 319 to 
bacco leaf. T h e junct ions between four different ep idermal cells can be 
seen i n F igure 3 A . A l s o , mul t ip le layers of pect in were evident on these 
lower epidermal cells, but were not present on the epidermal surface of 
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Figure 2 A . Freeze-dried, P t / C repl icated, untreated noncut in ized lower ep i 
dermal cell surface of a f resh , green Coker 319 tobacco leaf. ( B a r = 1,000Â.) 

F igure 2 B . Freeze-dried, P t / C repl icated, noncut in ized lower ep idermal cell 
surface of a fresh, green Coker 319 tobacco leaf treated w i t h bo i l ing water 
for 25 minutes . (Bar = 5 ,000A.) 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



306 PLANT C E L L WALL POLYMERS 

Figure 3 A . Freeze-dried, P t / C repl icated, noncut inized lower ep idermal cell 
surfaces i n senescent Coker 319 tobacco leaf. (Bar = 5,000Â.) 

F igure 3 B . Same as F igure 3 A , except higher magni f icat ion. (Bar = 500Â.) 
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younger leaves (see F igure 2 A ) . A s many as 6 to 7 stacked surface layers 
were seen f rom which filaments protruded. T h e h igh ly bent filaments w i t h 
some l inear stretches were even more evident i n F igure 3 B . T h e average 
filament w i d t h was measured at 29.7Â (n = 137, S . D . = 4.8Â). C o r r e c t i o n 
for the P t / C film thickness (39) gave a real size of 4 . 6 ± 4 . 8 À . 

F igure 4 A shows a relatively low magnif icat ion micrograph of a gel 
prepared f rom deesterified tobacco pect in . U n l i k e Figures 2 A and 3 A , its 
surface was smoother and d i d not show the layering effect seen on the lower 
ep idermal cell surface. 

F igure 4 B is a h igh magnif icat ion micrograph of a gel of pec t in fila
ments prepared f r om purif ied tobacco pect in . T h e average filament w i d t h 
w i t h P t / C coating was 22.5Â. A f ter correct ing for the added size due to 
the P t / C coating (39), the pect in filament h a d a diameter of 7.1 ± 3Â 
(n = 112, S . D . = 3Â) . W i t h i n the s tandard dev iat ion of the measurements, 
the filament widths were th
tobacco pect in and the tobacco epidermal cell surface. B o t h of these mea
surements also agreed very wel l w i t h the x - ray fiber dif fraction diameter , 
~ 7À, which we est imated f rom the modeled gels of W a l k i n s h a w and A r n o t t 
(32). O n careful inspect ion, some of the pect in molecules i n F igure 4 B 
showed a left-handed surface s t r ia t ion occurr ing every 13Â. W a l k i n s h a w 
and A r n o t t demonstrated that (citrus) pect in contained a 13.3Â 3-fold he
l i x i n the polygalacturonate chain (32), but x - ray fiber dif fraction d i d not 
give the hel ix handedness. We report here for the first t ime that i t is a 
left -handed hel ix . 

Since the x - ray fiber diffraction measurements based on c itrus pect in 
(32) were consistent w i t h the T E M measurements of tobacco pec t in , we 
prepared a gel f rom citrus pect in s imi lar to the previous x - ray sample . T h i s 
gel was then examined by T E M . A i r - d r i e d samples of this gel, shown i n 
F igure 5, demonstrated long stretches of hel ix i n the molecules l y i n g on the 
surface. (In the freeze-dried gels—not shown—only short stretches of hel ix 
were visible. ) T h e average filament w i d t h i n the a ir -dr ied gel was found 
to be 14.2Â. Af ter correct ing for the added size due to the P t / C coat ing 
(39), the citrus pect in filament diameter was 5.8 ± 2 A (n = 3 7 , S . D . = 
2 Â ) . In F igure 5 the c itrus pect in molecules showed a left -handed surface 
s t r ia t i on occurr ing every 13Â. T h e surface he l ix per iod f rom b o t h tobacco 
and c itrus pect in samples was i n agreement w i t h the x -ray fiber di f fraction 
measurements (32). 

In conclusion, we have demonstrated that h igh resolution T E M is a 
valuable complement to x - ray fiber dif fraction analysis and chemical struc
t u r a l e luc idat ion . Its appl icat ion provided in format ion about the organiza 
t i on of pect in i n cell walls and i n calcium-free gels. U s i n g freeze-dried s a m 
ples that were P t / C repl icated, we demonstrated tobacco pect in filaments 
i n a gel to be of the same diameter as the filaments on the noncut in ized 
lower epidermal surface of senescing Coker 319 tobacco leaves. These fil
aments were 7.1 ± 3Â and 4.6 ± 4.8Â, respectively, and roughly the same 
diameter , ~ 7Â, as fiber-diffraction modeled c itrus pect in (32). Rep l i ca ted 
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Figure 4 A . Freeze-dried, P t / C replicated gel prepared f rom deesterified to 
bacco pect in . (Bar = ΙΟ,ΟΟΟΑ.) 

F igure 4 B . Freeze-dried, P t / C replicated gel prepared f rom tobacco pec t in . 
T h i s h igh magnif icat ion image shows two molecules w i t h ~ 13Â left -handed 
hel ical regions. (Bar = 100A.) 
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Figure 5. A i r - d r i e d , P t / C replicated gel prepared f r om citrus pec t in . T h i s 
image features two pect in fi laments w i t h left-handed surface str iat ions hav
ing ~ 13Â spacings (Each bar — 25Â.) 
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citrus pec t in f i laments were also found to have s imi lar diameters, 5.8 ± 2Â. 
In a d d i t i o n , we demonstrated images, for the first t ime , of the left -handed 
surface spacings of ~ 13Â i n single pect in molecules, i n bo th freeze-dried 
tobacco and a i r -dr ied citrus pec t in . 

We believe that single molecule imag ing can contr ibute to a more thor 
ough understanding of the role of pect in i n the cell w a l l . O u r future efforts 
w i l l be focused on pect in gels formed i n the presence of c a l c i u m . Eventual ly , 
i t should be possible to visual ize side chains on pect in a n d determine how 
rhamnose residues i n the rhamnogalacturonan backbone of tobacco pect in 
d isrupt the formation of hel ical regions. 
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Chapter 22 

Control of Cell Wall Plasticity 

Relationship to Pectin Properties 

Renée Goldberg1, Paulette Devillers1, Roger Prat1, Claudine Morvan2, 
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Along the mung bean hypocotyl, the cell wall plastic
ity represents the limiting factor of cell growth poten
tials. Pectin molecules, known to control local cell wall 
pH's and to modulate phenolic cross-linking owing to 
the number of free acidic domains, were investigated. 
Young, plastic walls were characterized both by a high 
level of branched and methylated rhamnogalacturonans 
which leads to swollen cell walls and by a low level of lin
ear galacturonans which induces a low Cation Exchange 
Capacity (CEC). In contrast, stiff, mature cell walls are 
characterized by a low water content and a high CEC 
which favors cross-linking. 

T h e par t i c ipat i on of pectins i n control l ing the extensib i l i ty of the p r i m a r y 
cell walls has often been suggested. Mos t of the d a t a described were ob
tained w i t h dicots i n which pectins account for 30 to 5 0 % i n the cell wa l l 
m a t e r i a l , whereas monocots are known to be quite devoid of polyuronides . 
Corre lat ions between cell wal l p last i c i ty and frequency of ca l c ium bridges, 
degree of esterification or molecular size have beeen successively proposed. 
Recent ly new views about the manner i n which pectins might part i c ipate 
i n the control of cell wal l extensibi l i ty have been expressed (1-3). O n the 
one h a n d , pectins might intervene i n cell wal l stiffening processes as free 
acidic domains act as a template for cross- l inking reactions (2). O n the 
other h a n d , pectic molecules control local cell wal l p H ' s and , consequently, 
posit ive or negative feedback systems (3). It is widely accepted that wal l 
loosening as wel l as wal l stiffening processes are enzymat i ca l ly mediated . 
It m a y also be assumed that pect in properties w i l l modulate the ab i l i ty 
of cell walls to develop into more or less stretchable structures . We have 
therefore investigated the pectic mater ia l i n fast and slow growing parts of 
M u n g bean hypocotyls . 

0097-6156/89/0399-0312$06.00/0 
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Mater ia ls a n d M e t h o d s 

Vigna radiata ( L . Wi l c zek ) seedlings were raised as previously reported 
(4). Seedlings were grown 3 d at 26°C i n the dark, and were used when the 
hypocotyls measured 45 ± 5.0 m m . 

Growth Measurements. E q u i d i s t a n t Ind ian ink marks were made along the 
hypoco ty l and their displacements measured after 4 h . Displacement ve
loc i ty was p lot ted as a funct ion of the i n i t i a l pos i t ion of each m a r k , i .e. , 
the distance f r om cotyledons. Relat ive elemental rates of elongation were 
then calculated as the derivatives of the displacement versus pos i t ion (5). 
G r o w t h measurements of excised segments were recorded w i t h auxanome-
ters using displacement transducers. T h e growth curves were then calcu
lated w i t h a microcomputer ( T R S 80) as previously reported (6). E x t e n s i 
b i l i t y of the successive segments was est imated using two different methods. 
O n the one h a n d , the segments (10 m m long) were pu l led at a constant rate 
of deformation (60 m m min" "
quired less than 1 sec. Irreversible deformation represents the immediate 
plast ic i ty . O n the other h a n d , the successive segments were subjected to 
a constant load (40 g) dur ing 5 m i n and their length recorded d u r i n g 10 
m i n (5 m i n loading followed by 5 m i n unloading) . L o n g t e rm plast i c i ty was 
then estimated by irreversible deformation. S t r a i n values were calculated 
for both methods as irreversible deformations per m m . 

C e l l walls were isolated f rom 2 parts of the hypoco ty l as previously de
scribed (7). T w o pectic fractions, P F i and P F 2 , were sequentially extracted 
by bo i l ing water and hot E D T A p H 6.0. A s already reported, the residual 
cell walls were free of polygalacturonic acids (8). E D T A treatment d i d not 
signif icantly degrade the polyuronides since color imetric est imations per
formed before and after dialysis gave s imi lar results. T h e pectic f ract ion 
extracted by bo i l ing water was submit ted to ion-exchange chromatography 
on D E A E - S e p h a r o s e C L 6 B (Pharmac ia ) equi l ibrated w i t h 0.05 M s o d i u m 
acetate buffer ( p H 4.7). N e u t r a l polysaccharides were not b o u n d and acidic 
polysaccharides A P F 1 were eluted w i t h 1 M buffer (9). C a l c i u m contents 
of the pectic fractions were determined by atomic spectrophotometry w i t h 
l a n t h a n u m as interna l s tandard . Potent iometr ic measurements and est i 
mat ions of selectivity coefficients were r u n according to ref. 8. C a l c i u m 
act iv i ty was measured using a specific electrode (10). G a l a c t u r o n i c acids 
were est imated w i t h m-diphenol (11). For est imat ion of cell wa l l water 
content, the diffusion film was e l iminated f rom isolated cell walls on filter 
paper and the weight of the wet cell walls ( M F ) was est imated (10). T h e 
wa l l dry weight ( M S ) was measured after 1 h at 50°C. T h e cell wa l l water 
content (t) was obtained f rom the re lat ion t = ( M F — M S ) / M S . T h e relative 
error was less t h a n 10%. 

A Brucker A M 400 spectrometer operat ing i n the F . t . mode at 400.13 
M H z for * H and 100.57 M H z for 1 3 C was used for N M R investigations. S a m 
ples were dissolved i n D 2 O at 70°C. ( C D a ^ S O was the interna l reference 
(6C 39.5, 6H 2.72). Measurements were performed as described previously 
(9). 
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Results a n d Discussion 

Growth Gradient Along the Mung Bean Hypocotyl. A c c u r a t e est imat ion of 
growth potentials of cells i n situ is diff icult. A l o n g an axis , indeed, d a t a 
obta ined by measuring mark displacements actual ly correspond to the cu 
mulat ive cell growth at the successive levels crossed dur ing the t ime of ex
periments. T h i s diff iculty had been overcome by es t imat ing the derivatives 
of displacement velocities (5). These d a t a give the instantaneous rate of 
e longation at each point on the axis . A l o n g the M u n g bean hypoco ty l , this 
e longation rate decreases regularly f rom the hook (segment b) to the base 
( F i g . I A ) . In vitro growth measurement using excised segments does not 
indicate the i n i t i a l state of growth but the elongation of the sample after the 
excis ion. These measurements show the same growth gradient ( F i g . I A ) . 
In order to check whether wal l properties were the growth l i m i t i n g factor 
along the hypoco ty l , wal l p last ic i ty of successive hypocoty l segments was 
measured using two differen
diate p last i c i ty as wel l as long t e r m p last i c i ty obviously decreased along the 
M u n g bean hypoco ty l . These d a t a suggest that along this growing organ 
the plast ic properties of the cell walls might control the growth potent ia l 
of the cells. 

Composition of Pectin Fractions Extracted from Young and Mature Cell 
Walls (Table I). Y o u n g cell-walls contained more polyuronides soluble i n 
hot water and less polyuronides soluble in E D T A than mature cell wal ls . 
C a l c i u m ions were most ly b o u n d to water-insoluble pect ins. In this frac
t i on the galacturonic a c i d / C a 2 + rat io is ident ical for young and mature 
cell walls which indicates s imi lar affinity for C a 2 + ions. Moreover , P F 2 
polyuronides , i n contrast to P F i , were not methylated . T h e ac t iv i ty of the 
ca l c ium ions was est imated i n each fract ion. T h e mean distance between 
two free changes, b , could then be calculated (8). E x t r a c t s f rom young and 
mature cell walls gave close data . P F i b values were higher t h a n b values 
of P F 2 but deesterified P F i was s imi lar to P F 2 , the average distance be
tween two free charges then being near 4.4 wh i ch corresponds to the value 
calculated for po lygalacturonic ac id . T h e pr inc ipa l chains of P F i and P F 2 

molecules are then constituted by l inked galacturonic acid molecules, 7 0 % of 
which are methylated i n P F i extracts. In P F i , the average distance between 
two free charges is nearly three t imes as great as the value obtained after 
deesterification. It is possible that P F i extracts contain orderly arranged 
molecules w i t h a repeating uni t constituted by two successive methylated 
molecules followed by an unmethylated one. Succession of extended se
quences of methylated and unmethylated molecules wou ld provide different 
values for 7 C a . Indeed, according to K o h n (12), occurrence of more t h a n 
8 successive unmethy lated molecules inside a po lygalacturonic chain en
tai ls low 7 C a values s imi lar to those measured w i t h po lygalacturonic ac id 
(i.e., nearly 0.18). However, a succession of short sequences (< 8 units) of 
methylated and unmethy lated molecules cannot be excluded. Last ly , the 
h igh neut ra l / a c id i c sugars rat io noted for P F i might correspond to neutra l 
sidechains. 
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Figure 1. Development of growth potent ia l and cell w a l l extens ib i l i ty a long 
the m u n g bean hypocoty l . A , elongation rates as ^ m / h " 1 / 1 1 1 1 1 1 " 1 ) · · 
relative elemental elongation rate; · · spontaneous e longation of 
excised segments. B , cell wa l l extensib i l i ty as / i m / m m " 1 ; · · immediate 
p last i c i ty ; · · long t e rm plast ic ity . D a t a correspond to irreversible 
deformations measured as described i n Mater ia l s and M e t h o d s . 
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Table I. C o m p o s i t i o n of Pect ic Fract ions E x t r a c t e d w i t h B o i l i n g Water 
( P F i ) and Hot E D T A ( P F 2 ) f rom Y o u n g and M a t u r e C e l l W a l l s 

Y o u n g C e l l W a l l s M a t u r e C e l l W a l l s 

P F i P F 2 P F 2 

U r o n i c acids ( U A ) 960 340 540 610 
C a l c i u m 50 10 45 200 
N e u t r a l / a c i d i c sugars 1.05 0.35 0.90 0.12 
U A / C a l c i u m 19.2 3.10 12.0 3.05 
D E (%) 70 0-10 70 0-10 

7 C a 
intact pectins 0.57 0.18 0.58 0.15 
demethylated pectins 0.22 0.20 

b 

U r o n i c acids and C a 2 + as / i e q . g " 1 . 
D E , degree of esterif ication. 
7 C a = ac t i v i ty coefficient of ca l c ium ions. 
b , average distances between two free charges, i n Angs t roms , is calculated 
f rom the relations: L n 7 C a = —0.5— L n 2ξ and ξ — 7.15 Â / b ; ξ is a 
dimensionless s t r u c t u r a l parameter, the charge density of the pectins. 

We have also t r ied to investigate intact , unhydro lyzed pectic mater ia ls 
w i t h N M R spectroscopy. Unfortunate ly , h ighly methylated P F i as wel l as 
P F 2 were unsuitable for h igh resolution N M R studies due to low solubi l i ty . 
Na+ or L i + salt forms of the samples gave better results. 1 3 C spectra of 
the N a + f orm of P F i and P F 2 are given i n F igure 2. O n these spectra the 
major residues are (1 —• 5) l inked a-arabinofuranose, (9,13,14), (1 —• 4) 
l inked /3-galactopyranose (9,15,16), and (1 —• 4) l inked α-galacturonic ac id . 
T h e * H N M R spectra of these samples were compatible w i t h the 1 3 C assign
ments and are i n accord w i t h l i terature d a t a (9,17-19). Rhamnose could not 
be detected a l though G C performed after acid hydrolysis (8) revealed the 
presence of sma l l amounts, nearly 4%, i n a l l pectic fractions. T h e intensity 
of the C5 s ignal of arabinofuranose at 68.3-68.5 p p m is consistently weaker, 
by about 8 0 % , t h a n that of the methine carbons 1-4. T h i s C 5 s ignal was 
absent i n the 1 3 C N M R spectrum of P F 2 . These data suggest either that 
arabino-furanose residues occupy termina l positions or that the furanosyl 
signals belong to another residue such as /?-galacto-furanose. Ga lac turon i c 
ac id levels were much lower than the values obtained f rom m-d ipheny l est i 
mat ions . T h e very weak signals observed for galacturonic ac id in the N M R 
spectra might be due to mul t i cha in aggregation processes which have a l 
ready been described for very di lute solutions (17,20-22). Disappearance 
of N M R signals of pectins has already been reported for both sol id (23) 
and l iquid-state experiments (17). U l t rason i cat i on d id not improve the re
sults . A l l these d a t a show that P F i contains h ighly methylated , h igh ly 
branched rhamnogalacturonans. Galactose and arabinose b u i l d sidechains 
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Figure 2. 100 M H z 1 3 C spectra of pectic fractions. Internal M e 2 S O , δ 39 .5 -
G A , galacturonic ac id ; G , galactose; A , arabinose. 
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(about 3 t imes more galactose t h a n arabinose) which conta in t e r m i n a l a r a -
binose. In contrast, P F 2 contains most ly homogalacturonans. T h e neutra l 
sugars, f rom 10% to 30%, detected i n this fract ion might represent either 
contaminat ions w i t h P F i or some short sidechains. 

Physicochemical Properties of Pectins. Solubilized Pectins. Pect ins so lub i 
l ized by bo i l ing water ( P F x ) and further extracted by E D T A ( P F 2 ) f r om 
young a n d mature cell walls were characterized by potent iometr ic measure
ments. T i t r a t i o n s were performed w i t h different counterions: K + , N a + , 
M g 2 + , C a 2 + . In a l l cases the p H curves diverged for monovalent and d i v a 
lent ions for neutra l i zat ion degrees > 0.5 ( F i g . 3 A , C , D ) . T h i s divergence 
is essentially due to valence differences. N o differences could be detected 
when P F i ' s were neutral ized w i t h C a ( O H ) 2 or M g ( O H ) 2 , whereas t i t r a t i o n 
curves of P F 2 ' s revealed a higher select ivity for ca l c ium ions (F igs . 3 B 
and 3 D ) . However, saponif ication of P F i , wh i ch deesterifies the methylated 
polymers , induced a sligh
curves ( F i g . 3 C ) . W i t h monovalent counterions, a difference i n affinity for 
Na+ and K + was noted ( F i g . 3 A ) . Curves obtained w i t h pectic fractions 
isolated f rom young and mature cell walls were not s ignif icantly different. 

Pectins i n s i t u . A f ter bo i l ing water treatment , the residual cell walls 
contained only P F 2 pectins. C a t i o n exchange capacity ( C E C ) of these 
cell walls was est imated for different p H ' s . In a l l cases, young cell walls 
exhib i ted a smaller C E C than the older ones ( F i g . 4). Exchanges were 
then performed i n order to compare the relative cell wa l l affinities for C a 2 + 
and M g 2 + ions. A f ter hot water extrac t ion , the select ivity coefficients Kj^g 
of young and mature cell walls were almost ident ica l ( F i g . 5C ) for a l l p H 
values. T h e ionizat ion of mature walls was higher than that of young ones 
( F i g . 5 D ) . Af ter E D T A treatment , the cell walls no longer behaved as 
cat ion exchangers, wh i ch reveals a complete so lubi l i zat ion of pectins. 

C r u d e cell walls wh i ch contained both P F i and P F 2 fractions were also 
investigated. T h e i r C E C values were higher than those measured for hot 
water extracted cell walls ( F i g . 4) and young cell walls exhib i ted a smaller 
C E C t h a n the older ones. T h e differences between the C E C ' s of crude and 
hot water extracted polymers can thus be a t t r ibuted to the P F i polymers . 
Exchange experiments showed that , at constant ionic strength and equal 
ionic fractions of C a 2 + and M g 2 + , the selectivity coefficients were always 
higher for mature cell walls t h a n for young ones. Whatever the value of the 
p H i n the incubat ion m e d i u m ( F i g . 5 A ) , young crude cell walls exhib i ted a 
lower coefficient t h a n young , hot water extracted ones. T h e P F i f ract ion , 
much more abundant i n young cell walls (Table I) , had a lower affinity 
for C a 2 + ions than P F 2 . These data conf irm the results obtained w i t h 
pectins i n so lut ion . Phys icochemical behavior of cell walls results then 
f rom the P F x / P F 2 rat ios , the properties of the pectins embedded i n the 
polysaccharide network being ident ica l to those of solubi l ized pectins. 

Water contents of intact and extracted cell walls were also est imated 
(Table II). T h e amount of absorbed water was the highest i n young, intact 
cell wal ls . A f ter bo i l ing water treatment , the swell ing of the cell walls was 
lower and quite s imi lar for young and mature cell wal ls . T h e h igh water 
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Figure 3. T i t r a t i o n of pect in fractions extracted f rom young cell wal ls . 
A , B , C , pectins extracted w i t h bo i l ing water; D , extracted w i t h hot 
E D T A . A , B , intact P F i ; C , demethylated P F i . T i t r a t i o n s were performed 
w i t h K O H ( Δ Δ ) , N a O H (A A ) , C a ( O H ) 2 ( · · ) , and 
M g ( O H ) 2 (o o). 
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Figure 4. C a t i o n exchange capacity ( C E C ) of isolated cell walls as a funct ion 
of the p H of the incubat ion m e d i u m — C E C as meq per g cell wal ls . T h e 
t i t rat ions were r u n i n C a C b solutions (I = 100 m M ) . C W , intact isolated 
cell walls ; R C W , residual cell walls after bo i l ing water treatment . · · 
mature cell walls ; ο ο young cell walls . 
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Figure 5. Select iv i ty coefficients K ^ g of young ( · · ) and mature 
(A A ) cell walls . Values of K ^ g plotted as a funct ion of p H ( A , C ) and 
of x , the number of ionized carboxy l groups ( B , D ) . A and B , intact isolated 
cell walls ; C and D , cell walls previously extracted by bo i l ing water. 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



322 PLANT C E L L WALL POLYMERS 

content of young cell walls results f rom the h igh amount of P F i i n these 
walls . These d a t a might exp la in the microscopic aspects of both k inds of 
cell wal ls , the young ones be ing more swollen than the mature ones (8). 

Tab le I I . Water content of intact ( C W ) and extracted cell walls ( R C W ) 
isolated f rom young and mature tissues of the hypoco ty l as percent of cell 
wa l l dry matter 

Y o u n g Tissues M a t u r e Tissues 

C W R C W C W R C W 

850 260 425 260 

In conclusion, a long th
depends upon the wal l extensibi l i ty . Y o u n g , plast ic walls are characterized 
by a h igh level of branched and methylated rhamnogalacturonans w h i c h 
leads to swollen cell walls and a low level of l inear galacturonans w h i c h 
induces a low C E C . In contrast, stiff, mature cell walls are characterized 
by a low water content and a high C E C . T h e low water content indicates 
stronger cohesion of the polysaccharide network. T h e h igh C E C is a possible 
factor for cross l i n k i n g and i n t u r n for wal l stiffening processes. 
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Chapter 23 

Effect of Chemical Structure of Pectins 
on Their Interactions with Calcium 

M . Rinaudo 

University Joseph Fourier of Grenoble, Centre de Recherches 
sur les Macromolécules Végétales, Centre National de la Recherche 

Scientifique, B.P. 53X-38041, Grenoble Cedex, France 

The interaction
role of carboxylic acid salt formation and the degree 
of polymerization are first considered in terms of elec
trostatic and/or cooperative specific interactions. Then 
the effect of the degree of esterification and that of the 
pattern of carboxylic group distribution are discussed; 
pectin esterase forms blocks which behave as fully hy
drolyzed polymers and favor aggregation. Finally, the 
role of the calcium addition on the degree of aggregation 
was established. All the data show the important role 
of molecular structure of the pectins on calcium interac
tions. 

Pect ins are polysaccharides found i n the p r i m a r y cell walls of plants and in 
the midd le lamel la . T h e y m a i n l y consist of po ly (1 —• 4)o>D-galacturonic 
acids and their m e t h y l esters. In add i t i on , they also conta in neutra l sug
ars inserted into the m a i n chain (L-rhamnose units) and i n the side chain 
(nearly 10-15% of the neutral sugar by weight) . Pect ins are considered to 
have impor tant s t ruc tura l roles ( ion exchange and mechanical properties) , 
and to be formed m a i n l y of homogalacturonan blocks whi ch play an i m 
portant role i n the mechanisms of interact ion i n the cell walls . T h e degree 
of esterif ication ( D E ) and the degree of po lymer izat ion ( D P ) of the pec
t ic substances are direct ly controlled by enzymes a n d / o r p H . T h i s implies 
modi f i cat ion of their behavior w i t h age, for example, and also indicates the 
necessity for contro l of condit ions of extract ion in order to isolate polymers 
representative of their nat ive state. 

T h e role of the s t ructura l properties of pectins was described recently 
(1) where it was shown that interactions of ca l c ium w i t h pectic substances 
were direct ly related to the existence of unbranched and non-esterified 
galacturonic blocks. C a l c i u m was able to ionical ly b i n d two or more chains 
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and to establish a three-dimensional network g iv ing unique mechanical 
properties. In this chapter, we describe the behavior of pectins i n aque
ous solutions. Depending upon the exper imental condit ions employed, the 
c a l c i u m ions can induce a sol-gel t rans i t i on . 

Mater ia ls a n d M e t h o d s 

Polyga lacturonic ac id ( N u t r i t i o n a l Biochemicals C o r p . , U S A ) was purif ied 
and isolated as the sod ium salt (2,3) to give a preparat ion containing > 
9 5 % galacturonic ac id . T h e oligogalacturonates were prepared by p a r t i a l 
hydrolysis (4-6). C o m m e r c i a l apple pect in f rom Unipec t ine (France) was 
puri f ied and par t ia l l y deesterified (i) under alkal ine condit ions to produce 
r a n d o m l y dispersed carboxyl i c ac id functional it ies along the chain and (ii) 
by an esterase to produce blockwise d i s t r ibut i on of the carboxyl i c groups. 
These two series of samples allowed the demonstrat ion of the effect of the 
d i s t r ibut i on of carboxyl ic
on the properties. 

These ionic polymers can be considered as polyelectrolytes and their 
electrostatic properties can be predicted f rom the usual theories. In that 
respect, a polyelectrolyte is characterized by a s t r u c t u r a l charge parame
ter independent of the DPÀ = 7 e 2 / D h k T w i t h 7 equal to the number of 
ionized groups on a po lymeric chain w i t h length h , D , the dielectric con
stant , e, the electronic charge and k T , the B o l t z m a n te rm. Cons ider ing 
the s t ruc tura l length of the D-galacturonic uni t i n AC\ conformation (b 
= 4 .35A ( 7 ) ) , the poly α-D-galacturonate is characterized by a λ value 
equal to 1.65. T h i s parameter controls the thermodynamic properties as 
wel l as the ac t iv i ty coefficient of counterions or potent iometr ic t i t r a t i o n . 
T h e interact ion w i t h ca l c ium was determined f rom act iv i ty measurements 
of C a 2 + w i t h a specific electrode (3,8); the apparent p K a of the carboxyl i c 
acids was obtained f rom p H t i t ra t i on dur ing neutra l i zat ion . C o n f o r m a 
t i ona l changes were monitored by c ircular d i chro ism ( C D ) (3,9). Interchain 
interact ions were est imated by viscosity, gel permeat ion chromatography 
(10), l ight scattering measurements (11,12), and 1 3 C N M R (2). A l l the 
d a t a were obtained at a constant temperature (25°C ± 0 . 1 ) . 

Results a n d Discussion 

Role of DP and ihe Degree of Neutralization. T h e role of the D P on the 
ac t iv i ty of ca l c ium counterions i n the presence of o l igo- and polygalac -
turonates was first investigated by K o h n (13); the observed behavior was 
confirmed by Ravanat (10), who showed that when the D P is larger than 
10, the ac t iv i ty coefficient of ca l c ium decreases strongly due to interchain 
cross l inking interpreted i n terms of the "egg-box" model (14,15). T h e ge
ometry of the ca lc ium-carbohydrate complex was more recently discussed 
by Dheu -Andr i e s and Perez (16). 

F r o m Ravanat ' s and K o h n ' s data , the t rans i t ion observed for ca l c ium 
act iv i ty is i n the range of D P 10 to 20, which means that at least 5 to 10 
C a 2 + cations are necessary to form a cooperative strong interchain b i n d 
i n g . U n t i l now, format ion of chain dimers (as predicted i n the "egg-box" 
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model) was only shown to exist w i t h polymers t a k i n g into consideration 
the ac t iv i ty coefficient of C a 2 + counterions at infinite d i lu t i on (8). In fact, 
f r om thermodynamic considerations, i t was concluded that po lyga lactur -
onate behavior up to D P = 5 was i n agreement w i t h electrostatic theories 
considering a n o r m a l single molecule process (3). F r o m C D measurements, 
this conclusion avoiding a specific interact ion w i t h c a l c i u m is confirmed 
( F i g . 1; curves (1) and (2)). 

F r o m c ircular d ichro ism, i t appears that for pectins w i t h a degree of 
neutra l i zat ion ( α ' ) of over 0.4, a specific interact ion w i t h ca l c ium occurs 
(9). A t the same t ime , the apparent p K a decreases corresponding to a 
specific b i n d i n g (3). T h i s cr i t i ca l value corresponds to a λ value of 0.64, 
w h i c h means that the C a 2 + must be associated w i t h 2 4 % of the carboxy l 
groups. 

T h i s result is d irect ly proport ional to the m i n i m u m number of car
boxy l i c ac id sites required to form a stable j u n c t i o n zone on polymers . T h e 
number of ca l c ium cation
b i l i t y of the j u n c t i o n and its thermoreversibi l i ty . F i n a l l y , i t must be also 
po inted out that i t is not the p H , but the degree of neutra l i za t i on , α ' , w h i c h 
controls ca l c ium b i n d i n g . 

Effect of the Degree of Esterification and Carboxyl Group Distribution. It is 
generally agreed that a t rans i t i on i n the behavior of pectins occurs around 
a degree of esterif ication of 50%. T h i s is i n fact the case for r a n d o m l y 
dispersed carboxyl i c groups along the cha in . T h e corresponding charge 
parameter is then the same as for a polygalacturonic ac id w i t h cx' = 0.5; 
this value is i n good agreement w i t h our previous discussion. 

T h e effect of the d i s t r ibut i on of ionic sites on the aggregation process 
has also been elucidated (8,11,12). For these investigations, p a r t i a l deester-
i f icat ion on apple pectins was performed, causing a r a n d o m d i s t r ibut i on of 
the carboxyl i c sites along the chain; on the other h a n d , act ion of a pect in 
esterase produced a blockwise d i s t r ibut ion of the ionic groups. These two 
series of samples were tested a l lowing the comparison of t h e r m o d y n a m i c 
properties for polymers hav ing the same average charge parameter but dif
ferent patterns of d i s t r ibut i on of the carboxyl i c groups. It was then found 
that the pect in esterase produced blocks of free carboxyl i c group w h i c h 
behaved just as a ful ly hydrolyzed polymer , i.e., each attack produced a 
free zone on a chain whi ch was able to be chelated i n the presence of C a 2 + . 
Assoc ia t i on of chains was clearly demonstrated by l ight scatter ing measure
ments (12). 

Effect of Calcium Content. T h e appl i cat ion of gel permeat ion chromatog
raphy can also be used to answer the questions of interact ion of c a l c i u m 
w i t h s od ium polygalacturonate . 

U s i n g a d i lute aqueous so lut ion of the po lymer i n the absence of ex
ternal salt , a molecular weight d i s t r ibut i on was obta ined , a l though i t was 
per turbed by electrostatic exclusion. W h e n C a C b was added, a salt exc lu 
sion corresponding to N a C l was formed, i.e., an exchange process occurred 
up to at least 4 0 % of the stoichiometry, where i n each case one C a 2 + ex
pel led two Na+ (10). 
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Figure 1. Normal i zed e l l ip t i c i ty at 210 n m as a funct ion of the degree of neu
t r a l i z a t i o n (α ' ) for (1) s o d i u m form of ol igogalacturonates and polygalac -
turonate ; (2) ca l c ium form of galacturonates ( O D P 2 , Δ D P 4 , • D P 5 ) , 
(3) ca l c ium fo rm of the polygalacturonate (φ). (ΑεΗ taken as reference is 
the e l l ip t i c i ty of ac id forms for each product ; open = s o d i u m form; filled = 
c a l c i u m form.) 
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^ Increasing M 

Figure 2. Refractometric (—) and conduct imetr ic ( ) traces for gel per
meat ion chromatography of polygalacturonate s o d i u m w i t h progressive a d 
d i t i on of C a C b expressed i n equivalent percentage of C a 2 + added (polymer 
concentration 5 g/1; Spherosi l porous materials w i t h average pore diameter 
of 6000Â; e lut ion H 2 0 ) . 
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(W%) 

%Ca2--(eq) 

Figure 3. Dependence of the intr insic viscosity Ο (M)> n m r S 1 e n a l Φ 
and gel fract ion φ (wt. percent W % ) as a funct ion of equivalent percentage 
of C a 2 + added, ([η] was determined by isoionic d i l u t i o n of a 6 g/1 so lut ion 
of s o d i u m polygalacturonate. ) 
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Figure 4. C r o s s l i n k i n g mechanism proposed for pectins in presence of C a ' 
(10). B l a c k dots represent the ca l c ium. 
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F r o m Figure 2, i t is clear that the apparent average molecular weight 
of the po lymer increases progressively as soon as 2 5 % C a 2 + equivalents are 
added a n d , at the same t ime, the intr ins ic viscosity of the samples increased 
(F igure 3). T h e fract ion of carboxyl ic groups bound w i t h C a 2 + agrees w i t h 
the value found i n the discussion on the role o f α ' . 

F r o m the refractometric trace on the chromatograms, i t was possible 
to calculate the fract ion of gel formed. W h e n gel was formed i n the system, 
the 1 3 C N M R signals of the different carbon atoms disappear due to the 
decrease i n their mob i l i t y ( F i g . 3). 

Conclusions 

T h e mechanism of interact ion of ca l c ium is direct ly related to the chem
i ca l structure of pectins. It also depends on the polymer concentrat ion, 
the d i s t r ibut i on of carboxyl ic groups and the amount of ca l c ium present i n 
the m e d i u m . T o conclude
ure 4 w h i c h allows us to predict progressive aggregation, gelation or phase 
separation depending on exper imental condit ions. 

F r o m the different exper imental results obta ined , i t can be concluded 
that the average number of C a 2 + ions bound is 1 per 8 carboxyl i c ac id 
groups. However, f rom gel chromatography i t is clear that this d i s t r ibut i on 
is not homogeneous because aggregation is produced progressively; this also 
implies a degree of cooperat iv i ty in the interact ion. 

T h e fol lowing questions remain to be answered: 
- W h a t is the relat ionship between the observed behavior and that in 

the cell wal l? 
- W h a t is the d i s t r ibut ion of C a 2 + a long the chains? 
- H o w much C a 2 + is necessary to form a stable junc t i on? T h i s result is 

direct ly propor t i ona l to the m i n i m u m . 

A cknowledgment s 

T h e author wishes to thank J . - F . T h i b a u l t and G . Ravanat for their exper
imenta l contr ibutions . 

L i t e r a t u r e C i t e d 

1. Jarvis, M. C. Plant Cell Environ. 1984, 7, 163. 
2. Rinaudo, M.; Ravanat, G.; Vincendon, M. Makromol. Chem. 1980, 

181, 1059. 
3. Ravanat, G.; Rinaudo, M. Biopolymers 1980, 19, 2209. 
4. Kohn, R.; Larsen, B. Acta Chem. Scand. 1972, 26, 2455. 
5. Kohn, R.; Luknar, O. Coll. Czech. Chem. Commun. 1975, 40, 959. 
6. Kohn, R. Carbohydr. Res. 1971, 120, 351. 
7. Atkins, E. T. D.; Isaac, D. H.; Nieduszynski, I. Α.; Philips, C. F.; 

Sheehan, J. K. Polymers 1974, 15, 263. 
8. Thibault, J.-F.; Rinaudo, M. Biopolymers 1985, 24, 2131. 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



332 PLANT C E L L WALL POLYMERS 

9. Thibault, J.-F.; Rinaudo, M. In Chemistry and Function of Pectins; 
ACS Symp. Ser. No. 310, 1986, p. 61. 

10. Ravanat, G. Thesis, Grenoble, 1979. 
11. Thibault, J.-F.; Rinaudo, M. Biopolymers 1986, 25, 455. 
12. Thibault, J.-F.; Rinaudo, M. Brit. Polym. 1985, 17, 181. 
13. Kohn, R.; Luknar, O. Coll. Czech. Chem. Commun. 1977, 42, 731. 
14. Grant, G. T.; Morris, E. R.; Rees, D. Α.; Smith, P. J. C.; Thom, D. 

FEBS Lett. 1973, 32, 195. 
15. Powell, D. Α.; Morris, E. R.; Gidlley, M. J.; Rees, D. A. J. Mol. Biol. 

1982, 15, 517. 
16. Dheu-Andries, M.-L.; Perez, S. Carbohydr. Res. 1983, 124, 324. 

RECEIVED April 28, 1989 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



Chapter 24 

Comparative Studies on the Cell Wall Polymers 
Obtained from Different Parts of Rice Grains 

Naoto Shibuya 

National Food Research Institute, Ministry of Agriculture, Forestry, and 
Fisheries, Tsukuba, Ibaraki 305, Japan 

Cell wall polymer
fered in both compositio
cellulosic polysaccharides of the cell wall preparations 
obtained from both outer and inner parts of the grain 
contained arabinoxylan and xyloglucan. The amount of 

β-1,3-,1,4-glucan was negligible in the cell walls of the 
outer part of the grain when compared to that in the en
dosperm cell wall. The degree of lignification also differed 
from tissue to tissue. In addition, the arabinoxylan ob
tained from the outer part of the grain carried side-chains 
with more complicated structures than endospermic ara
binoxylan. Similar differentiation on the molecular level 
is also suggested for other cell wall polymers. 

In order to understand the process of differentiation and the properties of 
the result ing cell walls , i t is necessary to identify the changes that occur i n 
cell wa l l polymers. Several recent papers suggest that changes in cell surface 
carbohydrates i n animals and plants may be both a cause and effect of 
dif ferentiation (1-3). One possible approach to the study o f dif ferentiation 
is to compare the composit ion and chemical structure of ce l l -wal l polymers 
dur ing development. Cereal grains, such as rice and wheat, are composed 
of several tissues which appear at different stages of dif ferentiation. T h u s , 
starch endosperm originates f rom ferti l ized polar nucle i , whi le the t h i n cell 
walls are considered to be p r i m a r y cell walls (4,5). T h e outer part of the 
endosperm is covered w i t h several layers of aleuron cells, which are also 
derived f rom the same ferti l ized po lar nucleus but which differentiate into 
a specific tissue dur ing the m a t u r a t i o n process. C e l l walls of the aleuron 
cells are much thicker than those of the endosperm, and are considered to 
be secondary walls . T h e outermost part of the gra in is a caryopsis coat 
consisting of several compressed cell layers w i t h very th ick (> 1 um) wal ls . 
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G e r m , or embryo, is derived f rom the fert i l ized egg and consists of several 
different tissues. 

In view of the pract i ca l importance of these grains, for example i n 
dietary fibers, i t is useful to study the cell wal l polymers of their tissues 
dur ing dif ferentiation. In the present work, we used rice grains (brown 
rice wi thout husk) as a s tar t ing mater ia l . T h e y were fract ionated into 
several d ist inct histological components, and the composit ion and detai led 
structure of cell wa l l polymers was compared. 

Mater ia l s a n d M e t h o d s 
Isolation of Cell Walls from Different Parts of Rice Grain. R ice grains 
were gradual ly peeled using a conventional m i l l i n g instrument (Satake M o 
tor One-Pass T y p e Test M i l l , Satake Engineer ing C o . , L t d . , Tokyo ) , and 
the fractions r i ch i n specific histological components were collected. T h e 
potass ium content of these fractions was used as an index to identify the 
fract ion enriched i n aleuro
tained f r om the very first m i l l i n g f ract ion . Starchy endosperm was obta ined 
by thoroughly removing the outer part of the gra in . T h e germ fract ion was 
separated f rom the bran fract ion by sieving w i t h 10-20 mesh sieves. C e l l 
walls were obtained by the successive extract ion of the defatted tissues w i t h 
SDS-mercaptoe thano l and dimethylsulfoxide (7). A n enzymat ic method us
ing a combinat ion of protease and amylase (8) was also used to ob ta in cell 
walls f rom these tissues, and the analysis of the cell wal l preparations so 
obtained showed that both methods gave basical ly the same preparations. 
T h e y ie ld of the cell walls ( w / w of defatted tissue) was 0 .3% for the en
dosperm, 12% for the germ, 2 0 % for the aleuron tissue, and 2 9 % for the 
caryopsis coat. Scanning electron micrographs of these cell w a l l prepara
tions ( F i g . 1) showed that both of the cell w a l l preparations obtained f rom 
the caryopsis coat, and the aleuron tissue, were very th ick and appeared 
of hard texture. O n the other h a n d , the endosperm cell wal l preparat ion 
was very t h i n and appeared to be of softer texture. T h e m a i n part of the 
cell wa l l preparat ion f rom the germ looked s imi lar to the endosperm cell 
wal l but was somewhat thicker and harder. These preparations were free 
of other cel lular particles such as starch or proteins. 

Results a n d Discussion 
Comparison of the Overall Composition of Cell Wall Preparations. A s can 
be seen f rom Table I, cell wal l preparations showed a significant difference 
i n their po lymer composit ion. T h e endosperm cell walls resembled p r i m a r y 
walls , since they were v i r t u a l l y free of l i gn in but r i ch in pectic substances. 
O n the other h a n d , the cell wal l preparations obtained f rom the caryopsis 
coat and the aleuron tissue were h ighly l ignif ied, and their pectic content 
was very low. T h e germ cell w a l l showed a somewhat intermediate compo
s i t ion between these two types, probably reflecting the fact that i t consists 
of several different tissues. 

T h e monosaccharide composi t ion of the hemicelluloses, which were a 
major fract ion of a l l of these cell wal l preparations, also showed signif icant 
differences, especially i n the amounts of glucose and galactose (Table II) . 
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Figure 1. Scanning electron micrograph of the cell wa l l preparations ob
ta ined f rom the different parts of rice grain (7). Caryopsis coat (upper left) , 
aleuron layer (upper r ight ) , germ (lower left) and starchy endosperm (lower 
r ight ) . Bars i n the picture indicate 5 μπι. 
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Table I. C o m p o s i t i o n of the C e l l W a l l Preparat ions O b t a i n e d f r om Differ
ent Histo log ica l Fract ions 

Frac t i on 
Pect ic 

Substances Hemicel lulose α-Cellulose L i g n i n 

Caryops is coat 7 38 28 27 
A l e u r o n tissue 11 42 31 16 
E n d o s p e r m 27 49 23 1 
G e r m 23 47 21 9 

W h i l e the hemicelluloses obtained f rom the germ, aleuron, and caryopsis 
coat cell walls a l l showed a s imi lar monosaccharide composi t ion , this was 
not the case for the endosperm tissue. T h u s , a major difference i n the 
structure of hemicellulosic polysaccharides exists between the preparations 
obta ined f rom the endosper
other parts of the g ra in , i .e., rice bran . (Rice bran consists of the caryop
sis coat, aleuron layer and germ.) C o m p a r i s o n of the detailed s t r u c t u r a l 
features of the hemicellulosic polysaccharides of endosperm and bran cell 
walls w i l l be discussed i n the fol lowing sections. 

Tab le II. Monosaccharide C o m p o s i t i o n of Pect ic Polysaccharides and H e m i 
cellulose Obta ined f rom Different C e l l W a l l Preparat ions 

Neutra l Sugar C o m p o s i t i o n (mol %) U r o n i c 

R h a m n - Fuc - A r a - X y l  G a l  G l u  Content 
Frac t i on ose ose binose ose actose cose (wt .%) 

Hemicellulose: 
Caryops is coat 1.0 0.4 35.6 43.6 7.4 12.0 13.5 
A l e u r o n layer 1.0 0.4 36.7 43.5 7.4 11.1 12.8 
G e r m 1.2 0.5 36.7 38.1 8.8 14.7 13.8 
E n d o s p e r m 0.9 0.5 26.4 41.1 1.9 29.1 12.1 
Pectic Polysaccharides: 
Caryops is coat 5.0 1.2 43.6 26.8 11.9 11.3 31.5 
A l e u r o n layer 3.6 1.1 48.9 27.5 11.1 7.7 24.9 
G e r m 2.3 0.7 46.9 20.5 10.7 19.0 16.4 
E n d o s p e r m 6.1 0.6 33.0 30.4 11.4 18.5 34.5 

T h e sugar composit ion of the pectic polysaccharides obtained f rom 
these cell wal l preparations (Table II) also suggested differences i n the struc
t u r a l features of the different cell wal l preparations. Deta i led s t r u c t u r a l 
in format ion is on ly available for the pectic polysaccharides obta ined f rom 
the endosperm cell w a l l : T h e m a i n fraction of endosperm pectic polysac
charide was separated into two fractions, a neutral sugar-r ich fract ion and 
a fract ion w i t h a very h igh content of D-galacturonic ac id (8). S t r u c t u r a l 
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analysis of the former fract ion indicated a structure s imi lar to the so-called 
rhamnogalacturonan-I structure (9), which consists of a backbone of 1,4-
l inked galacturonan chain interrupted by 1,2-linked L - r h a m n o s y l residues 
and side-chains r i ch i n 1,5-linked L-arabinofuranosyl and 1,4-linked D -
galactosyl residues (10). T h e y ie ld of the pectic polysaccharide of the 
endosperm cell wa l l and the germ cell wal l is s imi lar , but the sugar c om 
posi t ion is very different, as shown i n Tab le II . T h e uronic ac id content is 
much higher i n the endosperm preparat ion . O n the other h a n d , the amount 
of arabinose and rhamnose is much higher i n the germ pec t in . Note that 
these preparations are crude fractions and further s t ruc tura l studies on the 
purif ied fractions are necessary to reach any definitive conclusions. Never
theless, these results suggest possible differences i n their s t r u c t u r a l features, 
such as a difference i n the rat io of the neutral sugar-r ich domains and the 
galacturonan r i ch domains , length and structures of side-chains, etc. 

M e t h y l a t i o n analysis of whole cell wal l preparat ion (7) also suggested 
differences i n the composit io
charides. For example , most of the arabinose residues i n the endosperm 
cell wa l l were non-reducing. O n the other h a n d , a large part of the a r a b i 
nose residues i n the germ cell wal l were located i n the inner chain p o r t i o n 
w i t h various types of linkages. S imi lar results were also obtained i n the 
case of the aleuron cell w a l l . T h e 1,3-linked glucose residues were detected 
pract i ca l ly only i n the endosperm cell wal l preparat ion . These results sug
gest a significant difference in the composit ion and detailed structure of the 
component polysaccharides of these preparations. 

Structure of the Hemicellulose Polysaccharides from Endosperm and Bran 
Cell Wall. A s suggested above, there is a ma jor difference i n the structure 
of hemicellulosic polysaccharides obtained f rom the endosperm and f r om 
the other parts of the gra in . T h e hemicellulose preparations f rom both 
the endosperm and bran cell walls were further fract ionated and subjected 
to s t ruc tura l analysis using chemical and enzymat ic methods. F igure 2 
summarizes the structure of the hemicellulosic polysaccharides obta ined 
f rom the endosperm cell wal l (11,12). Over two-thirds of the hemicellulose 
is composed of arabinoxylans , especially acidic arabinoxylans . T h e y are 
h ighly branched, carry ing most ly very short side chains of a single a r a b i -
nofuranosyl or (4 -0 -methyl ) -g lucuronosyl residue. T h e endosperm h e m i 
cellulose also contained two other polysaccharides as minor components, 
namely, xy log lucan and / ? - l , 3 - , l , 4 -g lucan . B o t h of these components were 
firmly associated w i t h a smal l amount of arab inoxy lan and could not be 
isolated f rom each other by conventional methods. T h e structure shown 
was derived f rom the analysis of the fragments obtained by the enzymat i c 
degradation of this complex w i t h the cellulase of T. viride (xy loglucan) , 
and f rom the analysis of the insoluble polysaccharides obtained f rom the 
control led S m i t h degradation of this fract ion ( / ? - l ,3 - , l ,4 -glucan) . 

F igure 3 shows the structure of the hemicellulosic polysaccharides ob
tained f rom the bran cell wal l preparations. These structures were deduced 
f rom the results of the methy lat ion analysis of purified fractions (13). In 
contrast to the endosperm cell w a l l , no / ? - l , 3 - , l , 4 -g lucan was obtained f r om 
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Figure 3. Structure of hemicellulosic polysaccharides obtained f rom rice 
b ran , (a) Deduced f rom the results of methylat ion analysis described i n 
ref. 13. 
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the bran cell w a l l . T h i s result agreed well w i t h the results of the methy la 
t i on analysis of whole cell wal l preparations in which we could not detect 
any significant amounts of 1,3-linked glucose residues. T h i s is one of the 
characteristic features of b ran hemicelluloses. A g a i n , the acidic arab inoxy
lan was the m a i n component of this preparat ion representing over 8 0 % by 
weight. However, methy lat i on analysis of this arab inoxy lan indicated a 
difference i n its detailed structure compared to the endospermic arab inoxy
l a n . For example , the bran arab inoxy lan contained a significant amount 
of doubly -branched xylose residues, but the endosperm arab inoxy lan d i d 
not . A l s o , the bran arab inoxy lan seemed to contain somewhat longer, and 
more compl icated , side-chains t h a n the endosperm arab inoxy lan . T h i s was 
based u p o n methy la t i on analysis w h i c h showed the presence of appreciable 
amounts of inner chain arabinosyl residues together w i t h t e rmina l galacto
sy l and x y l o s y l residues of the bran preparat ion . S i m i l a r observations were 
made for the arabinoxylans isolated f rom the beeswing bran of wheat (14). 
B r a n hemicellulose also containe
associated w i t h the arab inoxy lan and could not be isolated by conventional 
methods. T h e xy log lucan-r i ch fraction was finally digested w i t h a purif ied 
arabinofuranosidase and an endoxylanase to remove contaminat ing a r a b i 
noxy lan , and the result ing pure xylog lucan was subjected to methy la t i on 
analysis . Unfortunate ly , the structure of the xy log lucan so obtained ( F i g 
ure 3) was not direct ly comparable w i t h the structure of the endosperm 
xy log lucan . T h i s was because the structure in F igure 3 was deduced f rom 
methy lat i on analysis of the whole molecule, whereas the endosperm x y 
loglucan structure was based upon analysis of the fragments l iberated by 
cellulase digestion. 

Detailed Structure of Side Chains of Bran Arabinoxylan. In order to es
tab l i sh the chemical ident i ty of the side-chains in the bran arab inoxy lan , i t 
was subjected to m i l d acid hydrolysis to l iberate oligosaccharides or ig inal ly 
attached to the x y l a n m a i n chain through the acid- labi le arabinofuranosyl 
residue (15). A m i x t u r e of the oligosaccharides so obta ined was reduced a n d 
methylated to give the corresponding methylated oligosaccharide aldito ls . 
A n al iquot of this methylated oligosaccharide a ld i to l m i x t u r e was direct ly 
analyzed by G C - M S , and the remainder was hydro lyzed , reduced and acety-
lated . T h e products were analyzed by G C - M S . Chromatograms of the 
methylated oligosaccharide alditols showed the presence of d i - and tr isac -
charides, i n add i t i on to monosaccharides which were m a i n l y derived f rom 
the non-reducing end of arabinofuranosyl residues (Figure 4). T h e struc
ture of each oligosaccharide was determined by combining the in format ion 
obtained f rom their C I and E I mass spectra, and the linkage in format ion 
was obtained f rom the analysis of their hydrolyzed products . In this way, 
the structure of the m a i n peak i n the trisaccharide region (peak 9 i n F i g 
ure 4) was deduced as follows (Figure 5). F r o m the pseudo-parent ion of this 
peak ( Q M + — M e O H , m / z = 556), it is clear that the or ig ina l tr isaccharide 
consists of one hexose and two pentose units . A l s o , f rom the fragment w i t h 
m / z = 219, 379 and 192, the order of their arrangement must be hexose, 
pentose, pentose. Hence, the reducing end pentose must be subst i tuted at 
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Monosaccharide 

200 4 0 0 

Scan number 

6 0 0 

F igure 4. T o t a l ion chromatogram of the methylated mono/o l igosaccharide 
obtained by the p a r t i a l ac id hydrolysis of the bran arabinogalactoglu-
curonoxylan. 
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Figure 5. Proposed structure of peak 9 i n F igure 4 and its f ragmentat ion 
pat tern . D e u t e r i u m at C - l pos i t ion was introduced d u r i n g the reduct ion 
step w i t h s o d i u m borodeuteride. 
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the 0 - 3 pos i t i on , j u d g i n g f rom the fragmentation at the reduced a ld i to l 
por t i on ( m / z = 45, 46, 89 and 90). To further identi fy each sugar, and 
also the mode of l inkage, the information obtained f rom the hydro lyzed 
products was used. F i r s t l y , the only hexose w i t h a non-reducing end i n the 
m i x t u r e of methylated oligosaccharide alditols was galactose; that is , the 
first hexose un i t must be galactose. In a s imi lar way, the reducing end pen 
tose must be arabinose, because the only reducing end pentose subst i tuted 
at 0 - 3 was arabinose. T h e pentose between these two sugar units should 
be xylose, because the only inner chain pentose residues detected were 4-
l inked and 2- l inked xylose. A t this point i t is difficult to select any one of 
these two possibi l it ies . However, an empir i ca l rule reported by K a r k k a i n e n 
(16) was used to determine the linkage of this inner - chain xylose residue. 
In this case, fragments derived f rom the so-called b c A fragmentat ion ( m / z 
= 379 and 347) was much more extensive than those derived f r om b a A 
fragmentation ( m / z = 352 and 320), thus suggesting a 1,2- rather t h a n a 
1,4-linkage. T h u s , the structur
trisaccharide, G a l p l , 2 X y l j , l , 3 A r a / . 

Based upon these studies, Table H I summarizes the p a r t i a l l y deduced 
structure of the mono- , d i - , and trisaccharides, obtained by the p a r t i a l 
degradation of the or ig inal arab inoxy lan . These structures may not be 
completely accurate, because of some uncerta inty i n the theory used to 
speculate the mode of l inkage. Consequently, each one needs to be isolated 
to unambiguously verify its structure . These results do, however, provide 
some indicat ion of the compl icated structure of the side-chains of b ran 
arab inoxy lan . 

Tab le III . Possible Structure of Oligosaccharides O b t a i n e d by the P a r t i a l 
A c i d Hydro lys i s of Rice B r a n Arabinogalactog lucuronoxy lan 

Oligosaccharides* Proposed Structure** 

1 Pentose ( M a i n l y A r a ) 
2 Hexose (Ga l ) 
3 P e n - P e n ( X y l - 1 , 3 -Ara) 
4 P e n - P e n ( X y l - 1 , 4 -Ara ) 
5 P e n - P e n ( X y l - 1 , 2 -Ara) 
6 H e x - P e n ( G a l - 1 , 2 -Ara) 
7 H e x - P e n 
8 H e x - P e n 
9 H e x - P e n - P e n ( G a l - 1 , 2 - X y l - l , 2 -Ara) 
10 P e n - H e x - P e n ( X y l - 1 , 3 - G a l - l , 5 -Ara) 

* See F igure 4. 
** P e n = pentose; Hex = hexose. 
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C o n c l u d i n g R e m a r k s 
T h e changes associated w i t h the thickening of the cell walls i n rice g ra in are 
summarized as follows: (1) a decrease or shutdown of the synthesis of pectic 
substances and / ? - l , 3 - , l , 4 -g lucan ; (2) in i t i a t i on of l ign in f o rmat ion ; and (3) 
synthesis or act ivat ion of the glycosyl transferases responsible for the elon
gat ion of the side chains of the arab inoxy lan . T h u s , the results described 
i n this article give an example of how cell wa l l polymers change w i t h differ
ent iat ion of plant tissues, a l though an understanding of the physio logical 
meaning of these changes requires further studies. 
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Chapter 25 

Cell Wall Alterations and Antimicrobial Defense 
in Perennial Plants 

R. B. Pearce 

Oxford Forestry Institute, Department of Plant Sciences, University 
of Oxford, South Parks Road, Oxford OX1 3RB, England 

Cell wall alterations
appear particularl
anisms in the perennial tissues of plants. Antimicro
bial defence in such tissues may entail the durable op
eration of resistance mechanisms during prolonged host
-parasite interactions: wall alterations are well suited to 
this requirement. In the bark of many trees, the suber
ized phellem forms a constitutive barrier to invasion, and 
suberization is an early and important part of the wound 
and defence responses restoring an intact periderm sur
face. This is exemplified by the response of Sitka spruce 
to attack by Armillaria obscura. Induced suberization 
responses also occur in sapwood, conferring enhanced re
sistance to degradation by decay fungi and contributing 
to the formation of barriers which limit the spread of 
pathogens in the living tree. 

A n t i m i c r o b i a l defence i n plants has been studied most extensively in a n 
nua l , herbaceous species, a category inc lud ing the ma jo r i ty of i m p o r t a n t 
agr i cu l tura l crop plants. A range of different disease resistance mecha
nisms have been described for such plants , inc lud ing both const itut ive and 
induced ant imicrob ia l compounds and cell wa l l alterations (1 ,2) . A s the 
g lobal emphasis i n wood produc t i on , for t imber , pu lp , fuel and chemical 
products , shifts f rom the harvest ing of na tura l or semi -natura l forests to 
produc t i on in increasingly intensively managed p lantat ions , the pathology 
of these woody perennials is a t ta in ing increasing importance . T h e adop
t i on of such practices as the creation of h ighly un i f o rm (physical ly and 
genetically) monoculture stands is l ikely to increase the potent ia l for the 
development of disease epidemics, as commonly occur in agr i cu l tura l crops 
(3 ,4) . In consequence increased attent ion has been given to disease re
sistance i n woody species. A l t h o u g h our understanding of resistance in 
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these woody perennials s t i l l lags beh ind that i n annual plants , signif icant 
advances have been made dur ing the past fifteen years. Sufficient studies 
have been carried out to indicate that the major defence mechanisms re
ported f rom herbaceous species occur also i n woody plants . However, i n 
the more extensively developed secondary tissues o f these plants defence 
mechanisms may be organized to form clearly defined barriers (5). T h i s 
chapter w i l l concentrate on these s t ruc tura l barriers, w h i c h appear par t i c 
u l a r l y impor tant i n the containment of pathogens or potent ia l pathogens 
w i t h i n these secondary tissues. 

Requirements for Defence i n Perennial P lant Tissues 

In annual plants the durat ion of the host-pathogen interact ion is gener
a l ly re lat ively brief; i n perennial plants, however, these interactions may 
continue for greatly extended periods i n the long- l ived secondary tissues. 
Such long- term infection
pathogens, i n c l u d i n g m a n y of the impor tant root- and b u t t - r o t t i n g for
est pathogens such as Armillaria spp. and Heierobasidion annosum. These 
perennial pathogens colonize (and frequently k i l l ) a volume of host tissue, 
w h i c h provides a food base that can sustain the fungus d u r i n g a prolonged 
interact ion w i t h the l i v ing tissues of the host. In the case of Armillaria spp. 
nutrients mobi l ized f rom one infected host may be translocated along r h i -
zomorphs, suppor t ing their growth and the infection process where they en
counter a new potent ia l host (6). In both perennial cankers and pathogenic 
wood decays there is an internal interface between the l i v i n g host and the 
pathogen at the lesion m a r g i n . T h e advance of the pathogen at these i n 
terfaces is typ i ca l ly very slow. 

Defences effective i n l i m i t i n g pathogen advance under these c i r c u m 
stances must be capable of m a i n t a i n i n g their funct ion for an extended t ime . 
A l t h o u g h this requirement for durab i l i t y does not preclude the involvement 
of chemical defences, s t ruc tura l defence mechanisms are par t i cu lar ly well 
suited to the protect ion of the host under these c ircumstances. W h i l s t a n 
t i m i c r o b i a l chemicals may be labile or diffusible, s t r u c t u r a l defences, c om
pr is ing either wal l alterations to pre-exist ing cells or tissues formed de novo 
by renewed cell d iv i s i on , are much more stable. Such barriers can protect 
the under ly ing tissues indefinitely against microorganisms lacking a specific 
ab i l i t y to penetrate or c ircumvent them. S t r u c t u r a l defences, par t i cu lar ly 
those requir ing the product ion of new tissues by the plant may take some 
t ime to form (5,7-9) . A n t i m i c r o b i a l compounds may be i m p o r t a n t d u r i n g 
the i n i t i a l stages of the host-parasite interact ion, before barrier development 
has occurred, or m a y occur concomitant ly w i t h cell wa l l a l terat ions. In 
S i t k a spruce (Picea sitchensis) the anti fungal stilbenes astr ingenin and iso-
rhapont igenin accumulate around bark wounds inoculated w i t h potent ia l ly 
pathogenic fungi . These are released on infection f rom the corresponding 
sti lbene glucosides astr ingin and rhapont i c in which are const i tut ive in the 
bark tissues, and provide a r a p i d response to infection that may i n h i b i t po
tent ia l pathogens u n t i l more durable s t ruc tura l barriers have been formed 
(10). 
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S t r u c t u r a l Defence Mechanisms i n Plants 

Structures interprétable as h a v i n g a defensive role m a y be either n o r m a l 
features of the p lant , or their formation may be induced as a result of 
m i c r o b i a l challenge or wounding . In the case of induced s t ruc tura l defences 
the responses may comprise either changes i n pre-exist ing cells, or may 
result i n the f ormat ion of specific barrier tissues de novo by renewed or 
modif ied cell d iv i s i on . Occas ional ly non-cel lular s t ruc tura l defences may 
operate. T h e resin flow that accompanies wounding or infection i n many 
coniferous trees may act as a mechanical barrier , hardening to f o rm an 
amorphous varnish impenetrable to fungal invasion (11). M o r e commonly , 
however, s t r u c t u r a l defences are effected by cell wa l l a lterations. These 
include l igni f icat ion (12-14), suber izat ion (14,15) , callose deposit ion (16), 
and s i l ic i f icat ion (17,18) . 

Such wal l alterations may operate i n several ways. P r o b a b l y the most 
obvious and widely suggeste
pathogen. For a barrier to prevent the advance of a pathogen, i t must be 
more resistant to the cell wal l -degrading enzymes of the pathogen t h a n u n 
modif ied walls. Such enhanced resistance to degradation has been demon
strated both for l ignified papi l lae and halos i n wheat leaf ep idermal cells 
(19) and for suberized barriers i n oak x y l e m (15). A l ternat ive ly , s t r u c t u r a l 
responses of a plant could establish a permeabi l i ty barr ier , i so lat ing the 
pathogen f rom the l i v i n g tissues of its host. Such a permeabi l i ty barrier 
could protect healthy cells f rom fungal toxins or enzymes, i t could reduce 
the rate of diffusion of host ant i fungal compounds f rom the infection court , 
perhaps enhancing the efficacy of these chemical defences, or i t could reduce 
the flow of nutrients or water to the pathogen (20). A test for tissue per
meabi l i ty to ions, using ferric chloride and potass ium ferricyanide, termed 
the F - F test (21), has demonstrated the impermeabi l i ty of suberized bar 
rier tissues at lesion margins i n the bark of various woody species (7 ,14) , 
a l though in i t i a l l y the suber izat ion of these impervious tissues was not rec
ognized (7). In a d d i t i o n , the processes leading to the formation of s t r u c t u r a l 
barriers may have a direct effect on the pathogen itself, either as a result 
of chemical i n h i b i t i o n by non-polymerized monomers of the wa l l -mod i fy ing 
m a t e r i a l , or by deposit ion of this mater ia l onto the wa l l of the pathogen, 
w i t h consequent interference w i t h its growth (22). 

L ign i f i ca t i on responses have been impl i ca ted i n disease resistance i n 
perennial p lants . In the leaves of oak species a l ignified pap i l l a response 
appears to be impor tant i n the resistance of older leaves to oak mi ldew , 
Microsphaera alphitoides (23). Leaves of a deciduous tree are, however, 
ephemeral organs, comparable to those of herbaceous species. A s discussed 
i n this paper, suber izat ion of cell walls (sometimes accompanied by l igni f i 
cat ion also) is perhaps more t y p i c a l of the barriers found i n the secondary 
tissues of woody (8,14) and herbaceous (24) plants . S u b e r i n , a l though s t i l l 
imperfect ly characterized, is predominant ly a polyester composed of long 
cha in ( C i s — C 3 0 ) hydroxy - and hydroxyepoxy- fatty acids. L i g n i n - l i k e aro
m a t i c domains may also be associated w i t h this po lymer (25). It therefore 
differs marked ly f rom the aromat ic and carbohydrate polymers that com-
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prise the bulk of the secondary plant tissues. A l s o , because of its hydropho
bic properties i t is h igh ly effective as a permeabi l i ty barrier to water. A s 
water content has been impl i cated i n the environmental exclusion of many 
wood - inhab i t ing fungi f rom the l i v i n g secondary x y l e m (sapwood) of trees 
(26-28), this may be par t i cu lar ly significant i n the protect ion of these t i s 
sues. W h i l e suber in can be degraded by some fungi , i n c l u d i n g Armillaria 
sp. (29) and Rosellinia desmazieresii (30), the rates of breakdown were not 
h igh . 

Const i tut ive S t r u c t u r a l Defences 

A l t h o u g h many s t ruc tura l features of a p lant , such as f o rm and arrangement 
of s tomata , can be interpreted i n terms of defence (31), on ly the secondary 
surface w i l l be considered i n detai l here. T h i s comprises a per iderm, or 
series of sequent periderms f orming a rhyt idome. Per iderms are sites of 
cambia l act iv i ty , suberize
phellogen. T h e thickness of phel lem accumulat ing varies greatly between 
species. 

Few pathogens are capable of penetrat ing the intact per iderm surface 
of woody plants. M o s t , i f not a l l , of the fungi that infect by this route 
(rather than by bypassing the surface barrier , infecting via wounds and 
n a t u r a l discontinuities i n the periderm) do so f rom established infections on 
a neighboring food base, p e r m i t t i n g a prolonged attack. C o m m o n l y (e.g., 
w i t h Armillaria spp. , Rosellinia spp.) penetrat ion is effected by mycel ia l 
aggregations, supported metabol i ca l ly by mycel ia l cords or rh izomorphs 
(30 ,32 ,33) . W i t h o u t this capacity to mount a prolonged attack, i n wh i ch 
both mechanical and enzymic ac t iv i ty may be involved, potent ia l pathogens 
appear unable to overcome the per iderm barrier . Perhaps because of its 
ub iqui ty , there have been few detailed studies of the role of surface p e r i d 
erms i n defence: c ommonly the protect ion provided is assumed (e.g., 34), 
and is a t t r ibuted to the resistance of the phel lem cells to degradat ion. P e r i 
derm (or rhyt idome) surfaces of some tree species persist w i thout erosion 
for long periods, surface features remain ing visible for several decades at 
least (35). T h e suberized phel lem cells compris ing an impor tant component 
of these tissues are non- l iv ing and incapable of any active repair , but are 
clearly more durable than other plant tissues. 

In certain instances, however, factors other than the cell wal l po ly 
mers of the phel lem may be impor tant i n the protect ion provided by the 
secondary surface. Rosellinia desmazieresii inoculated i n a food base onto 
the underground stems of a resistant Salix repens hybr id (5. χ Friesiana) 
exhib i ted greatly reduced ep iphyt i c growth and cord format ion compared 
w i t h inoculat ions onto susceptible S. repens itself. A t t e m p t e d penetrat ion 
was not observed on the resistant h y b r i d (30). T h i s behaviour suggests 
that diffusible chemical inhib i tors at the stem surface may be i m p o r t a n t i n 
resistance to this pathogen, which has a demonstrated ab i l i ty to degrade 
suber in and penetrate the surface per iderm (30). 

A l t h o u g h i n an unwounded, healthy, plant periderms are n o r m a l l y su 
perf ic ia l , in terxy lary cork has been reported f rom at least 40 species of d i -

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



350 PLANT C E L L WALL POLYMERS 

cotyledonous plants (36). These interxy lary periderms are associated w i t h 
the fission of perennating axes and the d y i n g back of annual organs such 
as aer ial shoots. In Epilabium angustifolium an interxy lary per iderm is 
formed each year over the surface of the x y l e m connected w i t h the previous 
year 's aerial shoots. T h e older, redundant , vascular tissue is thus wal led off 
f rom the funct ional tissues of the plant , w h i c h are then protected by bo th 
inner and outer suberized barriers. It has been suggested that such in terna l 
periderms may be impor tant i n affording protect ion against the ingress of 
microorganisms associated w i t h the d y i n g down of the annual aerial shoots 
(37), a funct ion i n accordance w i t h the hab i t of many of the species f rom 
w h i c h they have been recorded. 

Defence i n B a r k Tissues 

Shou ld the barrier presented by the secondary p lant surface be breached, 
defence mechanisms may
phloem) of woody plants , l i m i t i n g pathogen development. These inc lude 
chemical defences and s t ruc tura l barriers result ing f rom cell wal l a lterations 
(5). B o t h probably act i n concert, a l though in a non-woody plant (carrot) 
it has been concluded that the importance of cell wal l alterations was sec
ondary to that of chemical defence (24). O n l y the cell wal l a lterations 
involved i n defence w i l l be considered further here. 

Cell Wall Alterations in the Bark of Gymnosperms. Non-specif ic defence 
responses to wounding , insect and fungal attack in the bark of conifers, 
leading to a restoration of the per iderm surface, have been described. In 
essence, necrophylact ic (wound) periderms are formed continuous w i t h the 
n o r m a l s t r u c t u r a l surface per iderm, wal l ing off the lesion and effectively 
exc lud ing it f rom the p lant (7). P r i o r to the development of this per iderm 
by dedifferentiation and renewed d iv is ion of cells i n the bark surrounding 
the lesion, cell wa l l alterations take place in pre-exist ing tissues border ing 
the lesion. P r o m i n e n t among these alterations is the f ormat ion of an i m 
pervious zone immediate ly over ly ing the site of per iderm restoration. T h i s 
was i n i t i a l l y described as non-suberized impervious tissue ( N I T ) (7). In a 
more recent study of defence responses fo l lowing wounding and art i f i c ia l 
inocu lat ion of Picea sitchensis root bark w i t h the weakly pathogenic but t 
rot fungus Phaeolus schweinitzii, use of improved histochemical techniques 
demonstrated that suber izat ion of cell walls occurred i n these tissues (9). 

C e l l walls i n the necrotic tissue of these wounds were browned. S t a i n 
ing w i t h diazot ized o-tol idine and to luidine blue confirmed the po lypheno
ls nature of these brown depositions, which may have resulted f rom the 
po lymer izat ion of the stilbenes present in large quantities in spruce bark . 
Phenol i c residues were deposited on the walls of certain cells internal to 
the necrotic tissues by 10 days after wounding . B y 36 days these cells had 
become th ick-wal led . T h e precise nature of substances responsible for this 
th ickening has not been determined, variable responses be ing obtained w i t h 
histochemical tests for l ign in (cf. Table I). Suber in was detectable i n cells 
immediate ly under ly ing the thick walled cells, which corresponded to the 
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("non-") suberized impervious tissue, and i n the t h i n walled phel lem cells 
formed later by the developing necrophylactic per iderm (9). These bark 
responses are i l lustrated d iagrammat i ca l ly i n F igure 1. 

Table I. Histochemica l responses of cell walls associated w i t h the necro
phylact ic per iderm response i n Picea sitchensis challenged w i t h 
Armillaria obscura 

W a l l S t a i n a React ion i n Tissues 
Po lymer Po lymer 

Hea l thy Necro  T h i c k Necrot i c 
B a r k phylact ic W a l l e d Tissues 

Parenchyma Phe l l em Tissue 

Pect ic R u t h e n i u m 
M a t e r i a l s red + ± + 
Cellulose Zinc-chlor -

iodine + — — — 
Tolu id ine 
blue + - - -

Cal lose Resorc inol 
blue ± 

( locally) 
— — — 

L i g n i n / Z inc-chlor -
W a l l - b o u n d iodine — — + + 
phenolics To lu id ine 

blue — ± + + 
Phlorog lu -
c i n o l - H C l — + + — 
M a u l e test — — — — 
L i g n i n p ink - - - ± 

Suber in Sudan I V - + - -
a Spec imen preparat ion and s ta in ing methods as described previously 

(15). 

Essent ia l ly identical processes occur i n u n wounded spruce bark , chal 
lenged by, and resisting successfully, at least i n the short t e r m , the root- and 
but t - ro t pathogen Armillaria obscura (Secretan) Her ink . A t rh i zomorph 
contact and attempted infection sites on the bark of buttress roots of c 
60-year-old trees of Picea sitchensis (Bong.) C a r r . , penetrat ion of the sur
face per iderm had occurred. S m a l l (c 10 m m . diameter) necrotic regions 
resulted, confined to superficial bark tissues only. Mechan i ca l attachment 
of these lesions (which had been in i t ia ted some t ime previously so that host 
responses to the challenge were essentially complete) was weak, and they 
were readi ly detached f rom the roots as bark scales. Cleavage occurred 
i n the plane of a necrophylact ic per iderm, formed at the m a r g i n between 
tissue colonized by A. obscura and the healthy bark (F igure 2). C e l l wal l 
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Figure 1. S t r u c t u r a l responses of the bark of Picea sitchensis to w o u n d 
ing and inoculat ion w i t h Phaeolus schweinitzii. I W , inoculated wound; S P , 
surface per iderm; N T , necrotic tissue; T C , thickened cells; S I T , relic of 
suberized impervious tissue; N P , necrophylact ic per iderm; P , phloem; V C , 
vascular c a m b i u m . 
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alterations, ident ica l to those associated w i t h art i f i c ia l wounds (9) were 
detectable i n and around the lesion using a range of h istochemical tests 
(Table I). 

T h e under ly ing healthy bark was separated f rom the fungal ly colonized 
tissues by a necrophylact ic per iderm, essentially s imi lar to the n o r m a l root 
surface per iderm. T h i s comprised layers of t h i n wal led, suberized phel lem 
cells and th ick wal led cells s ta in ing posit ively w i t h the phlorog luc ino l -
H C 1 reagent. Outs ide the outermost phel lem cells there existed a single 
layer of irregular suberized cells, corresponding to the cells f o rming the 
suberized impervious tissue pr ior to phellogen f ormat ion . T h e thickened, 
phloroglucinol -posit ive cells between these and the necrotic tissue were not 
suberized. F u n g a l hyphae were visible i n these cells (F igure 3), i nd i ca t ing 
that this wal l thickening d i d not itself pose a major impediment to the 
growth of the fungus, and were present also i n the necrotic tissues, f rom 
which evidence of wal l -bound phenolic compounds was also obta ined . N o 
hyphae were seen, however
were cruc ia l to the effectiveness of this barrier response. 

Cell Wall Alterations in the Bark of Woody Angiosperms. Responses to 
wounding and infection closely s imi lar to those found i n G y m n o s p e r m s oc
cur also i n the bark of Angiosperms. These responses have been described i n 
deta i l f r om a number of woody species (8 ,14 ,38 ,39) and appear essentially 
s imi lar in a l l . F o r m a t i o n of a suberized impervious tissue i n undamaged 
tissues beneath the lesion is followed by the restoration of the p lant surface 
by development of a necrophylact ic per iderm. Where a rap id ly spreading 
lesion results f rom poplar infections by Cytospora chrysosperma, there may 
be co lonizat ion of the host bark tissues w i thout expression of these defensive 
responses. However, when slowly extending perennial cankers are formed 
by this pathogen a necrophylact ic per iderm is produced by the p lant , and 
advance of the fungus appears to take place only where there are d iscont i 
nuities i n this barrier , e.g., where i t is traversed by bundles of ph loem fibres 
(38). 

Responses in Non-woody Perennial Plants. A l t h o u g h pathogens capable of 
mount ing a prolonged attack f rom a colonized food base are less usual on 
non-woody species, such attacks can sometimes occur. In these instances 
per iderm restorat ion responses comparable to those described f rom woody 
plants may operate to restrict pathogen ingress. T h i s may be exemplif ied by 
the response of horseradish, Armoracia rusticana G a e r t i n , M a y & Scherb. 
to attack by an Armillaria species (probably A. bulbosa ( B a r l a ) , K i l e and 
W a t l i n g ) . A l t h o u g h not an impor tant pathogen of this p lant , Armillaria 
rhizomorphs may attempt to penetrate and colonize its large, fleshy roots. 

Sections of infected roots show colonized, necrotic tissues bounded by 
suberized phel lem cells. Penetrat ion of these necrophylact ic periderms was 
effected by rhizomorph- l ike aggregations of hyphae (Figure 4). Ce l l s i n the 
necrotic zone stained green w i t h to luidine blue and gave a posit ive response 
w i t h the p h l o r o g l u c i n o l - H C l reagent, but d id not color w i t h the M a u l e test, 
suggesting the presence of ce l l -wal l bound phenolics i n these tissues, a l -
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Figure 2. Necrophylact ic per iderm i n the bark of Picea sitchensis fo l lowing 
at tempted infection by Armillaria obscura. B a r k sectioned and stained w i t h 
Sudan I V , after extract ion w i t h chlorine dioxide to remove aromatic com
pounds , essentially as previously described (15). N T , necrotic tissue; T C , 
thickened cells; S I T , relic of suberized impervious tissue; N P , necrophylact ic 
per iderm. Scale bar = 25 μπι. 

F igure 3. Hyphae (arrowed) of Armillaria obscura in th ick walled cells ( T C ) 
over ly ing the necrophylact ic per iderm ( N P ) in Picea sitchensis. B a r k sec
t ioned and stained w i t h to lu id ine blue as previously described (15). Scale 
bar = 25 μηα. 
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though l i gn in format ion itself may not have occurred. Hyphae were present 
i n these necrotic tissues but none were seen penetrat ing the suberized cells. 
A l t h o u g h the role of chemical defences i n this interact ion was not e x a m 
ined (cf. 24), i t would appear that the suberized per iderm barriers produced 
i n response to infection posed a more effective defence against Armillaria 
t h a n the wal l -bound phenolics of the necrotic tissues. T h e periderms were, 
however, repeatedly breached by the aggregated m y c e l i u m of the fungus, 
result ing i n a complex lesion containing many defeated per iderm barriers 
extending into the root x y l e m . 

Defence i n L i v i n g W o o d 

T h e sapwood of a l i v i n g tree, compris ing the x y l e m tissues funct ional i n 
transport and storage, contains l i v i n g cells and is capable of active responses 
to infect ion. In contrast the heartwood ( in those species that f o rm i t ) is 
non - l i v ing and incapable o
sponses are thus impossible i n heartwood, a l though anti fungal compounds 
or cell wal l alterations la id down when the wood was s t i l l l i v i n g may con
t inue to funct ion . Indeed there are s t r ik ing s imilar i t ies between many of 
the defences induced i n sapwood by fungal attack and the changes occur
r i n g d u r i n g heartwood format ion , suggesting that these processes m a y be 
related (5). B o t h ant imicrob ia l chemical defences (40) and cell wa l l a l ter
ations have been reported f rom x y l e m of woody plants. A s w i t h defences 
i n the bark , only cell wal l alterations w i l l be discussed. T w o types of bar 
rier can be identi f ied—those compris ing special ized tissues formed de novo 
i n response to wounding and infection, and those formed in pre-exist ing 
x y l e m . 

Tissue Barriers Formed de novo. M a n y woody perennials respond to 
wounds result ing i n cambia l damage, and concomitant fungal infection of 
under ly ing x y l e m , by the product ion of a dist inct ive barrier tissue. T h i s 
barr ier , which has been termed the compartmenta l izat ion w a l l 4 (41), com
prises a sheet of t raumat i c a x i a l parenchyma cells, formed by the c a m b i u m 
i n the v i c in i ty of the wound , and l a i d down as the first x y l e m tissue pro
duced after wounding (15,42). In conifers this parenchyma is commonly 
accompanied by resin ducts (43). In most, but not a l l , species so far e x a m 
ined the parenchyma cells of the wal l 4 barrier zone are suberized, at least 
where they overlie fungally colonized wood (5, Pearce, R . B . , unpubl ished 
data ) . Evidence has been obtained f rom oak (Quercus robur) to suggest 
that the suber izat ion response of these tissues, but not necessarily their 
format ion by the c a m b i u m , is fungally el ic ited (5). 

Suber izat ion of these cells renders them resistant to degradation by 
wood decaying fungi . Sections through the compartmenta l i zat ion wal l 4 
barrier region i n Q. robur, incubated for several weeks w i t h the wood decay 
pathogen Stereum gausapatum, were extensively degraded by the fungus, 
except for the suberized cells wh i ch remained essentially intact (15). Suber 
ized x y l e m cells are clearly able to resist degradation by wood decay fungi 
for prolonged periods: the relics of suberized cells and tyloses, formed as a 
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n o r m a l heartwood component i n Q. robur (44), remained i n wood otherwise 
more or less t o ta l ly decayed by n a t u r a l infection w i t h the white-rot fungus 
Ganoderma adspersum (F igure 5) . 

In some species, however, e.g. ash, Fraxinus excelsior, cells of the t r a u 
mat i c a x i a l parenchyma of the compartmenta l i zat ion wa l l 4 may show no 
evidence of cell wal l a lterations, yet appear to act n o r m a l l y as a funct ional 
barrier to decay (Pearce, R . B . , unpubl ished data) . It is to be presumed that 
the spread of decay fungi is arrested either by chemical defences or by en
v i ronmenta l constraints (cf. 26-28) i n such species. C lear ly , a contr ibut ion 
may be made by these defences i n suberiz ing species also: phytoalex in- l ike 
ant i fungal compounds have been detected i n association w i t h a suberized 
wal l 4 barrier i n Acer saccharinum (42). M o r e work w i l l be required to e lu 
cidate the long- term effectiveness of the various mechanisms m a i n t a i n i n g 
the funct ion of these barrier walls . 

Cell Wall Alterations in Pre-existing
interface w i t h pre-exist ing sapwood, responses of the l i v i n g parenchyma 
cells can result i n the f ormat ion of a reaction zone (45-47). React ion zones 
present a less wel l defined barr ier to infection t h a n the compartmenta l 
i zat ion wa l l 4 and have been envisaged as a d y n a m i c response, healthy 
sapwood being converted to reaction zone tissue ahead of the advancing 
fungus (45,47) . Evidence has recently been obtained that this is not a con
tinuous process, but that reaction zones act as static boundaries to decay, 
wh i ch advance discontinuously w i t h i n the tree, periods of r a p i d fungal a d 
vance e l i c i t ing l i t t l e or no host response being followed by periods of stasis, 
accompanied by the format ion of clearly defined reaction zones (5, Pearce, 
R . B . , unpubl i shed data) . 

T h e accumulat ion of phytoalexin- l ike anti fungal compounds commonly 
occurs i n reaction zone tissues (40,42) , and brown deposits, g iv ing s ta in ing 
responses posit ive for phenolic compounds, are frequently present i n cells 
i n this region. Vessels may be occluded by these deposits (gummosis) or 
by the format ion of tyloses, bal loon-l ike outgrowths f rom the walls of ves
sel parenchyma cells (5). C e l l wal l suber izat ion responses commonly occur 
i n reaction zones (5,48) , a l though they are not always present, even in 
species having a demonstrable suber izat ion response in the wal l 4 barrier , 
e.g. Acer saccharinum (42). Tyloses are usual ly suberized (44,49, Pearce, 
R . B . , unpubl ished data) . In those species i n which abundant tylosis for
m a t i o n occurred i n reaction zones, suber izat ion of x y l e m parenchyma cells, 
i n c l u d i n g the ray parenchyma, was normal ly observed. In species i n w h i c h 
vessel occ lusion was predominant ly by gummosis , suber izat ion responses 
were often lacking (Pearce, R . B . , unpubl ished data) . 

U n l i k e the compartmenta l i zat ion wa l l 4, the suberized tissues i n re
act ion zones do not f o rm a continuous barrier , potent ia l ly impregnable by 
pathogens incapable of degrading suberized walls . However, suberized t y 
loses and parenchyma cell walls block the easiest routes of fungal spread 
i n the x y l e m — a x i a l l y along vessels and radia l ly in the rays (50 )—and may 
thus greatly hinder fungal spread. Undoubted ly these cell wal l alterations 
normal ly act i n concert w i t h other defences—antifungal compounds a n d / o r 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



25. P E A R C E Cell Wall Alterations & Antimicrobial Defense 357 

Figure 4. Penetrat ion of necrophylact ic periderms ( N P ) i n the root of Ar-
moracia rusticana by rh izomorph- l ike aggregations of hyphae ( R ) . Scale bar 
- 100 μτη. 

Figure 5. Heartwood of Qutrcus robur w i t h advanced decay caused by Gan-
oderma adspersum. A l t h o u g h the wood has been extensively degraded, 
suberized tyloses and vessel l inings remain recognizable. W o o d sectioned 
and stained w i t h Sudan I V as previously described (15). Scale bar = 100 
μπι. 
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environmental constraints on pathogen growth (as w i t h the wal l 4 barrier 
also). Where cell wa l l alterations are not detectable i t is to be presumed 
that adequate protect ion is afforded by these alternative mechanisms. 

C o n c l u d i n g Discussion 

A common requirement for the successful protect ion of perennial plants 
against m a n y of their pathogens is for defence to be durable . Secondary 
tissues may persist for decades or centuries, and pathogens supported by 
a substant ia l food base may be capable of mount ing a prolonged assault 
on the potent ia l host. C e l l wa l l alterations, compris ing either the depo
s i t ion of new mater ia l on pre-exist ing cell wal ls , or the format ion of new 
tissues w i t h atyp ica l or special ized cell walls , have been impl i cated as de
fence mechanisms i n a wide range of circumstances i n perennial p lants . A 
role i n ant imicrob ia l defence can be ascribed to the suberized phel lem f o rm
ing the surface of the secondar
which may have a defensive funct ion occur i n some species also. W o u n d 
ing or infect ion of cort ica l a n d ph loem (bark) tissues n o r m a l l y results i n 
a sequence of cell wal l a lterations, commencing w i t h changes to walls of 
pre-exist ing cells, and cu lminat ing w i t h the restoration of the intact p lant 
surface by means of the f ormat ion of a necrophylact ic per iderm. W o u n d s 
to the c a m b i u m and x y l e m result i n the product ion of a t r a u m a t i c barrier 
tissue, often w i t h suberized walls , which prevents damage to the v i t a l c a m 
b i u m and the youngest, metabol i ca l ly most i m p o r t a n t , secondary tissues 
by pathogens becoming established in the exposed x y l e m . Suber izat ion re
sponses also often occur i n the reaction zone margins of infection and decay 
in l i v i n g wood. 

A s defence mechanisms i n plants commonly act i n concert, i t would be 
wrong to ascribe a p r i m a r y role to these various wal l alterations wi thout 
add i t i ona l invest igat ion: i n v i r t u a l l y a l l cases evidence for the concomitant 
operat ion of chemical defences is also available. However, cell wa l l a l ter
ations are par t i cu lar ly wel l suited to long t e rm defence, prov id ing stable and 
durable barriers that are not dependant on the cont inuing metabol ic ac t iv 
i t y of l i v i n g cells to m a i n t a i n t h e m , and which are not subject to chemical 
ins tab i l i ty or leaching. 

In the cell wa l l alterations discussed suberizat ion has played a p r o m i 
nent role. T h i s is probably not co inc idental . B o t h carbohydrate po ly 
mers and l i g n i n are abundant i n the secondary tissues of perennial plants , 
especially woody species. Pathogens adapted to inhab i t this h igh ly l i g 
nified environment are l ikely to possess effective enzyme systems for the 
metabo l i sm of this phenolic po lymer , which is therefore unl ike ly to present 
a serious impediment to these fungi . T h i s is in marked contrast to the 
pathogens of p r i m a r y plant tissues (leaves, etc.) i n wh i ch l i gn in is not 
abundant ly present, against wh i ch cell wal l l ignif icat ion may present an ef
fective defence (51). Indeed, fungal co lonizat ion of cells w i t h walls altered 
by l igni f icat ion (or at least deposition of wal l -bound phenolics) was seen in 
most of the interactions discussed here. T h e predominant ly a l iphat ic po ly 
mer suber in is not a p r i m a r y constituent of these secondary tissues and is 
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thus l ikely (as has been demonstrated) to present more of an impediment 
to such pathogens. A l s o , i f as has been suggested (26-28), the maintenance 
of an appropriate moisture content i n funct ional sapwood is i m p o r t a n t in 
l i m i t i n g fungal co lonizat ion, suber in may provide the necessary permeab i l 
i t y barr ier to m a i n t a i n this and min imize the extent of d i s rupt ion to x y l e m 
transport result ing from wounding or microb ia l infection. 

L i t e r a t u r e C i t e d 

1. Callow, J.A ., Ed. Biochemical Plant Pathology; John Wiley & Sons: 
Chichester, 1983. 

2. Horsfall, J. G.; Cowling, Ε. B., Eds. Plant Disease: An Advanced Trea
tise; Vol. V; Academic Press: New York, 1980. 

3. Gibson, I. A. S.; Burley, J.; Speight, M. R. C.F.I Occasional Papers, 
No. 18., 1980. 

4. Woodward, S.; Pearce
5. Pearce, R. B. In Funga ; Pegg, ; Ayres, , 

Eds.; Cambridge University Press: Cambridge, 1987; pp 219-238. 
6. Sinclair, W. Α.; Lyon, Η. H.; Johnson, W. T. Diseases of Trees and 

Shrubs; Comstock Publ. Assoc.: Ithaca, 1987; pp 308-313. 
7. Mullick, D. B. In The Structure, Biosynthesis and Degradation of 

Wood; Loewus, F. Α.; Runeckles, V. C., Eds.; Plenum Press: New 
York, 1977; pp 395-442. 

8. Biggs, A. R. Phytopathology 1985, 75, 1191-1195. 
9. Woodward, S.; Pearce, R. B. Physiol. Mol. Plant Pathol. 1988, 33, 

151-162. 
10. Woodward, S.; Pearce, R. B. Physiol. Mol. Plant Pathol. 1988, 33, 

127-149. 
11. Prior, C. Ann. Bot. 1976, 40, 261-279. 
12. Sherwood, R. T.; Vance, C. P. Phytopathology 1976, 66, 503-510. 
13. Ride, J. P.; Pearce, R. B. Physiol. Plant Pathol. 1979, 15, 79-92. 
14. Biggs, J.R. Can. J. Bot. 1984, 62, 2814-2821. 
15. Pearce, R. B.; Rutherford, J. Physiol. Plant Pathol. 1981, 19, 359-369. 
16. Aist, J. R. Ann. Rev. Phytopathol. 1976, 14, 145-163. 
17. Kunoh, H.; Ishizaki, H. Physiol. Plant Pathol. 1975, 5, 283-287. 
18. Heath, M. C. Physiol. Plant Pathol. 1979, 15, 141-148. 
19. Ride, J. P. Physiol. Plant Pathol. 1980, 16, 187-196. 
20. Aist, J. R. In The Dynamics of Host Defence; Bailey, J. Α.; Deverall, 

B. J., Eds.; Academic Press: Sydney, 1983; pp.33-70. 
21. Mullick, D. B. Can. J. Bot. 1975, 53, 2443-2457. 
22. Hammerschmidt, R.; Kuc, J. Physiol. Plant Pathol. 1982, 20, 61-71. 
23. Edwards, M. C.; Ayres, P. G. New Phytol. 1981, 89, 411-418. 
24. Garrod, B.; Lewis, B. G.; Brittain, M. J.; Davies, W. P. New Phytol. 

1982, 90, 99-108. 
25. Kolattukudy, P. E. Can. J. Bot. 1984, 62, 2918-2933. 
26. Boddy, L.; Rayner, A. D. M. New Phytol. 1983, 94, 623-641. 
27. Cooke, R. C.; Rayner, A. D. M. Ecology of Saprotrophic Fungi; Long

man: London, 1984; pp. 196-237. 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



360 PLANT C E L L WALL POLYMERS 

28. Rayner, A. D. M. In Water, Fungi and Plants; Ayres, P.G.; Boddy, L., 
Eds.; Cambridge University Press: Cambridge, 1986; pp. 321-341. 

29. Zimmermann, W.; Seemüller, E. Phytopath. Z. 1984, 110, 192-199. 
30. Ofong, A. U. Ph.D. Thesis, Oxford University, Oxford, UK, 1988. 
31. Royle, D. J. In Biochemical Aspects of Plant Parasite Relationships; 

Friend, J.; Threlfall, D.R., Eds.; Academic Press: London, 1976; pp. 
161-193. 

32. Thomas, H. E. J. Agric. Res. 1934, 48, 187-218. 
33. Tourvieille de Labrouhe, D. Agronomie 1982, 2, 553-560. 
34. Campbell, C. L.; Huang, J. S.; Payne, G. A. In Plant Disease: An Ad-

vanced Treatise; Vol. V; Horsfall, J. G.; Cowling, Ε. B., Eds.; Academic 
Press: New York, 1980; pp. 103-120. 

35. Hepper, F. N. Arboricultural J. 1981, 5, 39-43. 
36. Moss, E. H.; Gorham, A. L. Phytomorphology 1953, 3, 285-294. 
37. Moss, E. H. Amer. J  Bot  1936  23  114-120
38. Biggs, A. R.; Davis, D
39. Biggs, A. R.; Merrill, W.; Davis, D. D. Can. J. For. Res. 1984, 14, 

351-356. 
40. Kemp, M. S.; Burden, R. S. Phytochemistry 1986, 25, 1261-1269. 
41. Shigo, A. L.; Marx, H. G. USDA For. Serv. Agric. Inf. Bull. No. 405, 

1977. 
42. Pearce, R. B.; Woodward, S. Physiol. Mol. Plant Pathol. 1986, 29, 

197-216. 
43. Tippett, J. T.; Shigo, A. L. Eur. J. For. Pathol. 1981, 11, 51-59. 
44. Pearce, R. B.; Holloway, P. J. Physiol. Plant Pathol. 1984, 24, 71-81. 
45. Shain, L. Phytopathology 1967, 57, 1034-1045. 
46. Shain, L. Phytopathology 1971, 61, 301-307. 
47. Shain, L. Phytopathology 1979, 69, 1143-1147. 
48. Biggs, A.R. Phytopathology 1987, 77, 718-725. 
49. Parameswaran, N.; Knigge, H.; Liese, W. IAWA Bull. N.S. 1985, 6, 

269-271. 
50. Greaves, H.; Levy, J. F. J. Inst. Wood Sci. 1965, 15, 55-63. 
51. Ride, J. P. In Biochemical Plant Pathology; Callow, J. Α., Ed.; John 

Wiley & Sons: Chichester, 1983; pp. 215-236. 

RECEIVED March 10, 1989 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



Chapter 26 

Infection-Induced Lignification in Wheat 
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Birmingham B15 2TT, England 

Lignification occur
to challenge by  fungi  respons
fers on the plant cell walls a high degree of resistance 
to degradation by plant-pathogenic fungi and may thus 
be important in disease resistance. Physical or chemical 
stresses which induce defence mechanisms in other plants 
do not generally elicit lignification in wheat; the response 
appears to be specific to filamentous fungi. Chitin, a key 
component of the cell walls of many fungi, has been iden
tified as one elicitor of the response. The insolubility of 
this polymer suggests that soluble fragments are released 
by plant enzymes and then diffuse to the cells that re
spond. Chitin oligosaccharides (DP > 3) that elicit lig
nification have been identified and a model is proposed 
for the release, degradation and binding of these signal 
molecules in infected plants. 

C e l l w a l l a lterations are now recognized as a common response of higher 
plants to attempted invasion by fungi . M a n y of the cell wa l l modif icat ions 
may have a role to play i n disease resistance. T h i s is par t i cu lar ly true of 
l igni f i cat ion , which i n re lat ion to disease resistance has i n the past been 
thought of as m a i n l y a wound response, sealing off infected areas but not 
act ing as a m a i n l ine defence. However, the frequent r a p i d i t y of induced 
l igni f i cat ion , together w i t h the high resistance i t confers to m i c r o b i a l degra
dat i on , is leading to its acceptance as an impor tant defensive response—one 
whi ch may act alone or i n concert w i t h other mechanisms, such as p h y -
toa lex in produc t i on , to provide substant ia l resistance to fungal penetrat ion 
(1-3). 
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Lignif icat ion as a Defence M e c h a n i s m i n W o u n d e d W h e a t Leaves 

T h e inocu lat i on of wounds on wheat leaves w i t h non-pathogenic fungi 
(i.e., pathogens of other p lant species), such as Botrytis cinerea or My-
cosphaerella pinodes, results in l i m i t a t i o n of fungal growth to the wounds , 
despite heavy growth w i t h i n the wounded tissue itself (4). T h i s l i m i t a t i o n 
is associated w i t h cell wal l alterations at the wound margins , g iv ing a com
plete r i n g of tissue resistant to cell wal l degrading enzymes be ing produced 
w i t h i n 18 to 24 h after inocu lat ion (4). W o u n d i n g alone does not induce 
such a response. 

Histochemistry (4,5), autoradiography fol lowing precursor feeding (6), 
l i gn in thioglycolate extract ion (5), i on izat ion difference spectra fol lowing 
a lka l i extract ion (4) and nitrobenzene ox idat ion products (4) a l l indicate 
the presence of l i gn in at the infected wound margins . Changes i n the differ
ence spectra , i n the rat io of nitrobenzene ox idat ion products and i n some 
histochemical reactions als
f rom the po lymer found i
s y r i n g y l to gua iacy l moieties is increased. 

T h e chemical and phys ica l evidence for the presence of l i g n i n i n 
the mater ia l deposited at wound margins is supported by b iochemi 
cal studies on the enzymes involved i n phenylpropano id metabo l i sm. 
T h u s , the extractable act ivit ies of phenylalanine ammonia- lyase , tyrosine 
ammonia- lyase , c innamate-4-hydroxylase , caffeic ac id O-methyltransferase , 
5-hydroxyferul ic ac id O-methyltransferase, h y d r o x y c i n n a m a t e : C o A ligase 
(4-coumarate ligase) and peroxidase a l l increase substant ia l ly fo l lowing i n 
ocu lat ion of wounds w i t h Botryiis cinerea (7-9). Autorad iography fo l lowing 
admin i s t ra t i on of labelled phenylalanine , c innamate or s inapate indicates 
that the r a p i d induct i on of l ign in deposit ion by fungi results i n l igni f icat ion 
not on ly of the cell walls but of a l l the cell contents, par t i cu lar ly i n the cells 
undergoing the most prominent reaction at the very edge of the wound 
(6). P r e s u m a b l y the n o r m a l control mechanisms that prevent po lymer i sa 
t ion of the monomers before they are exported to the w a l l are i n some way 
defective in these rap id ly degenerating cells. 

T h e importance of l ignif icat ion as a general resistance mechanism 
against fungi is supported by the rap id i ty of the response to non-pathogenic 
fungi (4), the slower rate of l igni f icat ion i n response to pathogenic Septoria 
(4), Fusarium, and Pénicillium (10) species and the pronounced resistance 
to cell wa l l degrading enzymes that the response confers on the host tissue. 
A l s o , treatments wh i ch induce the response, such as non-pathogenic fungi 
or the fungal polysaccharide c h i t i n , provide significant protect ion against 
subsequent inocu lat i on w i t h pathogens. Conversely, treatments such as cy-
c loheximide or U V light wh i ch i n h i b i t the response have been shown to 
make plants h igh ly susceptible to m a n y fung i—al though it is p la in ly poss i 
ble that m a n y other unknown mechanisms may be also inh ib i t ed by these 
treatments (10). 
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Ligni f icat ion as a Defence M e c h a n i s m i n U n w o u n d e d W h e a t 
Leaves 

S m a l l quantit ies of l i gn in are deposited i n unwounded wheat leaves when 
challenged by fungi . A t t e m p t e d invasion of the ep idermal cells of many 
plants , but par t i cu lar ly members of the Gramineae , results i n the r a p i d 
f ormat ion of minute wal l - l ike deposits cal led papi l lae , often accompanied 
by a modi f i cat ion to the adjacent ep idermal wa l l cal led a halo (11). W e 
have shown that i n wheat these structures contain s m a l l , but probab ly s ig 
ni f icant , amounts of l i gn in (12) and that this confers on the structures a 
substant ia l degree of resistance to fungal degradation in viiro. Pathogens 
of wheat are no more capable of degrading the structures t h a n fungi n o n 
pathogenic on wheat (13). T h e success of pathogens is apparent ly depen
dent u p o n a slower response by the host. 

Some pathogens, such as the stem rust pathogen Puccinia graminis 
f .sp. iritici, do not at temp
use the n a t u r a l openings provided by s tomata . T h e react ion of resistant 
wheat varieties usual ly involves a "hypersensit ive" response, where the i n 
vaded mesophyl l cells undergo a r a p i d deter iorat ion. Here again l igni f i ca 
t i on has a potent ia l significance (14). Fluorescence microscopy, h is tochem
istry , and autoradiography a l l indicated that l igni f i cat ion occurred d u r i n g 
the necrosis of the cells undergoing the hypersensitive response i n near-
isogenic wheat lines carry ing the S r 5 or Srè (at 19°C) alleles for resistance 
to P. graminis f .sp. tritici. L ign i f i ca t ion was not observed i n the suscept i 
ble interact ions between the fungus and the parent cul t ivar M a r q u i s ( 5 r 5 , 
SV6) , or the S r 6 l ine when tested at 26°C (14). 

Specificity of Induct ion of Lignif icat ion i n W o u n d e d W h e a t Leaves 

Lign i f i ca t i on is one of m a n y defensive responses that plants employ to 
counter potent ia l ly pathogenic fungi . P h y t o a l e x i n accumulat ion has re
ceived much at tent ion and i t is evident that this response is not restr icted 
to occasions of fungal at tack , but can usual ly be act ivated by a whole 
range of other stressful abiot ic treatments, e.g., U V l ight , heavy m e t a l salts , 
ant imetabol i tes , ox id iz ing and reducing agents, phys ica l damage, etc. (15). 
P h y t o a l e x i n produc t i on could therefore be viewed as a response to general
ized damage to the p lant , rather than a specific response to fungal invasion. 
B y contrast , the induct ion of l igni f icat ion i n wheat appears to be h igh ly spe
cific to filamentous fungi (16). T h u s , a range of abiot ic treatments reported 
to induce phytoa lex in accumulat ion i n various plants fa i led to induce l i g n i 
fication i n p r i m a r y wheat leaves. F i lamentous fungi were, however, usual ly 
potent inducers w i t h yeasts and bacter ia being less active (16). 

Elic i tors of Lignif icat ion 

T h e h igh specificity of induced l igni f icat ion i n wheat for filamentous fungi 
leads immediate ly to speculat ion as to the nature of the signals involved i n 
the general recognit ion of fungi by wheat. M i c r o b i a l molecules that trigger 
plant defence responses are usual ly termed "e l ic i tors" (17). 
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In order to s tudy elicitors of l igni f icat ion i n wheat leaves, a quant i ta t ive 
assay for induced l igni f icat ion has recently been developed (5). T h e method 
involves locat ing l i g n i n by s ta in ing leaves w i t h p-nitrobenzene d i a z o n i u m 
tetraf luoroborate after removal o f soluble and wall-esterif ied phenolics by 
pre -extract ion i n ethanol and a l k a l i . T h e local intensity of l i gn in is then 
determined by scanning the leaves w i t h a gel-scanning densitometer. T h e 
method gives results wb ' ch correlate wel l w i t h those based on extract ion 
w i t h thioglycol ic ac id , but has the advantage that add i t i ona l in format ion 
on the locat ion of the induced l i g n i n is obta ined . 

U s i n g this assay, a range of fungal and plant products has been screened 
for l igni f i cat ion-e l i c i t ing act iv i ty , inc lud ing a number that were k n o w n el ic
itors of defence reactions i n other plants (5). T h e m a j o r i t y of treatments 
were inact ive . T h e major el ic itors identif ied were c h i t i n , chitosan, a com
merc ia l "cel lulase" and "pectinase" of fungal o r i g in , and a p a r t i a l h y -
drolysate of the cell wal l g lucan of the fungus Phytophthora megasperma 
f.sp. glycinea containing oligo-/?-glucoside
( D P ) of 10-13. T h e "cellulase" was the most active and its a c t i v i t y was 
retained after heat - inact ivat ion . 

C h i t i n as a n E l i c i t o r of Lignif ication 

A l t h o u g h c h i t i n , a / ? ( l -4 ) - l inked po lymer of ΛΓ-acetyl-D-glucosamine, was 
not the most active el ic itor discovered, i ts widespread occurrence i n fungi 
as a core component of the cell wal l and its predominance at h y p h a l t ips 
encouraged us to examine its e l ic i tor ac t iv i ty i n more deta i l . A l t h o u g h 
chitosan was also e l ic i tor-act ive , i ts ac t iv i ty was thought to depend on the 
acetylated regions of the polysaccharide since fu l ly deacetylated chitosan 
h a d negligible ac t iv i ty (5). C h i t i n is h igh ly insoluble i n water and i n the 
inocu lat i on procedure used i t was unl ikely to come into direct contact w i t h 
the cells that l ignify. It was therefore postulated that p lant enzymes, pre
sumably chitinases, release soluble fragments that are the signals that pass 
f rom pathogen to host. 

T o investigate this possibi l i ty , ch i t in oligosaccharides were first pre
pared by acid hydrolysis of c h i t i n and separation of the products by H P L C 
(18). For comparison , the deacetylated counterparts were also prepared by 
ion-exchange chromatography of ac id hydrolysates of chi tosan. Tests on the 
prepared oligomers indicated that a m i n i m u m degree of po lymer isat ion of 
4 was necessary for el ic itor act iv i ty , and that the presence of acetyl groups 
was essential since the deacetylated tetramer was inactive (18). W h e a t leaf 
tissue has now been shown to contain several chitinases, a l l of w h i c h are 
endo i n act ion and are capable of releasing the el ic i tor-act ive tetramer, and 
higher oligomers, f r om c h i t i n (R ide & B a r b e r , unpubl ished data ) . 

T h e amount of c h i t i n tetramer required to el ic it the response, when 
administered as a single dose, was relatively h igh . One exp lanat ion for 
this phenomenon was that c h i t i n oligomers are unstable i n wheat leaf t i s 
sue, and that admin is t ra t i on as a single dose d i d not proper ly m i m i c the 
low, but cont inual , levels that would be released f r om the po lymer . T h i s 
was supported by the observation that the tetramer, when administered 
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to wheat leaves at a dose which just failed to el ic it a response, was re
duced i n concentration by approx imate ly 7 0 % w i t h i n 8 hours. T h e loss was 
believed to be due not only to the act ion of the chitinases, w h i c h would gen
erate on ly d imer , but possibly also to AT-acetyl- /?-D-hexosaminidases, one 
of which has now been purif ied f r om leaves (Barber & R i d e , unpubl i shed 
data ) . T h e role of these enzymes i n chit in-e l ic i ted l igni f icat ion is current ly 
be ing investigated. 

W h e a t G e r m A g g l u t i n i n : a Possible R e c e p t o r for C h i t i n Ol igo
mers? 

T h e identi f icat ion of c h i t i n oligomers as signals involved i n the recogni
t i o n of fungi by wheat leads to speculat ion on the nature of the presumed 
receptor for these molecules i n p lant cells. One candidate for the role is 
the lect in wheat germ agglut in in ( W G A ) . T h i s prote in , isolated or ig ina l ly 
f r om wheat germ, carries b i n d i n g sites that are h igh ly specific for JV-acety l -
D-glucosamine ( G l c N A c )
G l c N A c (19). Increasing the oligomer size results i n increased b i n d i n g affin
ity , at least up to the tetramer (19). E a c h b i n d i n g site apparent ly has three 
subsites w i t h different affinities for G l c N A c (19). A p a r t f r o m s i a l y l lactose, 
where the iV-acety lneuraminic acid residue mimics G l c N A c and binds to 
subsite 1, only c h i t i n oligomers and other G l c N A c - c o n t a i n i n g molecules are 
k n o w n to b i n d to the lect in (20). It is thus possible that this l e c t in , whose 
n a t u r a l funct ion i n wheat is current ly u n k n o w n , is a receptor for e l i c i tor -
active c h i t i n oligomers derived f rom fungal cell wal ls . If th is is the case, i t 
might be expected that the ch i t in tr imer would be a good e l ic i tor , rather 
t h a n the weak one revealed i n our tests (18), and that s i a l y l lactose would 
also el ic it a response, wh i ch is not the case ( B e r t r a m & R i d e , unpubl i shed 
data ) . These apparent anomalies may be due to r a p i d degradation of the 
oligosaccharides in wheat leaves when administered as a single dose; this 
poss ib i l i ty is current ly be ing assessed. 

Despite its abundance i n seeds, the lect in is present i n much smaller 
quantit ies i n seedlings and older plants (21), and reports indicate that on ly 
traces m a y occur i n the leaves (22). Nevertheless, using specific ant iserum 
raised against purif ied wheat germ agg lut in in , we have now demonstrated 
the presence of a W G A - l i k e ch i t in -b ind ing prote in i n p r i m a r y wheat leaves 
( B e r t r a m & R i d e , unpubl ished data ) . We are current ly eva luat ing the pos
s ib i l i ty that this molecule is the receptor for e l ic i tor-act ive c h i t i n oligosac
charides. 

A M o d e l for the Recogni t ion of F u n g i by W h e a t 

These results allow us to propose a hypothesis for the processes involved 
i n the general recognit ion of filamentous fungi by wheat ( F i g . 1). T h e 
model does not a t tempt to provide an exp lanat ion for the h igh ly specific 
interact ions between certain wheat cult ivars and races of fungal pathogens, 
but deals w i t h the much more general case of wheat resistance to non 
pathogenic fungi , i.e., non-host resistance and resistance to saprophytes. 

T h e hypothesis proposes that this basic i n c o m p a t i b i l i t y between fungi 
and wheat is governed by the recognition by the plant of soluble oligosac-
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Figure 1. A proposed model for the general recognit ion of f i lamentous fungi 
by wheat result ing i n l igni f icat ion of the plant cells. H y d r o l y t i c enzymes 
present const i tut ive ly i n the apoplast of the p lant , such as endo-chitinase 
and /?( l -3) glucanase, release oligosaccharides of N-acetylglucosamine ( G l c 
N A c ) or glucose (G l c ) f rom the ch i t in and g lucan components of the fungal 
cell w a l l . Ol igomers of sufficient size, such as the c h i t i n tetramer, are the 
act ive signals that pass to the plant cells; the detai led structures of the 
putat ive glucose oligosaccharide signals are as yet u n k n o w n . Lect ins , such 
as wheat germ agglut in in ( W G A ) and other u n k n o w n lectins ( R E C ) , may 
be the cell surface receptors for these oligosaccharides. T h e active oligomers 
are r a p i d l y degraded both by the endo enzymes that l iberated t h e m and by 
glycosidases. E l i c i t a t i o n of defence responses thus depends on a continued 
but low level of oligosaccharides being l iberated f rom the h y p h a l t i p . 
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charide signals, which are released f rom the cell walls of the fungus by 
plant enzymes or perhaps are present on soluble glycoproteins. In the case 
of c h i t i n oligosaccharides, these would be released f r om the h y p h a l t ips 
by host chitinases. It is interest ing i n this context that wheat seed c h i t i -
nase has been shown to release higher oligomers f r om freshly-synthesized 
"nascent" c h i t i n , which is l ikely to be found at growing h y p h a l t ips , t h a n 
f rom col lo idal or regenerated ch i t in (23). 

T h e known ins tab i l i ty of ch i t in oligomers i n wheat leaves, pre
sumed to be due p r i m a r i l y to the act ion of chitinases and iV-acety l - / ? -D-
hexosaminidases, suggests that the key oligosaccharide signals are r a p i d l y 
turned over in vivo and that e l i c i tat ion of the response probably depends 
on the presence of continued low levels of the active higher oligomers over 
a per iod of t ime . A n obvious question that arises f r om such a proposed 
mechanism is why does wheat possess such a relat ively insensitive system 
of recognit ion. T h e mechanism wou ld be far more sensitive i f there were no 
destruct ion of the el ic i tor-act iv
be active at much lower doses and the plant might respond to at tempted 
infect ion at an earlier stage. A possible answer to this question lies i n the 
fact that l igni f icat ion is an irreversible, energy-requir ing process that fre
quently involves a certain amount of cell death; restr ic t ion of the response 
to genuine challenges by potent ia l pathogens is therefore beneficial to the 
p lant . T h u s wheat only responds to the continued release of oligomers w i t h 
a relat ively h igh D P , such as that brought about by the presence of growing 
h y p h a l t ips , and not to the passing presence of other s t i m u l i , such as insect 
c h i t i n . 

Since not a l l fungi conta in ch i t in , and even those that do have other 
wa l l components, i t must be supposed that other general signals exist . T h e 
h igh el ic i tor ac t iv i ty of a p a r t i a l l y hydrolysed g lucan of fungal or ig in (5), 
together w i t h the common occurrence of /? ( l -3) and /?( l -6) l inked glucans 
i n fungal cell walls , leads us to propose that the act ion of glucanases l i b 
erates glucose oligosaccharides f rom fungal walls and that these are also 
el ic itors of the l igni f icat ion response. In this context i t is interest ing that 
/? ( l -3) glucanase act iv i ty has been detected i n many p lants (24). Lect ins 
are proposed as the p r i m a r y receptors for the oligosaccharide signals. T h e 
locat ion of the W G A - l i k e prote in i n wheat leaves has not yet been deter
m i n e d , but by analogy w i t h other signal-receptor systems i t seems l ikely 
that the receptor w i l l be at the cell surface, presumably associated w i t h 
the p lasmalemma. Since analysis of the publ ished amino-ac id sequences 
of W G A isolectins 1 and 2 (25,26) does not immediate ly reveal any long 
hydrophobic , membrane-spanning regions, then i f this prote in is a surface 
receptor i t must presumably be l inked in vivo to a p l a s m a membrane com
ponent. 

Lect ins have a h igh degree of specif icity for the sugars they b i n d , and 
hence the proposal that more than one type of oligosaccharide s ignal is 
involved i n e l i c i tat ion necessarily dictates that more t h a n one receptor is 
present at the cell surface. Since the different signals u l t i m a t e l y result i n 
the same response, i t is presumed that the s ignal t ransduct ion pathways 
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involved i n the intrace l lu lar transmission of the different signals and their 
coupl ing to the response must meet at some po int . Perhaps a c o m m o n sec
ond messenger is act ivated by the interact ion of the different signals w i t h 
their corresponding receptors? A n alternative hypothesis would be that 
the lectins are extracel lular and act as transporters rather t h a n membrane-
bound receptors. T h e different e l i c i tor - lect in complexes might then be rec
ognized by a single receptor. 

Induced l igni f icat ion is blocked by treatments w h i c h inh ib i t prote in 
synthesis (10), and i t seems l ikely therefore that the increases i n a c t i v i 
ties observed for enzymes involved i n l i gn in biosynthesis (7,8) depend on 
enhanced t rans la t i on , and probably enhanced t ranscr ipt ion of the appro
pr iate genes, as has been shown for the phytoa lex in response of some plants 
(27). However, the molecular biology of the response i n wheat awaits i n 
vest igat ion. 
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Lignin Biosynthesis in Stem Rust Infected Wheat 
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Highly resistant wheat varietie  exhibit  typical hyper
sensitive respons
of the stem rust fungus. Host cells which are penetrated 
by a fungal haustorium undergo rapid necrotization, thus 
depriving the biotrophic parasite of its nutritional basis. 
This rapid cell death is correlated with the deposition of 
lignin or lignin-like material in the host cell walls and pro
toplasts. Inhibition of lignin biosynthesis delays necro
tization of penetrated host cells and partially breaks re
sistance of wheat to stem rust. In resistant plants, an 
increase in the activities of the general phenylpropanoid 
pathway and of the specific branch pathway of lignin 
biosynthesis can be detected at the time of the hyper
sensitive cell death, contrasting to decreased activities 
in susceptible near-isogenic plants. The participation of 
both an elicitor and a suppressor in the signal exchange 
between host and parasite has been suggested. An elici
tor of lignification could be isolated from fungal cell walls. 
An endogenous suppressor of the resistance reaction was 
found in wheat cell walls. 

L i g n i n , the second most abundant organic compound on earth , is extremely 
resistant to m i c r o b i a l degradation (1,2) and thus constitutes one of the 
most effective mechanical barriers against pathogenic invasion (3,4). C o n 
sequently, the l ign in content of higher plants has long been recognized as 
an i m p o r t a n t factor i n the resistance against the attack by a m y r i a d of 
potent ia l pathogens. 

In add i t i on to its role as a preformed resistance factor, Hijwegen (5) 
has also proposed active induct i on of l igni f icat ion as a defense mechanism 
of cucumber against Cladosporium. Subsequently, i n a number of host-
pathogen interact ions, induced l ignif icat ion has been proposed as the active 
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mechanism for resistance. Some of the most intensely s tudied interactions 
are those of resistance of tobacco against tobacco mosaic v i rus (6-9), potato 
against Phytophihora (10-12) or non-pathogens (13), cucumber (14,15) and 
melons (16-18) against Cladosporium and Colletotrichum species. 

In the fami ly of the Gramineae , wh i ch includes some of man 's most 
i m p o r t a n t crops, active l igni f icat ion seems to be of special importance for 
induced resistance mechanisms (19,20). T h i s may be correlated w i t h the 
nearly complete absence of phytoalexins i n this fami ly (21). In spite of an 
intensive search for such infect ion- induced fungi toxic substances, no p h y 
toalexins have been found i n wheat to date (22). Nevertheless, induced 
l igni f icat ion has been shown to play an impor tant role i n disease resistance 
of wheat against a variety of fungal pathogens (4): 

T h e format ion of a r i n g of l ignified cells at wound margins prevents 
the spread of necrotrophic fungi (23-25). L igni f ied papi l lae produced i n 
ep idermal cells jus t below fungal appressoria prevent the ingression of f u n 
gal penetrat ion pegs direct l
l igni f icat ion of penetrated epidermal and mesophyl l cells and concomitant 
cell death arrest further growth of b iotrophic parasites (22,30,31). 

M o d e s of A c t i o n of Lignif ication as a Resistance M e c h a n i s m 

Several modes of act ion of l igni f icat ion as a resistance mechanism have 
been proposed by R i d e (32). L ign i f i cat ion enhances the resistance of p lant 
cell walls against mechanical and enzymat ic attack and m a y thus impede 
fungal invasion of host cells. Incrustat ion of cell walls w i t h l i gn in may 
slow down diffusion and thus immobi l i ze fungal toxins or decrease the flow 
of nutrients to the parasite. T h e phenolic precursors as wel l as the free 
radicals formed dur ing the process of l igni f icat ion may be fungitoxic and 
act as phytoalexins . Furthermore , l igni f icat ion may spread to h y p h a l walls 
and thus impede further fungal growth. 

One or several of these mechanisms m a y be involved i n resistance re
sponses when l igni f icat ion takes place i n the plant cell wal ls . In the case of 
b io trophic parasites which rely on funct ional mature haustor ia w i t h i n l i v 
ing host cells for their development (33-36), l igni f icat ion of the whole cell 
contents leading to rap id host cell death may i n itself be a decisive factor 
i n the expression of resistance. 

E v i d e n c e for the P a r t i c i p a t i o n of Lignif icat ion i n Resistance R e 
actions 

Different approaches have been used to produce evidence for the p a r t i c i p a 
t i on of l igni f i cat ion i n resistance reactions. We w i l l confine the discussion to 
those techniques appl ied i n investigations on resistance reactions of wheat, 
one of the best studied host plants to date (4). 

T h e most convenient way of determining l i g n i n is prov ided by a range of 
h istochemical s ta in ing reactions (37): A posit ive outcome of the ph lorog lu -
c i n o l / H C l or the chlorine/sul f i te test, supposed to be the most specific 
stains for l i g n i n (38,39), po int to the par t i c ipa t i on of l i gn in i n the invest i 
gated resistance phenomena (23-25,28-31). 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



372 PLANT C E L L WALL POLYMERS 

Yel l ow autofluorescence of l ign in i n U V - l i g h t (40,41) has also been used 
as a cr i ter ion (28,30,31). However, i n view of the countless autofluorescent 
substances i n plants (40,42), even the recording of a typ i ca l emission spec
t r u m for l i gn in (31) cannot be regarded as a specific proof for the presence 
of l i g n i n . 

T h e decreased enzymat ic digest ibi l i ty of plant cell walls upon incrus
t a t i o n w i t h l i g n i n (1,2,32) has also been used as a n , albeit quite unspecific, 
demonstrat ion of l igni f icat ion (23,24,28-30). 

T h e b iochemical determinat ion of newly synthesized l i gn in is diff icult 
because of large amounts of preformed l i g n i n i n tracheary and suppor t ing 
elements of healthy tissues. Nevertheless, i t has been achieved i n the case 
of non-host resistance reactions against wound infections by necrotrophic 
parasites (23). 

W h e n radioactive l i g n i n precursors are appl ied to resistant host plants 
infected w i t h an avirulent pathogen, the autoradiographic l oca l i zat ion of 
rad ioac t iv i ty i n resistant
par t i c ipa t i on of l igni f icat ion i n the resistance response. T h o r o u g h extrac
t i on of non-polymerized precursor w i t h organic solvents and the removal 
of esterified phenolics by alkaline hydrolysis are i m p o r t a n t steps i n these 
experiments (25,28,30,31). 

A different approach to investigate active l igni f icat ion d u r i n g resis
tance reactions is provided by the determinat ion of enzyme act iv i t ies i n 
volved i n l i g n i n biosynthesis. Resistant plants are expected to be more 
strongly act ivated dur ing or immediate ly preceding the resistance reaction 
compared to susceptible plants . T h u s , phenylalanine ammonia- lyase ( P A L ) 
(43-45), c innamic ac id 4-hydroxylase (46), O-methyltransferases (44), and 
4 - coumarate :CoA ligase (46) have been investigated i n a number of s t u d 
ies. A s these enzymes are part of the general phenylpropanoid pathway, 
and thus not jus t involved i n l i g n i n biosynthesis, their act ivat ion is on ly 
proof of overal l par t i c ipat i on of phenolic substances i n the resistance reac
tions (47-49). In order to prove a specific induct ion of l igni f i cat ion, one or 
several enzymes of the specific branch pathway of l i gn in biosynthesis must 
be investigated. A l t h o u g h peroxidases catalyze the last enzymic step of 
this pathway (50), increased peroxidase act ivit ies cannot be regarded as a 
specific cr i ter ion for l igni f i cat ion, as these enzymes play a range of different 
roles i n plant metabo l i sm (51). 

Lignif icat ion i n the W h e a t - S t e m R u s t System 

We w i l l now consider the evidence that has accumulated to show the par 
t i c ipa t i on of l igni f icat ion i n the hypersensitive resistance of wheat to the 
wheat s tem rust fungus, Puccinia graminis f. sp. tritici. 

Beardmore et al (30) and T i b u r z y (31) showed that ep idermal (31) 
and mesophyl l (30,31) cells of resistant wheat plants, penetrated by haus-
t o r i a of an avirulent race of the fungus, can be stained w i t h ph lorog luc i -
n o l / H C l (31) and chlorine/sul f i te (30,31). These cells show yellow autofluo
rescence under U V - l i g h t (30,31), the emission spec trum is ident ica l to that 
of l ignif ied tracheary elements (31). 
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T h e app l i ca t i on of radioactive phenolic precursors—quinic ac id and 
s h i k i m i c ac id (52), phenylalanine (30,53), tyrosine (53), and c innamic ac id 
(30,31,53)—to infected wheat leaves led to a solvent- a n d alkal i -resistant 
incorporat ion of rad ioact iv i ty into hypersensit ively react ing host cells sug
gesting l ign in f ormat ion h a d occurred. 

In a recent s tudy (54), we showed increased act iv i t ies of two enzymes 
of the general phenylpropanoid pathway, P A L and 4 - coumarate :CoA l i g 
ase, as wel l as one enzyme of the specific pathway of l i gn in biosynthesis , 
c innamyl -a l coho l dehydrogenase ( C A D ) , i n resistant plants at the t ime of 
the hypersensitive host cell death. O n the other h a n d , decreased act iv i t ies 
were observed at the same t ime w i t h susceptible host p lants (54). F u r 
thermore, we showed that the well k n o w n increase i n peroxidase act iv i t ies , 
w h i c h is strong i n resistant and only weak i n susceptible p lants (55-58), 
is at least p a r t l y due to the increased ac t i v i ty of the l i gn in biosynthetic 
pathway (54,59). 

W h e n h igh ly resistan
race of the stem rust fungus, fungal growth is arrested by the hypersensi 
tive death of the first penetrated host cells (30,31.) E v e n i n very densely 
inoculated leaves, the reaction of less t h a n one percent of the host cells is 
sufficient to stop further development of the parasite. T h i s s m a l l percentage 
may be the reason, why no increased content of b iochemical ly determined 
l i gn in was measured i n infected hypersensitive wheat leaves (60,61). 

However, when an el ic i tor (see below), isolated f r om the s tem rust 
fungus (62), is injected into the intercel lular spaces of wheat leaves almost 
every cell i n the inf i l trated area exhibits a hypersensitive-l ike reaction (62-
65). In the e l ic i tor treated leaves, l i g n i n content as determined by the 
thioglycol ic acid procedure clearly increased (66). 

Lignif icat ion as a C a u s a l Factor i n Resistance 

T h e above described studies strongly suggest a correlat ion between l i g n i 
fication and resistance. However, they do not allow any conclusion con
cerning a causal relat ionship between the two phenomena. T h e question 
remains as to whether l igni f icat ion is indeed responsible for impaired fungal 
development. We have already briefly mentioned a possible chain of events 
d u r i n g the incompat ib le interact ion between h ighly resistant wheat leaves 
and avirulent strains of the stem rust fungus. L igni f i cat ion of the whole 
cell contents may be regarded as an active mechanism for the penetrated 
host cell to c ommit "suic ide" (30,31). T h i s hypersensitive cell death i n 
t u r n is thought to be responsible for the arrest of fungal g rowth , possibly 
by depr iv ing the obligate parasite of its nut r i t i ona l basis (67,68.) 

T h e first step thus postulates l ignif icat ion as the mechanism of active 
cell death. C e l l death, a genetically programmed event associated w i t h 
active processes (69,70), is closely correlated w i t h l igni f icat ion i n a range of 
different developmental programs: firstly, senescence is often accompanied 
by increased l igni f icat ion (71,72); secondly, l igni f icat ion is one of the most 
prominent reactions dur ing wound heal ing (73-79); and th i rd ly , l igni f i cat ion 
of d y i n g cells invar iab ly occurs dur ing x y l e m differentiation (80). A direct 
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cause-effect re lat ionship of l igni f icat ion and cell death has been described 
recently (81). 

T h e second step of the proposed chain of events, resistance as a direct 
consequence of cell death, is s t i l l controversial (82-86). In the wheat -stem 
rust system, evidence favouring the idea of hypersensitive cell death as 
the cause of resistance (30,31,87-90) contrasts to results suggesting cell 
collapse as be ing a mere consequence of a yet u n k n o w n preceding resistance 
mechanism (90-97). 

Recently , K o g e l et al. (98) showed that the inject ion of galactose-
b i n d i n g lectins or the enzyme galactose oxidase into resistant wheat leaves 
prevented the hypersensitive cell death of penetrated host cells and con
comi tant ly led to increased fungal g rowth , suggesting a causal re lat ionship 
between hypersensitive cell death and resistance. 

T i b u r z y (22,31) obtained s imi lar results by app l i cat ion of the P A L i n 
h ib i t o r aminooxyacetic aci
i n h i b i t P A L (99), and P A
(100). T h u s , A O A and the related inh ib i t o r aminooxyphenyl propionic ac id 
( A O P P ) (101,102) i n h i b i t the biosynthesis of l i gn in (103,104), anthocyanins 
(105), other flavonoids (106), and conjugates of c innamic acids (107) v i a 
P A L , as well as ethylene (108-110) v i a a p y r i d o x a l phosphate dependent en
zyme (110,111). In view of the possible funct ion of phenolic compounds as 
phytoalexins (21,112,113) and the wel l documented role of ethylene i n some 
resistance reactions (114-116), the above cited experiments w i t h A O A (22, 
31) do not provide any conclusive evidence for a causal role of l igni f icat ion 
i n resistance. 

O u r recent observation (Moerschbacher & N o l l , unpubl ished) that a 
different P A L inh ib i tor , ( l -amino-2 -phenylethy l ) phosphonic ac id ( A P E P ) , 
is equal ly active i n preventing hypersensitive cell death a n d p a r t i a l l y low
ering resistance of wheat to stem rust strongly suggest that the effects of 
bo th inh ib i tors is v i a their inh ib i t o ry act ion against P A L . 

Besides these wel l known P A L inhib i tors , h ighly specific suicide i n 
h ib i tors of C A D are now available (117,118). These inh ib i tors combine two 
i m p o r t a n t features: they act as substrate analogues and are able to specif
i ca l ly complex zinc ions. T h e combinat ion of these properties guarantees 
the h igh specif icity of these substances. Besides C A D , only c i n n a m o y l : C o A 
reductase is i n h i b i t e d , bo th enzymes are only involved i n l i g n i n biosynthesis 
(119). T h e mechanism of i n h i b i t i o n is thought to be a pseudo-irreversible 
inac t ivat i on of the suicide type (120). Such inhib i tors are ideal ly suited for 
in-vivo assays, as they are h ighly specific and generally slowly metabol ized 
(121). 

T h e appl i cat ion of two of these inh ib i tors , N ( O - h y d r o x y p h e n y l ) su l f i -
namoy l - t e r t i obuty l acetate and N(O-aminopheny l ) su l f inamoyl - ter t iobuty l 
acetate, to h igh ly resistant wheat leaves infected w i t h an avirulent s t ra in of 
s tem rust resulted i n decreased l igni f icat ion and decreased necrosis of pen 
etrated host cells and concomitant ly led to increased fungal development, 
occasionally even a l lowing some sporulat ion to occur (60). 

T h e described i n h i b i t i o n of hypersensitive cell death by the C A D i n -
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hib i tors strongly suggests a causal relat ionship between l igni f icat ion and 
cell death. It can further be concluded f rom the increase of fungal g rowth 
upon C A D i n h i b i t i o n that the synthesis of the monomeric l i gn in precur
sors is causally related to resistance of wheat to stem rust . However, i t 
remains speculative whether the po lymer izat ion of these monomers to the 
three-dimensional network of l ign in itself is a prerequisite for resistance. 
Furthermore , the proposed causal relat ionship between cell death and re
sistance cannot be concluded f rom these experiments; b o t h phenomena may 
be independent results of the l ignif icat ion process. 

E l i c i t a t i o n of Lignif ication 

T h e t e rm el ic i tor , i n i t i a l l y defined as a fungal metabol i te capable of i n 
duc ing phytoa lex in product ion when appl ied to host plants (122, 123), has 
since been appl ied to parasite-derived molecules wh i ch induce any facet of 
resistance i n appropriate hos

T h e work of R i d e and his coworkers (24,125,126) showed that products 
of filamentous fungi are able to el ic it l igni f icat ion at wound margins i n wheat 
leaves. C h i t i n and some of its soluble derivatives have been shown to be 
el icitors of l igni f icat ion i n wheat (125), chitosan being more act ive t h a n 
c h i t i n (62,126). M o s t other /?-glucans inc lud ing l a m i n a r i n d i d not exhib i t 
e l ic i tor act iv i ty (62, 126). A crude extract of Phytophthora megasperma 
f. sp. glycinea cell walls , capable of induc ing glyceol l in accumulat ion i n 
soybeans, also el ic ited l ignif icat ion i n wheat (126), but puri f ied el ic i tor f rom 
the same source (62) and the synthetic hepta-/?-glucoside e l ic i tor (126) were 
ineffective. 

We have previously reported the puri f i cat ion of an el ic i tor active frac
t i o n f rom cell walls of germinated stem rust uredospores w h i c h induces l i g 
ni f icat ion when injected into the intercel lular spaces of wheat leaves (62,63). 
Besides l igni f i cat ion, this el ic itor induces other symptoms typ i ca l of the h y 
persensitive react ion, such as membrane degradation detected as increased 
act iv i t ies of l ipoxygenase (64) and phospholipase (65). T h e h igh molecular 
weight water-soluble el ic i tor has been characterized as a heat stable g ly 
coprotein w i t h the carbohydrate moiety bearing the active part(s) of the 
molecule(s) (62). Recent work identified a glycoprotein w i t h about equal 
amounts of galactose and mannose and almost no glucose as the most active 
component (127). 

In i t ia l ly , a gene specific effect of this el ic itor concerning the 5r«5-gene 
for resistance of wheat to stem rust was reported (63). However, this was 
not confirmed i n later work (66): E l i c i t o r s prepared f r om two races of the 
stem rust fungus differing i n their spectrum of genes for avirulence were 
equal ly active, and near-isogenic wheat lines containing different genes for 
resistance reacted s imi lar to both el ic itors. T h e observed differences i n 
react iv i ty to el ic itors between different wheat cult ivars turned out to be 
unrelated to any known resistance genes. 

S i m i l a r results had been reported previously for an el ic i tor isolated 
f rom intercel lular washing fluids of leaf rust infected wheat leaves wh i ch 
induced browning and chlorosis (128,129). T h e react iv i ty of wheat cult ivars 
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to th is e l ic i tor was dependent on a gene on chromosome 5 A which contains 
no k n o w n genes for seedling resistance to leaf or stem rust (129). It was 
shown that the same holds true for the stem rust e l ic i tor (60, Suther land 
& Moerschbacher, unpubl ished) . 

W h e n injected into p r i m a r y leaves of different cereals, the s tem rust 
e l ic i tor causes symptoms whi ch closely resemble the respective resistance 
reactions of these species against the attack by stem rust of wheat, i .e. , 
l igni f icat ion i n barley and rye, brown spots i n oat, and no vis ible symptoms 
i n maize (66). 

T h e b iochemical s imi lar i t ies of leaf and stem rust el ic itors , the miss ing 
gene specif icity of bo th el ic itors, the fact that an equally active el ic i tor was 
isolated f r om germ tube cell walls of oat crown rust (60), together w i t h 
the described reactions of different non-hosts to the s tem rust e l ic i tor led 
us to speculate that the isolated elicitors m a y play a role i n the i n d u c t i o n 
of general mechanisms o
be involved i n the e l i c i tat ion of race-cult ivar specific resistance as wel l , 
race-cult ivar specif icity i n the wheat-stem rust system clearly cannot be 
explained on the basis of the specificity of the isolated el ic itors . One possible 
exp lanat ion would be the occurrence of race-cult ivar specific suppressors of 
the resistance reaction (124,131,132). 

Po lyga lac turonic acid has been shown to be a potent suppressor of the 
el ic i tor induced l igni f icat ion response i n wheat leaves (60). Moreover , pect ic 
fragments were obtained f rom isolated wheat cell walls by pecto lyt ic diges
t i on (36,60) or HF-so lvo lys i s (Moerschbacher, R y a n , K o m a l a v i l a s , M o r t , 
unpubl ished) w h i c h suppressed the act ivat ion of l ign in biosynthesis when 
injected s imultaneously w i t h e l ic i tor . A c t i v e components were tentat ively 
classified as fragments of homogalacturonan and rhamnogalacturonan I. 
A n i n depth chemical character izat ion as well as an evaluat ion of possible 
race-cult ivar specif icity of these "endogenous suppressors" or their in vivo 
produc t i on dur ing compatib le and incompatib le wheat-stem rust interac
t ions is under way. 

T h e inject ion of s m a l l amounts of pecto lyt ic enzymes concomitant ly 
w i t h el icitors suppressed the induct i on of l i gn in b iosynthet ic enzyme ac
t iv i t ies as wel l (60). T h e invest igation of pectic enzymes of the stem rust 
fungus (133) and the e luc idat ion of their substrate specificities, combined 
w i t h a detai led analysis of their na tura l substrates, the pectic components 
of p r i m a r y wheat cell walls , are targets for future research. T h e h igh ly 
developed race-cult ivar specificity i n the wheat-stem rust system may be 
based on the differential l iberat ion of active suppressors dur ing the pene
t r a t i o n of the host cell wal l by the haustor ia l neck of the fungus (F igure 1). 
A l t h o u g h speculative, a model can be drawn i n which suppressors w h i c h 
potent ia l ly exist i n the walls of a l l wheat varieties are set free only i n com
pat ib le interactions. T h e fai lure of produc ing active suppressors d u r i n g 
incompat ib le interactions would then lead to the e l i c i tat ion of l igni f icat ion 
as the mechanism of hypersensitive cell death and resistance of wheat to 
stem rust . 
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h y p e r s e n s i t i v e 

c e l l death 

• 
r e s i s t a n c e 

s u s c e p t i b i l i t y 

Figure 1. H y p o t h e t i c a l scheme of events leading to race-cult ivar specific 
resistance or suscept ibi l i ty i n the rust system. If the substrate specif icity 
of the fungal cell wa l l degrading enzymes (e.g., pectinases) is suitable for 
degradation of a specific host cell wa l l component (e.g., p a r t l y esterified 
pect in ) , endogenous suppressors w i l l be produced which prevent the el ic i tor 
induced l igni f icat ion response, thus leading to susceptibi l i ty. 
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Chapter 28 

Virulence-Inducing Phenolic Compounds Detected 
by Agrobacterium tumefaciens 

Paul A. Spencer and G. H. N. Towers 

Department of Botany, University of British Columbia, Vancouver, 
British Columbia V6T 2B1, Canada 

Construction of
sequent analysis
terium tumefaciens has permitted the discovery of a class 
of phytochemicals that this pathogen detects and which 
induce virulence. Preliminary screening of a variety of 
commercially available phenolics revealed that some were 
active as vir inducers. Two acetophenones were isolated 
from transformed tobacco root cultures. The results of 
a recent study by us indicate that there exists a range 
of virulence-inducing plant phenolics which are not lim
ited to acetophenones but include chalcones as well as 
cinnamic acid derivatives. Among the latter are acids, 
alcohols and esters known to be associated with plant 
cell walls or implicated in lignin biosynthesis, a discov
ery which suggests that this wide host range pathogen 
likely responds to chemicals common to all suscepti
ble hosts. We are currently studying signal compounds 
and natural inhibitors in relation to the host range of 
Agrobacterium strains. Activity was detected in extracts 
from a grapevine tissue culture, grapevine bark, and 
flavan-containing fractions obtained from grapes. In ad
dition, as yet unidentified compounds inhibitory to vir
-induction have been discovered. 

It is now known that the i n i t i a l interact ion between plants and bacteria 
of the Rhizobiaceae is a chemical detection by the microbe of a suscepti 
ble host, i .e., the host produces compounds which act as signals for the 
m i c r o b i a l pathogen or symbiont . T h e microbe responds to these signals 
by expression of genes necessary i n subsequent stages of the interact ion . 
For a few of the Rhizobiaceae some signal compounds involved have been 
identif ied (1-7). 
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T h e s ignal compounds of p lant - Agrobacterium tumefaciens interactions 
have received much at tent ion . T h i s g r a m negative soi l bac ter ium, wh i ch 
causes crown ga l l disease of a wide variety of dicotyledonous p lants (8), is 
responsible for a neoplastic growth of the plant tissue by passing T - D N A , 
a part of its t u m o r induc ing p lasmid ( p T i ) , into the host plant genome 
(9-14). T h i s T - D N A includes genes whi ch encode enzymes of aux in (15,16) 
and c y t o k i n i n (17,18) biosynthesis, which are expressed i n the transformed 
plant cell (19,20). T h e microbe is a useful vector for genetic engineering i n 
plants because certain of the normal T - D N A genes may be replaced w i t h 
new genes of interest. P l a n t cells infected w i t h the bac ter ium containing 
the modif ied T i - p l a s m i d are used to generate transgenic plants. 

Detect ion of susceptible host cells and early stages of tumorogenesis 
are m a i n l y control led by a set of p T i genes k n o w n as the virulence (vir) 
genes (21,22). These genes are expressed upon cocul t ivat ion of the bacter ia 
w i t h host plant cells (23,24) . Because of their role i n the early stages of 
tumorogenesis, and therefor
plant genomes, research has been directed to understanding the mechanism 
involved i n vir gene expression and ident i fy ing the v i r gene products . T w o 
of the vir genes ( A and G ) are regulatory i n nature (25,26). vir A is also a 
host range determinant and is thought to be the environmental sensor of 
the p lant -der ived inducer molecules (27). A t least one more vir locus (virC) 
is connected w i t h host range (28-30), and another (the virO operon) is now 
k n o w n to encode an endonuclease which recognizes and cleaves the left and 
right border sequences of T - D N A (31). T h e virB region encodes po lypep
tides s imi lar to those involved i n bacter ial conjugation (32). Recent ly i t 
was determined that virE encodes a single stranded D N A - b i n d i n g protein 
(33). A c t i v a t i o n of v i r gene expression is k n o w n to result i n the product i on 
of mul t ip l e single-stranded T - D N A molecules w i t h i n the bacter ium (34). 

B o l t o n et al. (35) found that a mix ture of s imple , low molecular weight 
phenolic compounds could be used to induce expression of most of the vir 
genes. Stachel et al. (7) identif ied two active s ignal compounds , acetosy-
ringone ( A S ) and α-hydroxyacetosyringone ( H O - A S ) , f rom tobacco tissues. 
In that report a few other related compounds were assayed at one or more 
concentrations for their v i r - i n d u c i n g act iv i ty . T h i s comprised a very brief 
s t ructure -ac t iv i ty s tudy whi ch presented some in format ion about the struc
t u r a l features required to confer act iv i ty . A t the concentrations tested, none 
of these compounds displayed the level of ac t iv i ty observed w i t h acetosy-
ringone. It was suggested that Agrobacterium is a t tracted to susceptible 
p lant tissues by fo l lowing a concentration gradient of these virulence induc 
i n g substances, and some results which support this idea were obtained by 
A s h b y et al. (36,37). 

T h e compounds A S and H O - A S have come to be regarded as the unique 
chemicals wh i ch Agrobacterium detects in nature and which trigger the i n i 
t i a l events w i t h i n the bac ter ium, result ing i n tumor format ion . However, it 
has yet to be shown that these acetophenones, which i n fact have never pre
v ious ly been reported as natura l l y occurr ing phytochemicals , are the s ignal 
compounds produced by any other susceptible hosts. A S has been used to 
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boost the transformat ion efficiency (38). However, t ransformat ion of soy
bean cells was promoted by adding either A S or syringaldehyde [ l b ] to the 
i n o c u l u m (39). In add i t i on , virulence induc ing wound exudates obtained 
f rom a host plant extended the n o r m a l host range of Agrobacierium to i n 
clude a monocot crop plant (40). We propose that other phytochemicals 
are involved i n the induct i on of virulence i n Agrobacterium. 

We recently reported the v i r - i n d u c i n g ac t iv i ty over a range of concen
trat ions of a variety of p lant-der ived phenolic compounds w i t h structures 
related to that of acetosyringone and discussed the s t ruc tura l features nec
essary for the act ivat ion of v i r genes (41). T h e act ivit ies of some c innamic 
ac id derivatives, chalcones, and of the l ign in precursors s i n a p y l alcohol and 
coniferyl alcohol were examined. A number of these compounds are of 
widespread occurrence, and others such as the monolignols are ub iqui tous 
i n angiosperms and gymnosperms. In this report we review the results of 
our s t ruc ture -ac t iv i ty analysi
nary results o f our searc
A. tumefaciens. 

Research has revealed that the v i r A gene product is located at the bac
ter ia l cell surface where i t l ikely acts as the environmental sensor of plant 
derived s ignal compounds (27). T h e v i r A loc i of l i m i t e d host range ( L H R ) 
and wide host range ( W H R ) strains of Agrobacterium were sequenced and 
the predicted gene products compared. T h e gene products were found to 
have diverged most strongly i n their putat ive per iplasmic d o m a i n . There 
fore we considered that differences in these gene products might correspond 
to differences i n their specificity for s ignal compounds, and this in part 
may exp la in the differences observed in the host range of these two types 
of Agrobacterium. T o prove this hypothesis, induct i on of other vir loci in 
the presence of L H R host plant cells, or by wound exudates thereof, had 
to be demonstrated. T h e s ignal compounds then had to be isolated and 
identi f ied. In i t ia l ly , however, only a v i r B : : / a c Z gene-fusion conta in ing L H R 
stra in of Agrobacterium ( A 8 5 6 / p S M 2 4 3 c d ) was available. In our p r e l i m i 
nary experiments w i t h this s t ra in , v i r expression was not greatly induced 
by cocu l t ivat ion w i t h host p lant cells or by purif ied wound- induced pheno
l i c compounds; therefore we wished to examine v i r - i n d u c t i o n in a different 
construct , namely, the L H R stra in carry ing a lacL fusion to a different vir 
gene. 

We have prepared a v i r E : : / a c Z gene fusion-containing L H R s t r a i n , 
A 8 5 6 / p S M 3 5 8 c d , by t r iparenta l m a t i n g and have used this s t ra in , a long 
w i t h the s t ra in A 8 5 6 / p S M 2 4 3 c d , to examine v i r gene expression in the l i m 
i ted host range (grapevine) s t ra in A 8 5 6 . Phenol i c wound exudates f rom 
the leaves and stems of Vitis lubrusca, as wel l as exudates produced by 
two grapevine callus cultures ( Vitis sp. cv. Seyval and V. lubruscana cv. 
Steuben) and extracts obtained f rom two varieties of grapes (red and green 
seedless) and grapevine bark (cv. Concord) were examined for v i r - i n d u c i n g 
compounds. We have established that the specificity of L H R signal com
pounds is unl ike that previously described for W H R A. tumefaciens (41) 
i n that vir gene expression is not as greatly induced by acetosyringone. 
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T h i s indicates that , unl ike the W H R strains of Agrobacterium, the L H R 
strains are less sensitive to phenylpropanoid metabolites. P r e l i m i n a r y re
sults indicate that the virulence of grapevine isolates of Agrobactenum may 
be influenced by the presence of certain higher molecular weight phenolic 
esters of grape flavans i n add i t i on to less po lar , chloroform soluble phenolics 
present i n aqueous grapevine-stem wound exudates. 

A n understanding of the phytochemistry of vir gene expression in both 
W H R (7,35,41) and i n L H R Agrobacterium should provide an interest ing 
and potent ia l ly useful model system of host range contro l i n p lant -bacter ia l 
interact ions. New insights into regulat ion of host range are of importance 
i n p lant biochemistry, biotechnology and pathology in that chemical clues 
are prov ided w h i c h could allow for extension of this pathogen's host range 
to inc lude species which are refractory to t rans format ion . 

Results a n d Discussion 

In our analysis of the chemical structures which are active vir - inducers 
(41) i t was found that the compounds fell into four groups: (1) acetophe
nones and related structures, (2) monolignols , (3) hydroxyc innamic acids 
and their esters, and (4) chalcone derivatives ( F i g . 1). E a c h compound 
h a d either a gua iacy l or a syr ingy l nucleus, and w i t h the exception of the 
monol ignols , possessed a carbonyl group. M o s t were of common occurrence 
i n vascular plants . 

T h e ac t iv i ty curves w i t h increasing concentration of a number of vir-
induc ing phenolic compounds are shown i n Figures 2a (monolignols , chal -
cones and acetophenones) and 2b (phenolic acids and their m e t h y l esters). 
Regard ing the monolignols , we emphasized the bacter ium's ab i l i ty to re
spond to the presence of these l ign in precursors. T h i s result established 
that Agrobactenum may be capable of detect ing cells which are undergoing 
l ign in synthesis or cell wal l repair and thereby target those cells for trans
format ion . Agrobacterium responded equally wel l to the presence of l ignin 
degradation products (7,35,41) and therefore the virulence of the microbe 
can be considered as sensitive to l ign in metabolites in general. T h e unique 
ac t iv i ty curves of the chalcones [ 4 a & 4 b ] represent an interesting add i t i on 
to the l ist of effective phenolics. 

T h e m e t h y l esters of ferulic [3d], syr ingic [ I f ] , and sinapic acids [3f] 
exhib i ted signif icantly greater ac t iv i ty than the corresponding free acids 
( F i g . 2b). Some effects of esterif ication are discussed below. T h e e thy l es
ters tested were less active again (data not shown), perhaps due to altered 
hydroph i l i c i t y of the compound or some steric hindrance at the bacterial 
receptor site not evident w i t h the m e t h y l esters. In a plate assay for vir-
i n d u c t i o n we discovered that the glucose ester of ferulic acid was an effective 
inducer of vir gene expression. It is l ikely that such glucose esters, released 
upon wounding of the host p lant , act as s ignal compounds. Phenol i c g ly 
cosides, such as glucoferulaldehyde, were inact ive. 

We assayed a number of other phenolic compounds, inc lud ing aurones, 
flavones, flavanones, flavanols, l ignans and 5-hydroxyc innamic acid der iva
tives, but they a l l displayed l i t t l e or no act iv i ty . T h e lack of ac t iv i ty of 
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Figure 1. T h e structures of the w r - i n d u c i n g phenolic compounds employed 
i n our s t ruc ture -ac t iv i ty analysis (41). 
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CONCENTRATION (μΜ) 

Figure 2. T h e virulence induc ing act iv i ty of (a) monol ignols , chalcones, 
and acetophenones, and (b) phenolic acids and their m e t h y l esters. F o l 
lowing incubat ion w i t h a compound in aqueous so lut ion , /?-galactosidase 
ac t iv i ty i n a s t ra in of Agrobacterium carry ing a virE.lacZ fusion p lasmid 
( A 3 4 8 / p S M 3 5 8 ) was assayed as an indicator of v i r gene induc t i on . Abrévi
ations used: A S = acetosyringone; C O N . A L C O H O L = coniferyl alcohol ; 
S I N . A L C O H O L = s inapyl a lcohol ; C H A L C O N E A = 2 ' , 4 ' , 4 - t r i h y d r o x y -
3-methoxy chalcone; C H A L C O N E Β = 2', 4', 4 - tr ihydroxy-3 ,5 d imethoxy 
chalcone. 
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5-hydroxyferul ic acid was of interest because i t was recently identif ied as 
one of the cell wa l l bound acids in monocots (42). A t that t ime we had not 
demonstrated i n h i b i t i o n of v i r - i n d u c t i o n by a phenolic compound , a l though 
we speculated about the occurrence of phenolic w r - i n h i b i t o r s in monocots. 
Indeed, we have been informed of unidenti f ied w r - i n h i b i t o r s recently iso
lated f r om Zea mays ( E . W . Nester , personal communicat ion ) , and have 
i n i t i a t e d work on the identi f icat ion of w r - i n h i b i t o r s f rom Vitis species. 

In add i t i on to the inactive compounds l isted above, each of the com
pounds used by B o l t o n et ai (35) was assayed ind iv idua l ly , and of these 
on ly v a n i l l i n [ l a ] produced any significant v i r - i n d u c t i o n . Interestingly, at 
the concentrations examined by us the remain ing compounds (gallic , β-
resorcyl ic , pyrogal l ic , p -hydroxybenzoic , and protocatechuic acids, and cat
echol) were essentially inact ive . None of these inactive compounds has a 
gua iacy l or syr ingy l nucleus. W e have observed low level induc t i on by gal l ic 
ac id at higher concentrations (e.g., I m M , d a t a not shown) . T h e possible 
significance of th is result
discussed below. 

T h e results indicated that two basic s t ruc tura l features were required 
to confer ac t iv i ty upon a compound : (1) guaiacy l or (usually conferring 
enhanced ac t iv i ty ) syr ingy l subst i tut ion on a benzene r ing , and (2) a car-
b o n y l group on a substituent para to the hydroxy substituent on the r ing . 
Mono l igno ls , however, are active even though there is no carbonyl funct ion 
i n the side chain i n the para pos i t ion . W h e n present, the carbony l carbon 
may be one or three carbon atoms removed from the r ing . However, to 
confer m a x i m a l act iv i ty , in the latter case there must be a double bond 
between the carbonyl carbon and the r ing , as is present in the chalcones 
and c innamic ac id derivatives. Furthermore , the carbonyl group of a free 
ac id is less effective than that of the corresponding ester. Ester i f i cat ion a l 
ters the so lub i l i ty of the compound. In a d d i t i o n , esterif ication prevents one 
oxygen of the carboxy l group f rom forming a p a r t i a l double bond , thereby 
rendering the carbonyl group more reactive. In these cases, and the case 
of the aldehydes and chalcones, this carbony l group forms the terminus of 
a conjugated double bond system runn ing f rom the h y d r o x y l group and 
through the r i n g . T h e presence of a C r ing in the flavonoids tested v i r t u 
a l ly abolished act iv i ty , ind i ca t ing that the more typ ica l flavonoids are not 
active i n this cell-cell s ignal l ing . 

These s tructure -act iv i ty relationships are different f rom those reported 
for the act ivat ion of nod genes i n Rhizobium species (1-6). H y d r o x y l a t e d 
flavones, isoflavones or flavanones i n n M to μΜ concentrations induce ex
pression of nod genes. E a c h Rhizobium species is not only h igh ly specific for 
its host plant species but also displays a h igh degree of specificity towards 
its s ignal compound. In contrast, the or ig ina l s tra in of A. tumefaciens, f rom 
w h i c h the s t ra in used i n our study was derived, exhib i ted a wide host range 
( W H R ) and , as we have seen, a comparat ively lower degree of s ignal com
pound specificity. Furthermore , some of the very compounds which induce 
vir genes i n Agrobacterium strongly i n h i b i t nod gene act ivat ion by these 
flavonoids (1). A t higher concentrations most of the w r - i n d u c i n g phenolics 
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were bacteriostatic even against Agrobacterium (data not shown) , and pre
sumab ly they act i n this way against Rhizobium species, or they may act 
more direct ly by compet i t ive inh ib i t i on of nod- induct ion . 

A number of these active compounds are of widespread occurence d i 
cotyledons. T h e l i g n i n precursors are ubiquitous i n susceptible hosts. It 
is t e m p t i n g to conclude that the presence of any one of these compounds 
alone w o u l d determine whether a given plant is susceptible to infect ion by 
Agrobacterium. However, monocots also produce these compounds , even 
exuding t h e m into the rhizosphere f rom intact roots (43) and yet, w i t h few 
exceptions (44-47), they lie outside of the n a t u r a l host range of any s t ra in of 
Agrobacterium. T h i s l i m i t a t i o n of host range remains a significant prob lem 
i n the use of this organism as a vector for genetic engineering i n monocots . 
T h e attachment of Agrobacterium to monocot cells has been reported (48, 
and references therein) . Therefore the under ly ing mechanism of host range 
determinat ion appears to depend, at least i n part , on the phytochemistry 
of the interact ion . T h e recentl
monocot and , as w i l l be discussed, L H R host exudates supports the concept 
of a phenol ic m i l i e u i n wh i ch v ir - inducers compete w i t h v i r - i n h i b i t o r s . It 
may be that a sophisticated appl i cat ion of inducer compounds w i l l p e r m i t 
the T i - p l a s m i d - m e d i a t e d transformation of p lant species normal ly resistant 
to infect ion. 

O u r i n i t i a l experiments , using /?-galactosidase ac t iv i ty i n A 8 5 6 / 
p S M 2 4 3 c d as an indicator of v i r - i n d u c t i o n , suggested that wound- induced 
phenolics f r om the leaves of V. lubrusca d i d not include any L H R signal 
compounds. We considered the fol lowing possibi l it ies : (1) that the source 
of the n a t u r a l L H R signal compound might be tissue specific (e.g., l imi ted 
to the roots or crown of the grapevine) , (2) that unl ike the W H R signal 
compounds, these unknown chemicals may not be low molecular weight 
phenolics (e.g., phenylpropanoids or acetophenones) extract able w i t h the 
solvents used, and (3) that the s ignal compound could be a phytoa lex in 
produced only after infection of the grapevine tissue. 

In order to conf irm our results w i t h A 8 5 6 / p S M 2 4 3 c d we prepared 
the s t ra in A 8 5 6 / p S M 3 5 8 c d as described. T h e p lasmid p S M 3 5 8 c d contains 
a virE::lacZ gene fusion, and i t was found that the higher levels of β-
galactosidase a c t i v i ty wh i ch are inducib le f rom this construct (35) p e r m i t 
ted detect ion of even vanishingly s m a l l amounts of induc ing compound . T h e 
results w i t h this new s t ra in confirmed our i n i t i a l results; neither acetosy
ringone itself nor any of the isolated wound- induced phenolic compounds 
f r o m grape leaves greatly induced the virulence genes of the L H R A. tume
faciens. Obv ious ly either the techniques used to isolate compounds f rom 
the host mater ia l were not appropriate for the isolation of L H R inducers, 
or the L H R stra in cannot efficiently detect the W H R signal compounds due 
to its different vir A gene product . 

A s s u m i n g the former to be the case, we considered that the L H R induc 
ers might be more polar i n nature and were therefore excluded by separatory 
techniques for compounds such as those k n o w n to induce W H R A. tumefa
ciens. P roanthocyan id in monomers (i.e., catechins, flavan-3-ols), oligomers, 
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and esters should be prevalent i n the woody tissue of the grapevine. Such 
compounds have been studied i n grapes w i t h respect to wine qual i ty (49) 
and recently reviewed w i t h respect to their possible physiological role in 
connection w i t h l i gn in (50). In view of the chemical specif icity of v irulence-
i n d u c t i o n i n W H R Agrobacterium (41), a feature whi ch i n its sensi t iv i ty was 
not shared by the L H R stra in used in this study, i t was noteworthy that 
these flavans have been envisaged as funct ional ly connected w i t h l i gn in . I n 
terestingly, i n a review on proanthocyanidins and l ign in chemistry, Stafford 
(50) mentioned the phenomenon of plant phenolic compounds as molecu
lar signals for Rhizobium and Agrobacterium, and recognized the potent ia l 
" i n f o r m a t i o n a l " funct ion of bo th types of compounds. 

We analyzed the flavan-containing extracts obtained f rom two local ly 
available varieties of grapes and detected ac t iv i ty in the fractions conta in
i n g , among other phenolics, flavan monomers, dimers and esters. These 
components were separated by chromatography on Sephadex L H 20. Frac 
t ions w i t h s imi lar t h i n laye
and at least 3 out of 12 such pooled samples contained substances which re
sulted i n w r - i n d u c t i o n i n the L H R s t ra in . S imi lar ly , grapevine bark flavans 
were examined , but only compounds induc ing very low levels of vir gene 
expresion were found. In fact, i n add i t i on to vz'r-inducers, a v i r - i n h i b i t o r y 
extract was obtained f rom grapevine bark. In plate assays, this L H R host-
derived inh ib i tory substance completely prevented W H R w r - i n d u c t i o n by 
acetosyringone. 

Repeated T L C of act ive, pooled fractions f rom R e d F l a m e grapes re
vealed ma jor spots w i t h R / ' s corresponding to those of catechin and ep i -
catechin, ident i ca l color reaction w i t h p-toluenesolfonic ac id spray reagent, 
and coelution of t r imethyls i lane ( T M S ) derivatives by G C w i t h reference 
samples of these flavans. However catechin and epicatechin were assayed 
w i t h the bacter ia l strains described and no ac t iv i ty was detected. T M S -
derivat ized samples of active grape flavans were examined by G C - M S , but 
a search for the molecular ions of a number of k n o w n v i r - i n d u c i n g phenolics 
y ie lded negative results. 

Isolated compounds were collected after separation by H P L C and as
sayed for w r - i n d u c t i o n in the strains described. It became apparent that 
the l imi ted host range s t ra in responded to a l l the substances that induced 
vir expression i n the wide host range s t ra in , but the L H R stra in was less 
sensitive to the same substances and as a result was considered a less sen
sit ive bioassay organism. Therefore work on iso lat ion of grapevine-derived 
s ignal compounds continued using the more sensitive W H R stra in and plate 
assay system described. 

U s i n g A 3 4 8 / p S M 3 5 8 as our bioassay organism w i t h wh i ch to detect 
the w r - i n d u c i n g substances, we isolated by H P L C the active compound 
present i n a m i x t u r e obtained f rom gel filtration on Sephadex L H - 2 0 . B e t 
ter resolution of the components of the grape flavan m i x t u r e was achieved 
by gel f i l t ra t i on w i t h Sephadex G 25. In this way fractions enriched for 
the induc ing compounds may be obtained. T h i s may provide samples f rom 
w h i c h we can efficiently isolate new signal compounds i n sufficient quan -
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t i t y to permi t structure e luc idat ion . However, w i t h the d a t a at h a n d , we 
can make the fo l lowing educated guess as to the nature of the active struc
ture i n the active grape flavan mix ture . Cons ider ing the facts that gal l ic 
ac id was reported to induce virulence (35), that epicatechin-gallate ( F i g . 
3) was previously reported f rom grapes (49), and that esters of phenolic 
acids exhib i ted enhanced act iv i ty , we suggest that a flavan ester such as 
epicatechin-gallate is the active component in our grape flavan fractions. 
Esters inc lud ing phenolic acids w i t h guaiacy l or syr ingy l nuclei should ex
h ib i t enhanced act iv i ty . 

T w o other sources of s ignal compounds from L H R host tissues were 
found. One source was the Seyval callus culture (see Exper imenta l ) and 
the other was the aqueous exudate produced in abundance upon cu t t ing 
new grapevine stems in the spr ing , when the sap flow was great. A n 
other grapevine callus culture (obtained f rom V. lubrascana cv. Steuben, 
a n a t u r a l host of b o t h L H R and W H R Agrobacterium), its exudates, and 
fractions part i t i oned therefrom
glauca plants, were incapable of induc ing vir gene expression in any of the 
strains used. A p p a r e n t l y not a l l callus cultures were equally capable of 
p roduc ing w r - i n d u c i n g mixtures of substances. Perhaps the two cultures 
differed i n the amounts of w r - i n h i b i t o r y substances produced. F i n a l l y , in 
consideration of the natura l sett ing in which the L H R strains infect their 
host, we felt it worthwhi le to examine the copious aqueous exudates of 
cut grapevine stems. T h e chloroform soluble fraction of such an exudate 
f rom V. lubrusca was strongly active in a plate assay and is being further 
characterized. 

C o n c l u s i o n 

In conclusion, both w r - i n d u c i n g and w r - i n h i b i t o r y substances were pro
duced f rom hosts and nonhosts of strains of A. tumefaciens. T h e com
pounds involved covered a range of po lar i ty and molecular weight, and this 
l ikely reflects ester or other linkages between known lower molecular weight, 
w r - i n d u c i n g , c innamic acid derivatives and other organic compounds such 
as sugars and proanthocyanid in monomers (flavan-3-ols) or oligomers. It 
has been demonstrated (7,35,41) that A. tumefaciens is sensitive to the 
monomers involved i n l ignin biosynthesis. T h e data presented here suggest 
Agrobacterium may also be sensitive to compounds such as catechin- or 
epicatechin-gallate, which l inks w r - i n d u c t i o n w i t h the monomers of pro-
cyanid in polymers. 

W e are cont inuing our efforts to identify bo th induc ing and i n h i b i t o r y 
compounds f rom grapevine cult ivars and other hosts of Agrobactenum. 
W i t h a more complete understanding of the chemical signals invo lved , it 
should be possible to induce T i -med ia ted transformation in v i r t u a l l y any 
plant species. C l e a r l y such a distant goal w i l l also require a synthesis of 
d a t a f rom a number of fields of research. 
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E x p e r i m e n t a l 

Bacterial Strains. In order to moni tor w r - i n d u c t i o n i n the L H R stra in A 8 5 6 
a virEr.lacZ gene fusion-containing p lasmid (pSM358cd) was introduced 
by t r iparenta l m a t i n g . T h i s was done so that /?-galactosidase ac t iv i ty in 
A 8 5 6 / p S M 3 5 8 c d could be assayed as an indicator of w r - i n d u c t i o n . T h i s 
p l a s m i d contained the virE region of a W H R p T i in the absence of other vir 
l oc i , so on ly the L H R vir A gene product acted as the environmental sensor 
of s ignal compounds. T h e donor s t ra in of E. coli ( J C 2 9 2 6 / p S M358cd) was 
mainta ined on L B m e d i u m (51) containing 100 / i g / m L kanamyc in . T h e 
s t ra in of E. coli wh i ch contained the helper p lasmid ( J C 2 9 2 6 / p R K 2 0 1 3 ) was 
mainta ined on L B m e d i u m containing 30 ^ g / m L spect inomycin . A 8 5 6 was 
resistant to chloramphenico l , r i fampic in , and na l id ix i c acid (40 μ g / m L , 10 
μ g / m L , and 20 μ g / m L , respectively) . Resistance to these antibiot ics were 
used i n add i t i on to kanamyc in resistance to select for A 8 5 6 / p S M 3 5 8 c d . 
T h i s s t ra in was mainta ine
kanamyc in . In add i t i on , the L H R stra in A 8 5 6 / p S M 2 4 3 c d (provided by D r . 
Eugene Nester, Univers i ty of Washington) was used to monitor vir gene 
induc t i on and was also mainta ined on A B m e d i u m containing 100 μ g / m L 
kanamyc in . 

Plant Materials. T h e callus cultures used i n this experiment ( Vitis sp. cv. 
Seyval and V. lubrascana cv. Steuben) were also provided by D r . Nester. 
Healthy, mature leaves of a number of Vitis cult ivars were obtained f rom 
the Univers i ty of B r i t i s h C o l u m b i a B o t a n i c a l Gardens and also f rom local 
pr ivate ly owned vines. R e d seedless (F lame red) and Green seedless grapes, 
impor ted f rom C h i l e , were obtained f rom a local grocery store. N. glauca 
seedlings were obta ined f rom the Agr i cu l ture C a n a d a Research S t a t i o n at 
U . B . C . , and raised in our greenhouse. 

Isolation of LHR ν'ιτ-Inducers. Cond i t i oned m e d i u m was obtained from 5 
varieties of Vitis by cut t ing about 20 fresh leaves and stems into 1 cm pieces 
and p lac ing t h e m immediate ly into 1.5 L of sterile p H 5.7 Murashige and 
Skoog ( M S ) m e d i u m (52). Cond i t i oned M S m e d i u m f rom callus cultures of 
the Vitis cu l t ivar Steuben was obtained by breaking up healthy ca l l i from 
6-8 pe t r i plates i n 500 m L of sterile p H 5.7 M S m e d i u m . After 8-12 hours 
at r oom temperature , the plant mater ia l was removed and the condit ioned 
m e d i u m was f i ltered, then processed immediate ly . W o u n d induced phenolic 
aglycones were part i t i oned f rom the condit ioned m e d i u m using three vo l 
umes each of e thy l acetate or d ie thy l ether, and phenolic glycosides were 
part i t i oned f rom the condit ioned m e d i u m using three volumes of n -butano l . 
T h e solvents were removed by rotary evaporation and each extract was re-
suspended i n a s m a l l volume of 100% methano l . Methano l i c extracts were 
made direct ly f rom healthy, mature ca l l i so that a comparison between the 
wound induced and natura l l y present compounds could be made. 

T h e compounds present in these mixtures were separated either by co l 
u m n chromatography on po lyamide ( S C 6 - A C ) or by band ing on prepara
tive po lyamide ( A C 6) T L C plates. E a c h band was collected, the compound 
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eluted f r om the po lyamide and then tested for v i r - i n d u c t i o n i n the Agrobac
tenum strains A 8 5 6 / p S M 3 5 8 c d and A 8 5 6 / p S M 2 4 3 c d . 

G r a p e flavans were isolated f rom the two varieties of commerc ia l ly 
available grapes and f rom the bark of Vitis grapevine cul t ivar C o n c o r d ac
cording to the methods of Czochanska et ai (46). CHCI3, E t O A c , and 
aqueous fractions of bo th grape varieties were assayed for v i r - i n d u c i n g ac
t i v i t y i n bo th A 8 5 4 / p S M 2 4 3 c d and A 8 5 6 / p S M 3 5 8 c d . T h e E t O A c frac
t ions f r o m the flavan extract ions of b o t h varieties of grapes and bark were 
resuspended either i n 100% ethanol or methano l for chromatography on 
Sephadex L H 20. T h e fractions were examined by T L C on cellulose (Merck , 
0.1mm) developed w i t h s e c - B u O H : A c O H : H 2 0 (14:1:5), and s imi lar frac
t ions were pooled and then assayed for ac t iv i ty or a l ternat ive ly they were 
screened for ac t iv i ty and groups of active fractions were pooled. G r a p e 
flavan fractions were also separated on Sephadex G 25 using 10 m M N a C l 
as the developing solvent. 

T L C on cellulose ( s e c - B u O H : A c O H : H
tions revealed at least 5 or more major compounds. G C showed that there 
were considerably more compounds also present. 

H P L C of the active fractions was performed on a V a r i a n model 502000-
00 equipped w i t h an ana ly t i ca l Waters C-18 co lumn (0.5 x 30cm) and using 
solvent A : 5% acetic acid i n H 2 O , and B : acetonitr i le , under the fo l lowing 
condit ions 9 5 % A : 5 % B , 10 m i n . , changing to 2 5 % Β i n 10 m i n . , then 3 0 % Β 
i n 10 m i n . and mainta ined for 10 m i n . , and finally to 4 0 % i n 10 m i n . U V 
absorbance was monitored at 254 or 275 n m . T h e isolated compounds were 
tested for v i r - i n d u c t i o n as described below. 

v ir -Induct ion Assay. For the s tructure -act iv i ty study, /?-galactosidase ac
t i v i t y was assayed as a measure of vir-gene induc t i on i n a wide host range 
s t ra in w h i c h carried a virE.JacZ gene fusion. T h e compounds tested were 
dissolved i n D M S O and d i luted i n c itrate-phosphate buffered p H 5.70 M S 
m e d i u m (52) to a final concentration of 0 . 1 % D M S O . 100 μΐ, of bacte
r i a l cells f rom an overnight culture of A 3 4 8 / p S M 3 5 8 (23) were inoculated 
into each 25 x 150mm culture tube and subjected to continuous shak ing at 
200 R P M and at 28°C for 8 hours to allow for induc t i on of virEv.lacl ex
pression. C e l l density was determined by measuring absorbance at 600 n m 
and 1 m l al iquots were removed for /?-galactosidase assay essentially as 
described by M i l l e r (53). 

E a c h point on the act iv i ty curve of a test compound represented the av
erage of the results of each concentration tested i n t r ip l i cate . w r - I n d u c t i o n 
was strongly p H dependent (24, our results, d a t a not shown) , so the buffer 
system was used to min imize var iat ion i n p H . S t a n d a r d deviat ions rarely 
reached 10%, the average being 4.7% (n = 92) for results of 100 M i l l e r units 
and above. 

In the search for L H R wr- inducers , each phenolic aglycone or other 
fract ion to be tested was dissolved i n D M S O and d i luted i n p H 5.50 or 5.70 
M S m e d i u m to a final concentration of 0 . 1 % D M S O (phenolic glycosides 
and the grape flavan fractions were dissolved direct ly i n ρ Η 5.50 or 5.70 M S 
m e d i u m ) . Subsequent experiments revealed a more acidic p H o p t i m u m for 
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w r - i n d u c t i o n i n the L H R s t ra in , so some experiments were conducted at 
p H 5.0. Standards of acetosyringone, catechin, epicatechin, and a p r o a n t h o -
cyan id in po lymer were assayed for L H R w r - i n d u c t i o n . 100 μL of cells f rom 
an overnight culture of A 8 5 6 / p S M 3 5 8 c d or A 8 5 6 / p S M 2 4 3 c d was inoculated 
into each 25 x 150mm test tube containing 10 m L of M S or 0 .1% D M S O - M S 
so lut ion w i t h various concentrations of the test substances, and a l l tubes 
were subjected to 200 r p m for 10-24 h and at 28° C to allow for induc t i on 
of vir expression. /?-Galactosidase ac t i v i ty was then assayed as described 
by M i l l e r (53). 

A l te rnat ive ly , the fol lowing screening assay was used to identify 
v i r - i n d u c i n g fractions. H P L C fractions were collected, reduced to d r y 
ness under v a c u u m , resuspended in a s m a l l amount of M e O H and a 
few μΐ, of each was appl ied to a filter paper disc. T h e discs were 
placed on a M 9 (51) agar plate containing 0 .1% 5-bromo-4-chloro-3-
indolyl - / ? -D-galactopyranoside (Xga l ) w i t h a lawn of A 8 5 6 / p S M 3 5 8 c d or 
A 8 5 6 / p S M 2 4 3 c d and th
blue zones ( ind i cat ing /?-galactosidase act iv i ty ) developed surrounding any 
disc. 

Gas Chromatography. In our G C analyses, N , 0 - b i s - ( T r i m e t h y l s i l y l ) Tr i f luo -
roacetamide ( B S T F A ) - d e r i v a t i z e d standards of k n o w n w r - i n d u c i n g pheno
lics fa i led to correspond i n retention t ime to any of the derivatized samples 
of the most active grape flavan fractions. C a t e c h i n and epicatechin were 
tentat ive ly identified by G C . 
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Chapter 29 

Properties of a Cutinase-Defective Mutant 
of Fusarium solani 

Anne H. Dantzig 

Lilly Research Laboratories, Eli Lilly and Company, Indianapolis, 
IN 46285 

The fungal plan
an extracellular enzyme, cutinase, which catalyzes the 
degradation of the bipolymer, cutin, in the plant cuti
cle. The enzyme was repressed when the microorganism 
was grown on a medium containing glucose and induced 
to high levels by cutin or its hydrolysis products, the 
true inducers. In the present study, culture filtrates con
tained basal levels of cutinase when Fusarium was grown 
on 0.5% acetate as the sole carbon source and high lev
els of cutinase when grown on cutin. After mutagenesis, 
a cutinase-defective mutant of Fusarium was identified 
by screening acetate-grown colonies for a loss of enzyme 
activity. The mutant exhibited an 80-90% reduction in 
cutinase activity under several growth conditions due to 
a quantitative reduction in a qualitatively normal en
zyme. The mutant also exhibited a reduction in viru
lence in the pea stem bioassay. Taken together, these 
data indicated that a growth condition exists where the 
cutinase enzyme was neither induced nor repressed and 
was present in basal levels. This condition may pose the 
pathogen for rapid enzyme induction when in the prox
imity of the plant cuticle. The cutinase-defective mutant 
was either a regulatory mutant with an altered expres
sion of cutinase, or a mutant modified in its ability to 
excrete the enzyme. 

T h e b iopolymer cut in is a major constituent of the plant cuticle that pro 
vides a protective covering for plants (1 ,2) . A t the t ime of infect ion, a 
number of fungal pathogens secrete an extracel lular hydro ly t i c enzyme, 
cutinase, which faci l itates the degradation of cut in in to its constituent C\e~ 
to C i s - l e n g t h hydroxy fatty acids (3 ,4) . Since the enzyme is believed to 

0097-6156/89/0399-0399$06.00/0 
© 1989 American Chemical Society 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



400 PLANT C E L L WALL POLYMERS 

play an i m p o r t a n t role i n virulence (5), many studies have been conducted 
to determine its b iochemical properties and physiological role dur ing patho 
genesis. 

T o date the most comprehensive studies have been carried out by K o 
l a t t u k u d y and coworkers w i t h a fungal plant pathogen of peas, Fusarium 
solani f. sp. pisi. W h e n grown on c u t i n , the fungus produced two isozymes 
of cutinase of molecular weights 22,400 and 21,200, w i t h the former be ing 
the precursor of the latter , mature form (6-8). T h e c D N A for the c u t i 
nase gene was isolated, sequenced, and the p r i m a r y amino ac id sequence 
deduced (9,10) . D N A hybr id i za t i on studies indicated that more t h a n one 
gene was present in Fusarium solani (9). 

A l t h o u g h details of the regulat ion of the expression of cutinase at the 
D N A level were not established, physiological studies indicated that the 
regulat ion of the enzyme was l ikely to be complex. T h e enzyme underwent 
catabol ite repression and was induced to h igh levels when c u t i n , or its 
hydro lyzed products , wer
cut in has a large molecular weight, it is not l ikely to penetrate the fungal 
cell w a l l ; the degradation products are therefore believed to be the true 
inducers of the enzyme (11,12). T h u s , the presence of the cutinase enzyme 
seemed to be required for its own induct ion i n order to generate the s m a l l 
molecular weight inducers. Consequently, i t seemed plausible that growth 
condit ions might exist in which cutinase were present i n basal quantit ies , 
thereby posing the pathogen for rap id enzyme induct i on when presented 
w i t h the cut in b iopolymer . T h e present study was undertaken to examine 
the regulat ion of cutinase by an alternate carbon source that might permi t 
basal levels of the enzyme to be synthesized, and then to subsequently use 
this growth condi t ion for the isolation of a cutinase-defective mutant . T h e 
details of this work have been previously publ ished i n Ref. 13. 

Results 

Acetate is k n o w n to be a good carbon source for fungi and would be ex
pected to be the u l t imate degradation product of cu t in (14). T h e effect of 
acetate on the product ion of cutinase by the T - 8 s t ra in of F. solani was ex
amined and compared w i t h that of glucose. Since previous studies showed 
that hydrolysis of the art i f i c ia l substrate p -n i trophenylbutyrate , P N B , was 
specif ically hydrolyzed by cutinase i n the T - 8 s t ra in , this a c t i v i ty was used 
to measure cutinase levels (8). F igure 1 i l lustrates that basal levels of c u t i 
nase ac t iv i ty were detected in the growth m e d i u m when T - 8 was grown on 
0.5 and 1.5% acetate, but not 2 .0% glucose, as the sole carbon source. A s 
shown i n F igure 2 A , T - 8 produced h igh levels of cutinase i n the growth 
m e d i u m when grown on apple cut in as the sole carbon source, and was 
repressed by increasing concentrations of glucose; by contrast, F igure 2 B 
showed that add i t i on of increasing concentrations of acetate was less re
pressive than glucose. These d a t a suggest that the enzyme was present at 
low concentrations when the organism was grown on acetate. 

Since growth of F. solani on acetate m e d i u m permi t ted produc t i on 
of cutinase, this growth condit ion was used for the iso lat ion of a mutant 
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Figure 1. Specific act iv i ty of cutinase as a funct ion of sole carbon source 
i n the growth m e d i u m . T h e T - 8 s tra in of F. solani was grown on 0 .5% 
acetate (o), 1.5% acetate ( Δ ) , or 1.5% glucose ( · ) as the sole carbon source. 
(Reproduced w i t h permission f rom Ref. 13. © 1986, A m e r i c a n Society for 
Microbio logy . ) 

1 2 3 
DAYS 

Figure 2. Specific ac t iv i ty of cutinase result ing f rom growth i n c u t i n -
containing m e d i u m w i t h the add i t i on of a second carbon source. T h e T - 8 
s t ra in of F. solani was grown on m e d i u m conta in ing 200 m g of apple cut in 
and glucose (A ) or acetate ( B ) . (Reproduced w i t h permission f rom Ref. 13. 
© 1986, A m e r i c a n Society for Microbio logy. ) 
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defective i n cutinase; the procedure for mutant selection was described i n 
Ref. 13 and is summar ized in F igure 3. In i t ia l ly , Fusarium was grown on 
m e d i u m containing peanut meal-peptone-Stadex II to produce microcon id ia 
needed for genetic studies (13). T h e con id ia were uv i r rad iated to introduce 
mutat ions , regrown to permi t expression of any m u t a t i o n , and p lated on 
growth m e d i u m containing agarose and 0 .5% acetate as the sole carbon 
source. T h e result ing colonies were then overlaid w i t h agarose conta in ing 
P N B . W i t h i n 30 m i n the parental type hydro lyzed the substrate and turned 
yel low, and the presumptive mutants remained white . T h e result ing PNB-
1 mutant was one out of 4,300 colonies screened. T h e properties of this 
mutant were further characterized as described below. 

P r e l i m i n a r y evaluation of the mutant indicated that i t had produced 
low levels of the cutinase when grown on either acetate or cut in as the sole 
carbon source. A t ime course of the product ion of cutinase was examined 
for the T - 8 parenta l s t ra in and the PNB-1 mutant s t ra in when grown on 
c u t i n . A s shown i n F igur
80-90% over the 15-day growth per iod , when enzyme ac t i v i ty was assayed 
using the art i f i c ia l substrate P N B (Pane l A ) or when assayed using [ 1 4 C ] -
label led n a t u r a l substrate cut in (Pane l B ) . These d a t a suggested that the 
mutant was defective i n cutinase but not i n general esterase. 

Next the parent and mutant were compared for their ab i l i ty to induce 
cutinase by cut in and hydro lyzed cut in (consisting of s m a l l molecular weight 
inducers) after growth on glucose. A s shown i n F igure 5, cutinase ac t iv i ty 
increased over the three-day induct ion per iod for both strains i n the pres
ence of cu t in (Pane l A ) or hydro lyzed cu t in (Pane l B ) ; however, cutinase 
was induced less effectively in the mutant s t ra in , as evidenced by an 80-90% 
reduct ion . H y d r o l y z e d cut in was a 10-fold less effective inducer t h a n cut in 
i n b o t h strains . These d a t a indicated that lack of i n d u c t i o n i n the mutant 
was not related to its inab i l i t y to hydrolyze cut in to s m a l l molecular weight 
inducers. Consequently the defect observed was not related to the i n a b i l i t y 
of the mutant to produce the inducer. 

T o gain further insight into the nature of the defect i n PNB-1 m u t a n t , 
the concentration dependence of the cutinase enzyme a c t i v i t y was examined 
over a wide substrate range and compared w i t h that of the parental s t ra in 
(F igure 6). In both strains , the enzyme act iv i ty was saturated w i t h i n 
creasing substrate concentrat ion, and gave s imple M icha e l i s - M ente n curves 
whi ch were subsequently fitted by computer to a single Michael i s t e r m . T h e 
K m for P N B was determined to be 0 . 9 7 ± 0 . 2 0 and 0 . 6 4 ± 0 . 0 7 m M , respec
t ively, i n the parenta l and mutant strains, ind i ca t ing that l i t t l e change i n 
the affinity for the substrate had occurred. B y contrast , the V m a x was re
duced by 9 2 % f rom 38.86 ± 2.68 to 2.62 ± 0 . 0 9 / i m o l / m i n per m g prote in i n 
the parenta l and mutant strains , respectively. T h e large reduct ion i n V m a r 

might result f rom a quant i tat ive reduction of a n o r m a l enzyme or f rom an 
aberrant enzyme being produced i n n o r m a l quantit ies. 

T o find out i f the mutant was m a k i n g less enzyme, the two strains 
were induced to produce cutinase (as i l lustrated i n F igure 5) i n the pres
ence of [ 3 5 S]methionine , and the extracel lular proteins were separated by 
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Figure 3. S u m m a r y o f the selection procedure for cutinase-defective m u 
tant . T h e T - 8 s t ra in of F. solani was mutagenized by ultravio let i r r a d i 
a t i on , grown for 3 days, and plated on m e d i u m containing 0 .5% acetate 
and agarose for 5-7 days to permi t colony format ion . Subsequently, the 
colonies were overlaid w i t h an agarose so lut ion containing 1.26 m M P N B . 
T h e parental colonies hydrolyzed the substrate and turned yellow whi le the 
presumptive mutant colonies remained white and were selected for analysis . 
Further details are given i n Ref. 13. 
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τ 1 Γ 
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Figure 4. Specific ac t iv i ty of cutinase for the T - 8 parental s t ra in and PNB-1 
mutant s t ra in after growth on m e d i u m conta in ing 200 m g c u t i n . E n z y m e 
act iv i ty was assayed w i t h the art i f i c ia l substrate P N B (Pane l A ) and w i t h 
the n a t u r a l substrate, [ 1 4 C] - labe l l ed cut in (Pane l B ) . (Reproduced w i t h 
permiss ion f rom Ref. 13. (c) 1986, A m e r i c a n Society for Microbio logy. ) 
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Figure 5. C o m p a r i s o n of effect of addit ion of cu t in or hydro lyzed cut in on 
the induct i on of cutinase. T h e two strains were grown on m e d i u m containing 
0 . 1 % glucose for 3 days, and then 200 m g of cu t in (A ) or 8 m g of hydro lyzed 
c u t i n (B ) was added to the growth m e d i u m on day zero. (Reproduced w i t h 
permiss ion f rom Ref. 13. © 1986, A m e r i c a n Society for Microbio logy . ) 
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Figure 6. K ine t i c s of the specific ac t iv i ty of cutinase produced by the 
parenta l T - 8 s t ra in and the PNB-1 mutant s t ra in . T h e d a t a were fitted 
to a Michae l i s -Menten equation (13). (Reproduced w i t h permission f rom 
Ref. 13. © 1986, A m e r i c a n Society for Microbio logy. ) 
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electrophoresis on a 15% s o d i u m dodecyl sulfate po lyacry lamide gel . A flu-
orograph of the gel indicated that both strains possessed a prote in band of 
about 22,000 i n the same molecular weight range as the cutinase isozymes; 
however, by densitometer t rac ing the mutant exhib i ted about an 8 0 % re
duct ion i n this band . Immunoblots were conducted w i t h rabb i t anticutinase 
serum which confirmed that this band corresponded to cutinase (F igure 7). 
T h u s , the PNB-1 mutant appeared to make less of a " n o r m a l " enzyme. 

A reduction i n cutinase product ion should result i n the PNB-1 mutant 
be ing less v irulent . T h e pathogenesis of the two strains were evaluated i n 
a pea stem bioassay developed by K o l a t t u k u d y and coworkers i n w h i c h i n 
fection by Fusanum solani results i n wound format ion w i t h i n three days on 
the epicoty l of pea sedlings (15). T h e virulence of T - 8 h a d previously been 
shown to be reduced i n this assay by the add i t i on of inh ib i tors of cutinase or 
by rabb i t anticutinase antibodies (15-18), ind i ca t ing that cutinase played 
an i m p o r t a n t role i n pathogenesis. W h e n the cutinase-defective mutant was 
evaluated i n the bioassay,
i n virulence compared w i t h the T - 8 parenta l s t ra in and the a dd i t i o n of 
puri f ied cutinase at 1 m g / m l to the mutant enhanced wound format ion to 
8 0 % of that of the parent (p > 0.5). These d a t a further support the not ion 
that the mutant was defective i n cutinase. 

Discussion 

Taken together, these d a t a indicate that Fusarium solani produced low 
levels of cutinase when grown on acetate as the sole carbon source and 
that this carbon source was less repressive t h a n glucose. T h e finding that 
a cutinase-defective mutant could be isolated using this growth cond i t i on 
provided add i t i ona l support that cutinase was being produced when grown 
on acetate. T h u s there were three discrete growth condit ions whi ch affected 
the synthesis of cutinase by the microorganism: one i n wh i ch the enzyme 
was repressed (such as glucose); one i n wh i ch the enzyme was induced to 
h igh levels (such as w i t h cut in or its hydrolyzed products ) ; and one i n 
whi ch i t was neither induced nor repressed (such as acetate )—result ing i n 
the product i on of basal levels of enzyme. Therefore, cutinase produc t i on 
by a fungus present i n the field i n the presence of a good carbon source 
would be expected to be repressed. Once that carbon source was depleted, 
then basal levels of the enzyme may be synthesized. If the fungus was i n 
the prox imi ty of the plant cutic le , then cut in m a y be hydro lyzed , result ing 
i n inducer format ion and rap id induct ion of cutinase synthesis a id ing the 
fungus i n the penetrat ion of the plant (12). 

T h e PNB-1 mutant is a " l eaky" mutant that is p a r t i a l l y defective i n 
cutinase produc t i on , and apparent ly produced 80 to 9 0 % less " n o r m a l " 
enzyme. T h e regulat ion of the residual enzyme i n the mutant was u n 
changed. T h e enzyme was repressed by glucose, and was induced by c u t i n 
or hydro lyzed c u t i n after depletion of glucose. Cut inase ac t iv i ty increased 
over a 15-day t ime per iod when the mutant was grown on c u t i n as the 
sole carbon source. T h e mutant was also less v irulent t h a n the parenta l 
s t r a i n . T h e nature of the PNB-1 muta t i on remains to be e lucidated and 
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Figure 7. C o m p a r i s o n of separated [ 3 5 S]- label led extracel lular proteins f rom 
the cut in induct ion m e d i u m of the parental and mutant strains on 15% 
sod ium dodecyl sul fate-polyacrylamide gels by fluorography and Western 
b l o t t ing . M y c e l i a were grown and induced w i t h cut in (as i l lustrated i n F i g 
ure 5) w i t h the add i t i on of 115 / i C i of [ 3 5 S]methionine . A 20-fold concen
trated sample containing 100,000 c p m for the parent (lanes 1 and 3) or the 
mutant (lanes 2 and 4) was appl ied to paral le l gels. T o t a l protein synthesis 
was analyzed by fluorography of the gel conta in ing lanes 1 and 2. Immunore -
active mater ia l in the gel containing lanes 3 and 4 was detected w i t h rabb i t 
anticutinase serum after e lectroblott ing. Molecu lar weight standards ( χ 10 3 ) 
are indicated on the left. T h e band corresponding to the molecular weight 
of cutinase is indicated w i th the arrow. (Reproduced w i t h permiss ion f rom 
Ref. 13. © 1986, A m e r i c a n Society for Microbio logy. ) 
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may reside i n a promoter for the s t ruc tura l gene of cutinase or an as yet 
unidenti f ied regulatory gene. A l ternat ive ly , the mutant m a y be defective 
i n the secretion of cutinase. Further s tudy of the PNB-1 mutant should 
provide insight into the complex regulat ion or secretion of this b iopo lymer 
hydro lyz ing enzyme. W i t h a better understanding of these processes, i t 
may be possible to design agents that can intervene i n cutinase produc t i on 
result ing in the control of fungal pathogenesis i n the field. 
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Chapter 30 

Roles of Secondary Metabolism of Wood Rotting 
Fungi in Biodegradation of Lignocellulosic Materials 

Mikio Shimada1, Akira Ohta2, Hiroshi Kurosaka1, Takefumi Hattori1, 
Takayoshi Higuchi1, and Munezoh Takahashi1 

1 Wood Research Institute, Kyoto University, Uji, Kyoto 611, Japan 
2Shiga Forest Research Center, Yasu, Shiga 520—23, Japan 

The brown-rot fungu
ferent phenylpropanoids and methyl p-anisate as sec
ondary metabolites in both high and low nitrogen nutri
ent-containing cultures. A new metabolite, p-methoxy
phenylpropanol, was also identified. The white-rot fun
gus Phanerochaete chrysosporium produces veratrylglyc
erol and veratryl alcohol as secondary metabolites in 
the extracellular culture fraction. The "ligninase" of 
this white-rot fungus catalyzes Cα-Cβ cleavage of vera
trylglycerol, yielding glycolaldehyde and veratraldehyde. 
Both a synthetic lignin model substrate and the natu
ral metabolites of the white-rot fungus were oxidized by 
this extracellular peroxidase. The possible roles of this 
nitrogen recycling system and the cinnamate pathway, 
which are involved in the secondary metabolism of L
-phenylalanine in brown-rot and white-rot fungi, are dis
cussed in relation to wood decay processes. 

It is t ime ly to at tempt to forward an uni fy ing hypothesis for the processes 
of: (i) l i gn in biosynthesis i n higher plants and l ign in biodégradation by 
white -rot fungi ; (ii) cellulose and l ign in degradation by white-rot fungi ; ( i i i ) 
the degradation of plant l ignins and monomeric fungal metabolites d u r i n g 
wood decay; and (iv) differences i n L-phenyla lanine-c innamate pathways 
between white-rot and brown-rot fungi . 

A s F igure 1 depicts, phenylalanine ammonia- lyase ( P A L ) , which occurs 
ub iqu i tous ly i n higher plants and the wood-rot t ing Basidiomycetes (1-3), 
seems to play a common central role in the conversion of phenylalanine (by 
deaminat ion) to a wide variety of secondary metabolites . These include 
l ignins i n higher plants (4), vera t ry l alcohol in the white-rot fungus Phane
rochaete chrysosporium (4a), and m e t h y l p-anisate i n the brown-rot fungus 
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Lentinus lepideus (5). Interestingly, P A L is absent f rom both bacter ia l and 
a n i m a l k ingdoms. 

T h e true b iochemical significance of this deaminat ion , and the funct ion 
of the secondary metabol ic pathway or ig inat ing f rom L-pheny la lan ine (6-
9), are not ful ly understood. It is , though, noteworthy that wood-ro t t ing 
Basidiomycetes preferentially attack nitrogen-poor wood substrates i n their 
n a t u r a l environments. [Note that the average C / N ratios for hardwoods and 
softwoods are 300 and 1000, respectively (10).] T h i s preference is surpr is ing 
since the avai labi l i ty of nitrogen is crucial for the growth of wood-destroying 
microorganisms. T h i s fact, together w i t h the abundant accumulat ion of 
nitrogen-free secondary metabolites i n b o t h plants and wood-ro t t ing fungi , 
attracts our at tent ion to the phenylalanine-c innamate pathway i n re lat ion 
to carbon and nitrogen economy dur ing growth. 

Consequently, this review pr inc ipa l ly focuses on three points : (i) a 
possible funct ion of nitrogen recycl ing, i n w h i c h P A L plays a common role 
for L -phenyla lanine -c innamat
deus) and the white-rot (P. chrysosporium) fungi ; (ii) possible metabol i c 
connections between l ignin biodégradation and verat ry l alcohol b iosynthe
sis carried out by the same white-rot fungi ; and ( i i i ) the means whereby 
secondary metabol ic pathways funct ion to support l ign in degradat ion. 

C o m p a r i s o n of the P h e n y l a l a n i n e - C i n n a m a t e Pathway i n B r o w n -
R o t a n d W h i t e - R o t F u n g i 

Brown-Rot Fungi. T h e brown-rot fungus L. lepideus was chosen as a 
mode l microorganism, since i t has long received at tent ion as a pine 
t imber-degrader (11). F r o m L-phenyla lanine , i t produces m e t h y l p-
methoxyc innamate and p-methoxybenzoate (p-anisate) esters as major 
metabol ites (11-13). T h e phenylalanine-c innamate pathway of this f u n 
gus has been established, as shown i n F igure 2, by Shimazono et ai (13) 
and Towers (14). 

T h e re lat ionship , i f any, between the secondary metabo l i sm of L -
phenylalanine and carbohydrate degradation dur ing brown-rot wood decay 
processes has not yet been determined. However, we suspect that the sec
ondary metabo l i sm of this aromat ic amino-ac id plays an i m p o r t a n t role i n 
convert ing monomeric sugars to nitrogen-free metabolites ( S h i m a d a , M . , 
a n d Takahash i , M . , In Handbook of Wood and Cellulosic Materials; H o n , 
D . N . S. and S h i r a i s h i , N . , E d s . ; M a r c e l Dekker , i n press). 

Tab le I shows the amounts of secondary metabolites formed on days 11 
a n d 33 (dur ing an incubat ion of 63 days) for bo th nitrogen-poor ( H C / L N ) 
and ni trogen-r ich ( H C / H N ) cultures (15). T h e i n i t i a l C / N ratios of the two 
cultures were 240 and 24, respectively. F igure 3 shows the variat ions i n the 
t o t a l amounts of the secondary metabolites produced, the weights of the 
fungal m y c e l i u m , and the nitrogen and glucose concentrations remain ing in 
the H C - L N culture media d u r i n g the incubat ion per iod shown. 

T h e major metabolites formed in the H C / L N and H C / H N cultures 
were m e t h y l p -methoxyc innamate (11), m e t h y l p-methoxybenzoate (11), 
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CH2OH 

CH COOMe 

OMe OMe 
( L. lepideus ) 

Figure 1. Phenyla lan ine ammonia- lyase ( P A L ) involvement i n the b iosyn
thesis of phenylpropanoid-der ived secondary metabolites i n p lants and B a -
sidiomycetes. 

COOH COOH COOH COOMe COOMe 
I I I I I 
CHNH 2 CH CH CH CH 
I II II II II 

Figure 2. T h e phenylalanine-c innamate pathway i n the brown-rot fungus 
Lentinus lepideus. 
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Table I. Secondary Metabo l i tes Produced by the B r o w n - R o t Fungus Lenti
nus lepideus (15) 

A m o u n t s ( m g / 1 0 m l culture) 

H C - L N H C - H N 

Metabo l i tes a b a b 

M e t h y l p-methoxybenzoate 0.72 0.23 1.38 0.18 
t r a n s - M e t h y l p -methoxyc innamate 0.98 1.98 0.93 0.00 
c i s - M e t h y l p -methoxyc innamate 0.40 0.20 0.05 0.03 
M e t h y l iso-ferulate 0.00 0.03 0.15 0.00 
M e t h y l p-coumarate 0.00 0.00 0.08 0.00 
p -Methoxypheny lpropano l 0.00 0.01 0.51 0.00 
T o t a l amounts 
a and b indicate the 11-day-old and 33-day-old cultures used, respectively, 
for analyses. 
H C - L N = h igh carbondow nitrogen rat io . 
H C - H N = h igh carbomhigh nitrogen rat io . 

and p -methoxyphenylpropanol ; the latter was a previously unknown sec
ondary metabol i te f rom this source, and was produced in even greater 
amounts in H C / H N culture. W h i l e the to ta l amount of these secondary 
metabol ites formed i n H C / H N culture was s l ightly greater than that ob
served for the H C / L N culture , the relative amount per nitrogen uni t i n the 
H C / L N culture was 8-fold greater than that of the H C / H N culture . 

T h e results (F igure 3) indicate that just before complete consumpt ion 
of n i trogen, the quant i ty of secondary metabolites increases, reaching a 
first m a x i m u m on day 11. A second m a x i m u m then appears on day 33, at 
about the t ime of 6 0 % glucose consumption . A l t h o u g h the reason for the 
appearance of two m a x i m a is not clear, these results were reproducible . It 
is noteworthy, though, that nitrogen starvat ion accelerates the biosynthe
sis of metabolites derived f rom L-phenyla lanine in H C / L N culture. T h u s , 
P A L may contr ibute to secondary metabol i te accumulat ion under n i trogen-
l i m i t i n g condit ions, perhaps i n an effort to economize the use of available 
ni trogen. 

White-Rot Fungi. T h e white-rot fungus P. chrysosporium was chosen for 
comparison, since i t has been extensively investigated for l ignin biodégra
dat ion dur ing this decade. V e r a t r y l a lcohol was first reported (16) to be 
biosynthesized f rom phenylalanine as a secondary metabol i te in the l i g n i -
no ly t i c culture of this white-rot fungus. Recently, other white-rot fungi 
have been reported to produce the same secondary metabol i te (17). H o w 
ever, the b iochemical significance of veratry l alcohol has remained unclear 
for some t ime (18). 

T h e previously proposed metabo l i sm of L -phenyla lanine to veratry l a l 
cohol (19-22) is now sl ightly modif ied, as shown in F igure 4. T h i s pathway 
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Figure 4. T h e L-phenyla lanine-c innamate pathway for biosynthesis and 
biodégradation of veratry l alcohol in the white-rot fungus Phanerochaete 
chrysosporium. 
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indicates that phenylalanine serves as a p r i m a r y amino acid precursor, be
ing converted to the accumulat ing metabol i te veratry l alcohol v i a caffeic 
ac id , ferulic ac id , 3 ,4-dimethoxycinnamic ac id , 3 ,4 -d imethoxyc innamyl a l 
cohol , a n d veratrylg lycerol intermediates. V e r a t r y l a lcohol then seems to 
be degraded, v i a vani l l i c ac id or r ing cleavage products (23,24). T h e two 
m e t h o x y l carbons of vera t ry l alcohol are probably derived f rom methio 
nine v i a S-adenosylmethionine ( S A M ) (19), which is also involved in the 
biosynthesis of p -methoxyc innamate i n L. lepideus (25,26). Interestingly, 
the fungal hydroxyc innamate pathways i n both the brown-rot and white -
rot fungi reminds us of the hydroxyc innamate pathways in the biosynthesis 
of p lant l ignins (27). 

Tab le II shows (28) a correlation between the biosynthesis of ve ra t ry l 
a lcohol and P A L act iv i t ies , bo th of which are affected by i n i t i a l glucose and 
a m m o n i u m salt levels. T h e H C - L N culture w i t h a C / N rat io of 240, w h i c h is 
almost comparable to that of wood, shows the greatest amount of v e r a t r y l 
a lcohol biosynthesis a n d
seen, depending upon the C : N balance of the med ia used, the amounts of 
secondary metabolites formed and P A L activités can vary greatly (Tables 
I and II) . 

Tab le II . P A L A c t i v i t y of the W h i t e - R o t Fungus P. chrysosporium G r o w n 
i n the Different C u l t u r e M e d i a (28) 

C u l t u r e " 
C / N 
R a t i o 

V e r a t r y l alcohol 
(nmoles /10 m l culture) 

7 days 14 days 
P A L 

A c t i v i t y 4 % 
H C - L N 240 1786 7142 131,529 100 
H C - H N 24 0 294 19,176 15 
L C - H N 6 250 0 20,450 16 
L C - L N 60 1595 857 35,496 27 

α H C and L C indicate 2% and 0.5% glucose contained in the m e d i u m , 
respectively. H N and L N incidate 24 m M and 2.4 m M a m m o n i u m salt 
n i trogen, respectively, used for the cultures. 

b P A L ac t iv i t i es /6 -day o ld culture (20 ml ) are expressed as radioac
t iv i t ies (dpm) of c innamate formed f rom L - p h e n y l a l a n i n e - U - 1 4 C (2 
n m o l e s / μΟΊ). 

B i o c h e m i c a l Significance of the P h e n y l a l a n i n e - C i n n a m a t e P a t h 
way i n Plants a n d F u n g i i 

W o o d y plants can synthesize anywhere f rom 15-30% of a l l biomass as l i gn in . 
Hence, equivalent amounts of phenylalanine are required at some po int , i .e., 
d u r i n g l ign in format ion , large amounts of a m m o n i a are recycled as a conse
quence of P A L act iv i ty . W h i l e plants have no serious problems i n ob ta in ing 
glucose as a carbon source, suppl ied abundant ly through photosynthesis , 
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the same cannot be said for nitrogen nutrient avai labi l i ty . T h i s underscores 
the importance of a m m o n i u m recycl ing dur ing l i g n i n format ion . 

A s imi lar analogy can be appl ied to the ra t iona l i zat ion of the b iosyn
thesis of secondary metabolites produced by wood-ro t t ing fung i i . T h e B a -
sidiomycetes i n h a b i t i n g wood hosts have no trouble ob ta in ing glucose, but 
have problems i n obta in ing significant amounts of n i trogen-containing n u 
tr ients . 

N i t r o g e n R e c y c l i n g w i t h P A L 

T h e t o t a l amount of metabolites synthesized by the brown-rot fungus after 
33 days (F igure 3, second m a x i m u m ) is about 10% of the dry weight of 
myce l ia produced. However, the actual percentage is much higher, since 
metabol i c turnover occurs d u r i n g fungal growth. Cu l tures of Phanerochaete 
chrysosporium gave s imi lar results, since the amount of v e r a t r y l a lcohol 
produced was about 10%
must be higher, since vera t ry
therefore be reasoned that the amounts of fungal metabol ites produced 
approx imate those of l i g n i n i n woody plants . Therefore, a s i m i l a r level 
of nitrogen recycl ing (using P A L ) operates i n b o t h plants and the wood-
r o t t i n g Basidiomycetes (see F igure 1). 

In contrast to l ignins , the biological f ormat ion of the Basidiomycetes 
secondary metabolites is not clearly understood. However, we propose that 
there may be some biological significance i n the conversion of nut r i t i ona l l y 
valuable glucose and amino acids to secondary metabolites w i t h l i t t l e n u 
t r i t i o n a l value to other organisms shar ing the same ecosystems. In other 
words, the accumulat ion of monomeric sugars, produced by the enzymat i c 
hydrolys is of cellulose and hemicelluloses, would jeopardize their h a b i t a 
t i o n by a t t rac t ing intruders . T h u s , the unique n u t r i t i o n a l environment of 
wood substrates w i t h h igh C / N ratios (i.e., nitrogen-poor) may have forced 
the Basidiomycetes to create a common c innamate pathway. T h i s is one 
possible exp lanat ion for the ubiquitous occurrence of P A L i n the wood-
destroying Basidiomycetes . 

C o r r e l a t i o n between V e r a t r y l A l c o h o l Synthesis a n d L i g n i n D e 
gradat ion i n W h i t e - r o t F u n g i 

Aromatic Ring and Οα-Οβ Bond Cleavage. Let us now t u r n our at ten
t i o n to aromat ic r ing cleavage of vera t ry l alcohol , and the C a - C / ? bond 
cleavage of veratrylg lycero l , which are both formed f rom phenylalanine as 
shown i n F igure 4. B o t h cleavage reactions may be related to the corre
spond ing degradation reactions of l i g n i n (29). Indeed, v e r a t r y l a lcohol is 
c ommonly used as a substrate for an assay of " l igninase" ac t iv i ty (30), by 
measurement of the absorbance due to veratraldehyde formed. [However, 
s m a l l amounts of 7-(5-membered) (23) and ^ (6 -membered ) lactones (24) 
are also produced f rom verat ry l alcohol as r i n g cleavage products (F igure 
5).] 

A s can also be seen, veratry lg lycero l undergoes Co>C/? bond cleavage, 
y i e ld ing veratraldehyde and glycolaldehyde i n the presence of " l igninase" 
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CHO 

OMe 

Figure 5. T h e enzymat ic ox idat ion of a synthetic β-Ο-4 l ign in model sub
strate and fungal secondary metabolites. B o t h undergo C a - C / ? bond and 
aromat i c r ing cleavages i n reactions catalyzed by the same " l igninase" in 
the presence of H2O2 . 
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and hydrogen peroxide (31). [Isolation of glycolaldehyde f r om the enzymic 
react ion m i x t u r e as its 2 ,4-dinitrophenylhydrazone derivative was achieved 
by treatment of the mix ture w i t h 2 ,4-dinitrophenylhydrazine at 30°C for 
30 min.] 

O x i d a t i v e degradation of the β-Ο-4 l i g n i n substructure model com
pound (32), catalyzed by " l i gn inase " / H 2 O 2 , consists of two types of cleav
age reactions (routes b l and b2) (see F i g . 5). These correspond to C a - C / ? 
bond cleavage (see route a) of veratry lg lycero l and aromatic r i n g opening 
(see route c) of ve ra t ry l a lcohol . 

T h u s , " l igninase" is shared by the three substrates of different or ig in : 
the synthet ic l i g n i n model substrate and the two n a t u r a l metabol ites of 
fungal o r ig in . It can therefore be proposed that the b iosynthet ic pathway 
of v e r a t r y l alcohol (F igure 4) is l inked to l i g n i n degradat ion. 

Hydrogen Peroxide-Generating System. A n o t h e r i m p o r t a n t feature of this 
secondary metabol ic pathwa
substrate for g lyoxal oxidas
fungus to generate hydrogen peroxide required for l ign in degradation (route 
d i n F i g . 5). Interestingly, bo th veratrylg lycero l and vera t ry l alcohol occur 
exclusively i n the extracel lular fluid of the fungal culture . Furthermore , 
f ormat ion of g lyoxal , which is also found i n the extracel lular f ract ion of 
the culture , is a secondary metabol ic event (33). We therefore suspect 
that g lyoxal might be produced f rom glycolaldehyde, w i t h the latter be ing 
formed by side-chain cleavage of bo th "endogenous" veratry lg lycero l and 
"exogenous" l i gn in substrates. 

Consequently, the extracel lular ox idat ion of glycolaldehyde, derived 
f rom either the c innamate pathway or s ide-chain cleavage of l i g n i n , may 
funct ion to support l ignin degradation by produc ing H 2 O 2 , (route d i n 
F i g . 5). T h i s would then act i n concert w i t h other hydrogen peroxide-
produc ing systems such as: (i) g lyoxal /g lyoxalase (33), (ii) glucose/glucose 
oxidase (34), ( i i i ) N A D ( P ) H / p e r o x i d a s e (35), and (iv) fa t ty acyl -coenzyme 
A oxidase (36). 

Physiological a n d B i o c h e m i c a l Relat ionships between L i g n i n B i o -
degradation a n d V e r a t r y l A l c o h o l Biosynthesis 

P a r a l l e l physiological and b iochemical relationships between l i g n i n biodé
gradat ion and veratry l alcohol biosynthesis are summar ized below: 

1. B o t h l ign in biodégradation and vera t ry l alcohol biosynthesis are sec
ondary metabol ic events affected by several c ommon physio logical fac
tors, such as oxygen tension, ag i tat ion , and nitrogen content (16,37-
39). These C - , N - , and S-starvations are i m p o r t a n t triggers for in 
" l igninase" induct i on (37-39), since " l igninase" is produced const i tu -
t ively regardless of the presence or absence of l ign in as substrate . 

2. B o t h processes are repressed by add i t i on into the culture of nitrogen 
nutrients such as a m m o n i u m salts and L -g lutamate (16, 37-39). 

3. T h e level of cycl ic A M P ( c A M P ) is increased by nitrogen s tarvat ion ; 
this triggers expression of l ign ino lyt i c ac t iv i ty and vera t ry l alcohol 
biosynthesis (40). 
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4. Interestingly, peroxidase-less ( P O ) mutants , w h i c h cannot decompose 
l ign in nor biosynthesize veratry l alcohol (41,42), lack P A L a c t i v i t y (28). 
However, there are two articles wh i ch report evidence against these 

relat ionships between biosynthesis of this secondary metabol i te and l ign in 
decomposit ion (43,44). For example , a mutant of P. chrysosporium, wh i ch 
does not produce veratry l alcohol , has l ign ino lyt i c ac t iv i ty (43). A n o t h e r 
m u t a n t , w h i c h lacks glucose oxidase, is unable to decompose l ign in to C O 2 
and therefore is " l igninase"- less. It is, however, able to produce about 3 0 % 
of the amount of veratry l alcohol normal ly found in the fungus (44). 

These f indings must be carefully interpreted. T h e veratry l a lcohol neg
ative mutant w h i c h has " l igninase" lacks P A L act iv i ty . Consequently , vera
t r y l a lcohol biosynthesis is shut down ( F i g . 4). However, i f v e r a t r y l a lcohol 
or related aromat ic compounds are added to the culture , they are decom
posed to C O 2 by the P A L - l e s s mutant (42). For the glucose oxidase negative 
m u t a n t , i t may be that th
produces veratry l alcohol
tive pathway, e.g., by /? -oxidation of 3 ,4-dimethoxycinnamic acid to veratr ic 
ac id , wh i ch is then subsequently reduced to veratry l a lcohol . Unfortunate ly , 
those authors d i d not examine the possibi l i ty of the absence of " l igninase" 
i n the g o x " mutant . T h e "l igninase"-less and P A L - l e s s mutant is , though, 
capable of converting exogenously added 3 ,4-dimethoxycinnamic ac id and 
veratr ic acid to veratry l alcohol (28). T h i s suggests that there is another 
route for the biosynthesis of veratry l a lcohol , in add i t i on to the v e r a t r y l 
glycerol cleavage pathway already discussed ( F i g . 4). 

T a k i n g these findings together, w i t h the above-described para l le l i sm 
and apparent contradict ions , the fol lowing hypothesis is proposed. W e sug
gest that the same key enzyme system, or " l igninase" , couples the b iosyn
thesis of ve ra t ry l alcohol and the biodégradation of l i g n i n . It is also note
worthy that " l igninase" ut i l izes not only l i g n i n , but a wide variety of xeno-
b iot ic compounds regardless of their chemical structures. T h e i r i on izat i on 
potentials are rather impor tant for enzymat ic ox idat ion (45). T h i s is the 
reason why compounds such as benzo(a)pyrene (46), d iox in (47) and a-keto-
7 - m e t h y l t h i o b u t y r i c acid and dyes (48) are also oxidized by " l igninase." 

C o n c l u d i n g R e m a r k s a n d Perspectives 

In conclusion, focusing on the s imilar i t ies and differences between white-rot 
a n d brown-rot fung i , these seemingly different biological processes can be 
expla ined as follows. 

1. B o t h white-rot and brown-rot fungi have a c ommon c innamate p a t h 
way, in i t ia ted by P A L , w h i c h plays a key role i n the biosynthesis of 
phenylpropanoids i n basidiomycetous fungi . These fungi are able to 
convert glucose into "scavenged" metabolites under n i t rogen - l imi t ing 
condit ions. 

2. T h e phenylalanine-c innamate pathway of the white-rot fungus P. 
chrysosporium is l inked to l i gn in biodégradation by two reactions, i.e., 
by both C a - C / ? bond and aromatic r ing cleavages. These represent the 
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predominant features of l i g n i n biodégradation, and therefore operate as 
part of the secondary metabo l i sm of phenylalanine. T h u s , dur ing their 
b iochemica l evo lut ion , the white-rot fungi have succeeded i n adapt ing 
extracel lular peroxidases to l i g n i n breakdown, whereas the brown-rot 
fungi fai led to develop such a biocatalyst or metabol ic pathway. In con
trast , higher plants might have created peroxidases for po lymer i z ing 
hydroxy c i n n a m y l alcohols to l ignins d u r i n g their b iochemical evo lut ion . 
In c losing, the recent advances i n l ign in biodégradation research are 

remarkable and are receiving widespread interest f rom many fields (49,50). 
A t present, " l igninase" is known to catalyze a wide variety of one-electron 
oxidat ions , but i t s t i l l cannot depolymerize the l ign in i n vitro (51,52). O n 
the other h a n d , the white-rot fungi carry out an almost complete decompo
s i t i on o f l i g n i n i n wood in their na tura l environment . T h u s , there may be 
another enzyme (or system) involved funct ioning as a depo lymer iz ing fac
tor coupled to l i gn in degradation. Further fundamenta l research is needed 
i n order to elucidate th
c lud ing the nitrogen recycl ing of amino acids involved i n fungal secondary 
metabo l i sm. Furthermore , b iomimet ic systems based on our unders tanding 
of the b iochemistry of p lants and fungi (53,54) may be more appl icable for 
conversion of l ignocellulosic mater ia ls . 
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Chapter 31 

Ultrastructural Localization of Lignocellulose
-Degrading Enzymes 

I. M. Gallagher1, M. A. Fraser1, C. S. Evans1, P. T. Atkey2, 
and D. A. Wood2 

1School of Biological Sciences, Thames Polytechnic, London SE18 6PF, 
England 

2AFRC Institute of Horticultural Research, Littlehampton BN16 3PU, 

Transmission electron microscopy of immuno-gold la
belled sections was used to show the localisation of the 
ligninolytic enzymes, lignin-peroxidase and laccase in ul
trathin sections of hyphae of the white-rot fungus Cori
olus versicolor. Both enzymes were localized in the fun
gal cell walls and mucilage layers of both generative and 
skeletal hyphae, whereas ligninase but not laccase was 
also evident adjacent to the plasma membrane. The 
localization of these enzymes was the same in hyphae 
grown in culture and in sections of beech heartwood in
fected with C. versicolor. Control experiments showed 
that no labelling was detected in the absence of primary 
antibodies, or when antibodies to animal or plant en
zymes were substituted but antibodies to fungal proteins 
from different species were labelled in sections of C. ver
sicolor. The source of antigenicity in these sections was 
investigated. 

Basidiomycete fungi are the major organisms responsible for biodégradation 
of wood, w i t h white-rot fungi able to degrade a l l components of the wood 
cell w a l l . Enzymes which par t ia l l y degrade l i g n i n , l ignin-peroxidases, were 
first isolated from Phanerochaete chrysosponum (1-2) and more recently 
f rom other white-rot fungi inc lud ing Coriolus versicolor (3). These enzymes 
appear to be s imi lar in a l l white-rot fungi investigated, a l l conta in ing a 
heme prosthetic group and requir ing trace amounts of hydrogen peroxide to 
effect the breakdown of the l ignin polymer (4-5). T h e polyphenol oxidase, 
laccase, produced as an extracel lular enzyme by C. versicolor, has been 
wel l documented as a po lymer iz ing enzyme but recent work has shown 
that under certain conditions it can also effect depolymerizat ion of l ign in 
(6-8). 
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Morpho log i ca l d a t a on the patterns of degradation of wood cell walls 
after infection by white-rot fungi showed that i n add i t i on to white-rots 
causing a localized degradation, characterized by a deep erosion trough i n 
the secondary wal l of the wood cel l , a progressive t h i n n i n g of the S2 layer of 
the secondary wa l l also occurred (9-12). Identi f ication of osmiophi l i c par 
ticles i n sections of decaying wood led to tentative suggestions that these 
were either enzyme molecules involved i n wood decay or the products of 
l ignocellulosic degradation (12-13). Studies of the biochemical mechanism 
of l ignin-peroxidase have suggested that i t is not always essential that the 
enzyme should be i n direct contact w i t h its substrate to effect l i g n i n break
down. T h e release of diffusible rad ica l cations i n phenolic substrates can 
enable degradation of the l i g n i n polymer to proceed at some distance f rom 
the enzyme, and fungal h y p h a (14 ). 

W h i t e - r o t fungi secrete a polysaccharide mucilage around the hyphae 
whi ch may funct ion as a m a t r i x for enzyme i m m o b i l i z a t i o n and enable 
products of reactions to b
Evans , C . S., unpubl ished data) . Recently, significant advances were made 
i n the field of immuno- labe l l ing w i t h electron microscopy as a method of l o 
ca l i z ing proteins and other molecules w i t h i n tissue sections, using co l lo idal 
gold as a marker of ant ibody-ant igen interactions (16). In order to iden
t i fy the site of act ion of l ignin-degrading enzymes i n wood decay, co l lo idal 
gold immuno loca l i za t i on procedures were used to locate the extracel lular 
enzymes, laccase and l ignin-peroxidase, f rom the white-rot fungus C. ver
sicolor cultured i n beech heartwood and i n m a l t agar. 

M e t h o d s 

Organism. Coriolus versicolor s t ra in 2 8 A P R L ( B u i l d i n g Research E s 
tabl ishment , Princes Risborough Laboratory , Ay lesbury , B u c k s . , U . K . ) was 
mainta ined on a so l id m e d i u m of 3% ( w / v ) m a l t extract , 2 % ( w / v ) agar at 
20°C, or on ni trogen- l imited nutrient m e d i u m (17) solidified w i t h 2 % agar. 

Growth ofC. versicolor on Wood. Samples of beech heartwood (Fagus syl-
vatica) were added to culture plates of C. versicolor after 7d . growth , using 
the Bravery min ia ture woodblock technique (12). P la te cultures were cov
ered w i t h a 1 m m mesh 6 0 m m diameter sterile nylon net. Steri le sections of 
beech (30 x 10 x 3mm) were placed aseptically onto the net and cul tured 
at 20°C for 4 weeks. T h e external growth of m y c e l i u m was removed and 
the wood block cut into segments of approximate ly 3 x 1 x 1 m m for prepa
rat i on for electron microscopy. Uninfected wood samples were prepared i n 
a s imi lar manner. 

Immunogold Labelling. Tissues were fixed i n excess g lutaraldehyde (2 .5% 
w / v ) i n l O O m M sod ium cacodylate buffer ( p H 7.2) for 3h , washed twice 
i n the same buffer, followed by dehydrat ion i n a graded ethanol series. 
Samples were inf i l trated w i t h L . R . W h i t e hard grade resin (London Res in 
C o . L t d ) . T h i n sections were cut w i t h an L K B Ul t ramicro tome II using a 
d i a m o n d knife and collected on copper grids (200 mesh). T h e immunogo ld 
labe l l ing procedure followed the technique of B e r g m a n (18). Sections were 
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etched i n 5% H2O2 for 5-10 m i n , washed twice i n P B S ( 2 0 m M phosphate 
buffer at p H 7.4 and 0.9% N a C l ) containing 0 .1% Tween 20, incubated 
for l h i n rabb i t anti-laccase antiserum or rabb i t anti - l igninase ant i serum, 
d i luted 1:100 ( v / v ) in P B S containing 0 .1% Tween 20 and 1% bovine serum 
a lbumen ( B S A ) , washed twice i n P B S containing 0 .1% T w e e n 20, incubated 
for l h i n goat ant i - rabbi t I g G conjugated to l O n m gold particles (S igma) , 
d i luted 1:20 i n P B S containing 1% B S A and 0 .1% Tween 20, washed twice 
in d is t i l l ed water and air dr ied . 

Post-staining Procedure. Immunogo ld label led sections were post -stained 
in saturated aqueous u r a n y l acetate for 15 m i n and lead citrate for 10 m i n 
(19) . 

Transmission Electron Microscopy. Transmiss ion electron microscopy was 
performed on a Jeo l 100S electron microscope operat ing at 8 0 k V . 

Production of Antibodies. Laccas
sicolor and puri f ied by a modif ied procedure of Fahraeus a n d Re inhammer 
(20) . T h e cr i ter ion for p u r i t y was a single band on a heavi ly loaded S D S -
po lyacry lamide electrophoresis gel. Ant ibod ies were raised in rabbi ts i n 
response to three intravenous injections each of 2mg. of laccase A w i t h 
Freunds adjuvant , at 2 weekly intervals. B l o o d was removed 7d after the 
last inject ion and serum collected after coagulation of the b lood cells. 

T h e ant ibody to laccase A was purif ied by affinity chromatography on 
C N - B r act ivated Sepharose 4 B . Laccase (15mg) was bound to a c o lumn of 
3 .5ml volume i n a coupl ing buffer of 0 . 1 M N a H C 0 3 and 0 . 5 M N a C l . T h e 
remain ing active groups on the co lumn were blocked w i t h 0 . 2 M glycine, 
before excess adsorbed protein was removed w i t h the coupl ing buffer, re
su l t ing i n 9 5 % coupl ing of the laccase to the co lumn. C r u d e antisera was 
bound to the laccase on the co lumn, washed w i t h buffer of 0 . 1 M Na2HP04 
and 0 . 5 M N a C l , before e lut ion w i t h 0 . 2 M g l y c i n e - H C l and 0 . 5 M N a C l . T h e 
purif ied ant ibody was used as the p r i m a r y ant ibody to laccase A . 

Lignin-peroxidase , wh i ch oxidised vera t ry l alcohol to veratraldehyde, 
was isolated f rom cultures of Phanerochaete chrysosporium by the method 
of T i e n and K i r k (1). It had a molecular weight of 4 4 K d on po lyacry lamide 
gels, i n the presence of s od ium dodecyl sulphate. Ant ibod ies to l i g n i n -
peroxidase were raised in rabbits as described for laccase A . 

R e s u l t s 

T h e t i tre of antibodies i n laccase antisera was 1:16 as measured by the 
immunodi f fusion technique of Ouchter lony (21). These antibodies were 
effective inhib i tors of catechol oxidase act iv i ty , w i t h 100/i l of antisera re
duc ing a c t i v i ty by 9 5 % , i n an assay mix t ure of 3 m l of 0 . 1 M catechol in 
0 . 1 M acetate buffer at p H 5 as described by Evans (7). Table I shows the 
effect of add ing different volumes of antisera to the assay m i x t u r e . 

I n h i b i t i o n of enzyme ac t iv i ty was not used to assess the ant ibody -
antigen reaction of l ignin-peroxidase, as the add i t i on of control serum to 
enzyme reaction mixtures increased the p H above the p H specificity of the 
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Table I. T h e effect of laccase ant iserum on enzyme act iv i ty . T h e react ion 
m i x t u r e contained 3 m l of 0.1 M catechol i n 0.1 M acetate buffer at 
p H 5, 5/ig laccase and 0-100/d of serum 

V o l u m e o f antisera (μ\) added: 0 10 20 50 100 

Laccase ac t iv i ty 0.21 0.18 0.15 0.04 0.02 
(OD440 catechol ox idat ion m i n - 1 ) 

enzyme, wh i ch has an o p t i m u m at p H 2.9 and is inh ib i t ed above p H 4 (4). 
Cross react iv i ty between ant ibody and antigen was measured by i m m u n o -
prec ip i tat ion at a d i lu t i on of 1:16 of ant iserum (21). B o t h antibodies showed 
specif icity i n react ing w i t h their respective antigens as determined by West 
ern b l o t t ing . T h e d i s t r ibut i on of laccase i n hyphae of C. versicolor g rown 
i n beech heartwood for 4 week
on m a l t agar. B o t h cultures gave posit ive tests for laccase when treated 
w i t h guaiacol , produc ing y e l l o w / b r o w n colorations (22). Sections of hyphae 
f rom both agar and wood cultures of C. versicolor were treated w i t h either 
laccase ant iserum or purif ied laccase I g G . N o difference i n the pat tern of 
labe l l ing was observed when crude antisera was used compared w i t h p u r i 
fied I g G . F igure 1 showed that hyphae grown on m a l t agar h a d labe l l ing 
w h i c h was restricted to the h y p h a l cell wa l l and mucilage layer, w i t h l i t t l e 
cytoplasmic labe l l ing and a very low level of background labe l l ing . There 
was no label associated w i t h the p lasma membrane as seen i n F igure 2, and 
the major site of labe l l ing was the cell wal l ( in most sections the thickness 
of the mucilage was so smal l as to be indist inguishable f r om the cell wa l l ) . 
Hyphae i n sections of infected wood showed s imi lar morphology to that of 
hyphae grown on agar. A s imi lar pattern of labe l l ing was also observed, 
w i t h most gold particles attached to the cell wa l l and mucilage layers and 
m i n i m a l labe l l ing i n the cytop lasm (Figures 3 and 4). A t higher magni f i 
cat ion i t was seen that mucilage separated f rom the h y p h a l wa l l was also 
label led, as was the secondary wa l l of the wood cell w a l l . There was a 
moderate level of label i n the S2 wal l layer whereas the midd le lamel la 
and decayed margins of the wa l l were not label led. Sections of uninfected 
beech heartwood showed no background labe l l ing of cell walls ind i ca t ing 
that there was no non-specific b i n d i n g of the laccase ant ibody to wood cell 
wa l l components ( F i g . 5). 

Sections of C. versicolor hyphae grown on N - l i m i t e d nutr ient agar were 
also treated w i t h antibodies to l ignin-peroxidase purif ied f r om P. chrysospo
rium. Cross reactive mater ia l was detected i n the cell wa l l and mucilage 
of the hyphae as shown i n F igure 6. There was a considerably lower level 
of labe l l ing i n the cytop lasm. T h e label w i t h i n the wa l l of generative h y 
phae was local ized into two dist inct layers w h i c h was especially obvious i n 
the thickened wal l and mucilage layer, as shown i n F igure 7. T h i s double 
layer of l ignin-peroxidase was s i tuated adjacent to the p l a s m a membrane 
and on the outer surface of the wal l w i t h i n the mucilage layer (F igure 8). 
In the skeletal hyphae there was intense labe l l ing of the thicker cell wa l l 
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Figure 1. Single h y p h a of C. versicolor grown on m a l t agar, labelled w i t h 
rabbi t anti-laccase antibodies, localized w i t h goat -ant irabbit gold conju
gate. T h e label is restricted to the h y p h a l wa l l , w i t h l i t t l e label i n the 
cytop lasm. Magni f i cat ion χ 16,000. 
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Figure 2. Higher magnif icat ion of laccase-labell ing i n the hypha l wal l and 
mucilage layer. N o label is seen on the p lasma membrane or w i t h i n the 
cy top lasm. Magni f i cat ion χ 59,500. 
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Figure 3. Beech heartwood, decayed for 4 weeks w i t h C. versicolor, showing 
t h i n n i n g of the secondary wal l w i t h enlargement of the cavity at the cell 
corner (the pro t rud ing ends of the middle lamel la can be seen). A single 
h y p h a close to the wood cell wal l shows where the secondary wal l has been 
degraded. L a b e l for laccase is seen uni formly d istr ibuted in the secondary 
w a l l . Magni f i cat ion χ 12,600. 
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Figure 4. Higher magnif icat ion of h y p h a l wal l i n F igure 3 showing intense 
labe l l ing of the wa l l and mucilage layer. Magni f i cat ion χ 66,500. 

F igure 5. A single h y p h a f rom an agar grown culture of C. versicolor 
showing an absence of label after replacing p r i m a r y antisera w i t h rabbi t 
I g G g lobul in . Magni f i ca t ion χ 19,800. 
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Figure 6. Hyphae f rom N - l i m i t e d nutrient agar grown cultures of C. versi
color showing (a) a thick walled skeletal h y p h a and (b) a t h i n walled gen
erative h y p h a labelled for l ignin-peroxidase. L a b e l is seen throughout the 
h y p h a l walls w i t h l i t t l e label l ing in the cytop lasm. Magni f i ca t i on χ 15,700. 
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Figure 7. Higher magnification of generative hyphal walls from N-limited nutrient 
agar grown cultures labeled
margins of the hyphal wall. Magnification χ 11,000. 

Figure 8. Higher magnification of generative hyphal walls from N-limited nutrient 
agar grown cultures labeled for lignin-peroxidase. Label on the hyphal tip where a 
thickening of the wall and mucilage form a "cap" at the tip. Magnification χ 
44,000. 
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w i t h v i r t u a l l y no labe l l ing of the cytop lasm, or of the mucilage surrounding 
the w a l l . T h e difference i n pat tern , and i n the degree of labe l l ing of l i g n i n -
peroxidase i n sections of generative and skeletal hyphae are presumably 
due to the difference i n thickness of the w a l l . Hyphae grown on m a l t agar 
showed s imi lar labe l l ing of the p lasma membrane w i t h l ignin-peroxidase 
antisera, though labe l l ing of the cell wa l l was at a lower intensity t h a n that 
seen i n hyphae cultured on N - l i m i t e d nutrient agar. 

Sections of decayed and undecayed beech heartwood were also treated 
w i t h l ignin-peroxidase antibodies. F igure 9 shows that the labe l l ing of de
cayed wood was far more intense than that seen i n sections treated w i t h 
laccase antibodies w i t h the label uni formly d is tr ibuted throughout the S2 
cell wa l l layer. L i t t l e labe l l ing of the S I layer or midd le l a m e l l a was ob
served. O n sections of undecayed wood there was only a very slight amount 
of background label on the cell walls ind i ca t ing that there was l i t t l e non 
specific b i n d i n g to cell w a l l components, as seen i n F igure 10. In p r e l i m i 
nary experiments d i lut ion
clearest results w i t h m i n i m u m background labe l l ing yet showing the highest 
intensity of specific labe l l ing . Lower d i lut ions gave less specific labe l l ing , 
whereas higher di lut ions gave more non-specific labe l l ing . C o n t r o l exper i 
ments to assess the specificity of the labe l l ing were performed by variat ions 
i n the procedure. For example, when the p r i m a r y ant ibody was o m i t t e d 
no labe l l ing was observed, ind i ca t ing that there was no non-specific b i n d 
ing of goat ant i - rabbi t IgG-go ld conjugate to the sections. W h e n rabb i t 
I g G immunog lobu l in was used to replace the p r i m a r y ant ibody, again no 
labe l l ing was seen ind i ca t ing that non-specific b i n d i n g of immunog lobul ins 
to sections was not responsible for labe l l ing i n either hyphae or decayed 
wood cell walls . S i m i l a r l y no labe l l ing was observed when the p r i m a r y a n 
t i b o d y was replaced w i t h antisera to plant phytochrome (Figure 11). W h e n 
the p r i m a r y ant ibody was replaced w i t h antisera to laccase isolated f rom 
Agaricus bisporus grown i n m a l t extract cultures, the labe l l ing pattern ob
served was ident ica l to that seen w i t h the p r i m a r y ant ibody to laccase f r om 
C. versicolor ( F i g . 12). T h i s suggests that laccase f rom A. bisporus has 
s imi lar antigenic sites to laccase f rom C. versicolor. W h e n the p r i m a r y 
ant ibody was replaced w i t h antisera raised against the enzyme m a n n i t o l 
dehydrogenase, a cytoplasmic enzyme f rom Agaricus bisporus, slight l a 
be l l ing was observed on sections of the hyphae, associated w i t h bo th the 
wal l and cytop lasm, an observation which is difficult to exp la in as m a n n i t o l 
dehydrogenase is a cytoplasmic enzyme i n A. bisporus, not extracel lular . 
W h e n sections of beech wood were treated w i t h antisera to m a n n i t o l dehy
drogenase no labe l l ing of the wood cell walls occurred. T h i s indicated that 
non-specific b i n d i n g was not t a k i n g place. 

Discussion 

Transmiss ion electron microscopy of immunogo ld label led sections has 
shown that the extracel lular l ignin-degrading enzymes l ignin-peroxidase 
and laccase were local ized w i t h i n the cell w a l l and mucilage of the hyphae 
of C. versicolor. Laccase was present in the cell wal l layer whereas l i g n i n -
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Figure 9. Beech heartwood decayed for 12 weeks w i t h C. versicolor l a 
bel led for l ignin-peroxidase. T h e label is d is tr ibuted un i formly over the 
secondary w a l l which shows characteristic t h i n n i n g and marked reduct ion 
in electron density. N o label occurs i n the midd le l a m e l l a and cell corners. 
Magni f i ca t i on χ 22,000. 
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Figure 10. Undecayed beech heartwood labelled for l ignin-peroxidase, w i t h 
very l i t t l e label on the secondary wal l or midd le lamel la . Magni f i ca t i on 
χ 9,800. 
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Figure 11. A single h y p h a f rom an agar grown culture of C. versicolor 
showing an absence of label after replacing p r i m a r y antisera w i t h antisera 
to plant phytochrome. Magni f i cat ion χ 17,400. 
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Figure 12. A single hypha from an agar grown culture of C. versicolor showing 
labeling when the primary antisera was replaced with antisera to laccase from 
malt agar cultures of Agaricus bisporus. Magnification χ 37,800. All bars, 1 μχη. 
All tissue was unstained and consequently of low contrast. 
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peroxidase was visualised as a double layer on the cell w a l l and adjacent to 
the p lasma membrane. B o t h enzymes were localized w i t h i n the S2 layer of 
the secondary wal l of beech heartwood infected w i t h C. versicolor. Pene
t ra t i on of the cell walls of wood was more pronounced for l ignin-peroxidase 
than for laccase but neither enzyme had penetrated to the midd le lamel la 
or cell corners. T h e wood sections were signif icantly degraded and i t is not 
k n o w n whether the diffusion of enzymes into the secondary wal l occurred 
after widespread degradation of the lignocellulose or preceded secondary 
wal l t h i n n i n g . Other workers (23,24) have found that in P. chrysosponum, 
l ignin-peroxidase was present as a cytoplasmic enzyme associated m a i n l y 
w i t h the p lasma membrane i n hyphae grown in sawdust and l i q u i d culture . 
G a r c i a et al. (23) d id not find the enzyme localised w i t h i n the wood cell 
w a l l , whereas Srebotnik et al. (24) showed ligninase was detected e x t r a -
ce l lular ly after fixation in picr ic ac id . It is k n o w n that secretion of l i g n i n -
peroxidase only occurs dur ing the secondary metabol ic phase of g rowth i n 
l i q u i d cultures (25) and i
experiments , beechwood infected by C. versicolor showed decay patterns 
typ ica l of advanced stages of fungal infection which wou ld i m p l y that the 
secondary metabol ic phase had been reached. Further studies are required 
on the continuous degradation patterns result ing f rom fungal infections of 
wood to expla in a l l these results. 

T h e results of the control experiments w i t h antisera to fungal proteins 
have led us to question the specificity of the antibodies to laccase and l i g n i n -
peroxidase. These enzymes are glycoproteins and bo th carbohydrate and 
protein moieties w i l l provide antigenic sites for the po lyc lonal antibodies. 
However, using Western b l o t t ing techniques, the laccase antisera d i d not 
cross-react w i t h l ignin-peroxidase, nor d i d the l ignin-peroxidase antisera 
cross-react w i t h laccase. It is l ikely that as extracel lular fungal proteins are 
secreted through the mucilage-polysaccharide layer around the hyphae the 
carbohydrate moieties of these glycoproteins have carbohydrate structures 
in common w i t h the hyphal wal l layer. T h i s may exp la in why a l l the a n 
t ibodies to fungal proteins which were tested produced labe l l ing patterns 
in the w a l l , as some of the antigens would b i n d to carbohydrate character
istic of fungal cell walls. Unless deglycosylated proteins are used to raise 
antibodies the labe l l ing patterns obtained do not indicate specif ically the 
location of the protein moiety. However, this study has shown that a l l 
the fungal tissues tested have a common antigen which is not shared by 
the plant and a n i m a l tissues tested. In order to understand the labe l l ing 
patterns of laccase and l ignin-peroxidase more fully, i t w i l l be necessary to 
study the apoenzymes separated f rom carbohydrate before conclusions can 
be drawn about their d i s t r ibut ion i n hyphae dur ing p r i m a r y and secondary 
growth phases in natura l substrates. 
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Chapter 32 

Enzyme Excretion During Wood Cell Wall 
Degradation by Phanerochaete chrysosporium 

Jean-Paul Joseleau and Katia Ruel 

Centre de Recherches sur les Macromolécules Végétales, 
CERMAV-CNRS, B.P. 53X 38041, Grenoble Cedex, France 

Wood degradatio
with the hypha
the host cell walls, was examined by electron microscopy 
with immunocytochemical techniques. An anti-ligninase 
antibody and antiserum raised against a mixture of cel
lulases and hemicellulases secreted from the fungus were 
used. The respective enzymes were localized in intra
cellular vesicles and seemed to be able to diffuse from 
the hyphae only when at a short distance from the site 
of degradation. When excreted from the hyphae the en
zymes seemed to be associated with the 1-3, 1-6 β-glucan 
which forms the sheath secreted during secondary growth 
of the fungus. The limited distance of migration of the 
enzymes suggested that a direct contact is needed be
tween the wood and the fungal walls for degradation to 
occur. The propagation of the degradation might take 
place by an oxygen radical mechanism as revealed by the 
use of a specific cytochemical method. 

A m o n g wood-rot t ing fungi the basidiomycete Phanerochaete chrysosporium 
is able to degrade bo th l i g n i n and polysaccharides f rom wood cell walls 
(1). E x a m i n a t i o n of white-rot decayed wood at the u l t ras t ruc tura l level 
reveals that several types o f degradation can occur (2,3). In the case o f P. 
chrysosporium and its anamorphous f o rm (Sporotrichum pulverulentum), 
two patterns of attack were observed (4). In one, the hyphae were t ight ly 
associated w i t h the degraded walls and this type of image can be said to be 
" i n contact" ( F i g . I A ) . In the second case, the secondary w a l l was degraded 
but no hyphae could be observed i n the nearby surroundings . T h i s type 
of degradation can be described as "at a distance" ( F i g . I B ) (4). These 
two extreme aspects of lysis of wood cell walls suggest that P. chrysospo
rium can degrade the lignocellulosic complex of the wal l by at least two 
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Figure 1. T w o extreme aspects of Populus cell wal l degradation by P. 
chrysosporium. I A , " i n contact ;" I B , "at a distance." ( H = h y p h a ; S i , 
S2 = wood secondary wal l layers.) 
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difTerent b iochemical mechanisms. Class ica l ly , biodégradation of cellulose 
and hemicellulose is ascribed to ce l lu lo lyt ic and hemice l lu lo lyt ic enzymes 
of the fungus and l ignin breakdown is a t t r ibuted to the oxidat ive degra
dat i on by l ignin-peroxidases (5,7). A l l these enzymes have been shown to 
be produced by P. chrysosporium i n vary ing proport ions , depending on 
growth condit ions (8). T h e i r release by the hyphae at the site of the attack 
should agree w i t h the pattern of wood degradation said to be " i n contact . " 
However, i t is far more difficult to exp la in the pattern described as "at a 
distance," since in this mode of degradation the l y t i c enzymes need to be 
first transported f rom the fungal hyphae to the wood cell walls . T h e y must 
then diffuse w i t h i n the w a l l , i n order to effect a p a r t i a l and local break
down of the polysaccharides and of l i gn in . Such enzyme diffusion i n the 
compact structure of the wood cell w a l l has never been demonstrated, and 
does not seem compat ib le w i t h the relatively large size of these hydro ly t i c 
and oxidative enzymes. A n o t h e r poss ibi l i ty which could exp la in the p a r t i a l 
degradation of the wal l wou l
able agents of s m a l l size, wh i ch could be generated at a certa in phase of 
the h y p h a l growth , or at a certain stage of b iochemical at tack . In this re
spect, act ivated oxygen species have been postulated as potent degradative 
extracel lular agents, which could be produced by the fungus (9-11). 

T h i s chapter describes the use of electron microscopy, coupled w i t h 
immunocytochemica l techniques, to investigate the ab i l i ty of l ignolyt i c en
zymes f rom P. chrysosporium to diffuse inside the wood cell w a l l . 

Mater ia ls a n d M e t h o d s 

Plant Material. W o o d samples were taken f rom a 20-year-old aspen tree 
(Populus tremula) harvested in France. W o o d wafers (4 χ 20 x 50 m m ) were 
degraded by the w i l d type s t ra in K 3 of the white rot fungus P. chrysospo
rium at the S T F I (Stockho lm, Sweden) i n the laboratory of D r . K . - E . 
E r i k s s o n . 

Preparation of Antisera. A n t i s e r a directed against the crude enzymes m i x 
ture secreted by P. chrysosporium and cul t ivated i n a fermentor on cel
lulose, were raised i n rabbits . Immunoglobul ins G (= IgG) were purif ied 
at the Inst i tute Pasteur (Lyon) and used for immuno labe l ing . Secondary 
goat ant i rabb i t gold marker was f rom S igma. T h e anti - l igninase ant iserum 
was raised in rabb i t f rom a purif ied l igninase (gift of D r . E . Odier , I N A , 
P a r i s - G r i g n o n , France) . 

Tissue Preparation for Electron Microscopy. Tissues were fixed i n 2 % 
paraformaldehyde, 2 .5% glutaraldehyde in phosphate buffer (0.1 M , p H 7.4) 
and 0.02% picr ic ac id . T h e y were then dehydrated i n g lyco l methacrylate 
monomer and embedded i n g lyco l methacrylate ( G M A ) (24). 

Immunocytochemical Labeling. Ant ibod ies were used as post -embedding 
markers . Sections of decayed wood were first incubated on a drop of T B S 
(Tris-phosphate saline buffer 0.1 M , p H 7.4, N a C l 0.15 M or 0.5 M ) , g lycine 
0.15 M. A f ter r ins ing in T B S , they were floated on a drop of 1% T B S -
B S A (bovine serum albumin) (or non- immune goat serum) before t reat ing 
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either w i t h I g G ant i -crude enzymes ( 1 9 ^ g / m l d i luted i n T B S - B S A ) (or 
T B S / n o r m a l goat serum = T B S / N G S ) , or anti - l igninase ant iserum d i luted 
1:250 i n the same buffer, for 60 m i n at room temperature . T h e secondary 
antisera labeled w i t h gold (10 n m i n diameter) was a goat ant i rabb i t a n 
t isera purchased f rom Janssen (Pharmaceut i ca , Beerse, B e l g i u m ) . It was 
d i lu ted 1:30 i n T B S / N G S . T h e sections were examined on a P h i l i p s 400 Τ 
electron microscope wi thout any counterstaining. 

Immunocytochemical Controls. 
a. Subs t i tu t i on of the p r i m a r y ant ibody w i t h pre immune rabb i t serum 

I g G fract ion . 
b . Treatment of section w i t h goat -ant irabbi t gold- label led secondary a n 

t i b o d y alone, o m i t t i n g the p r i m a r y ant ibody step. 
c. L a b e l i n g w i t h ant isera preadsorbed w i t h their respective antigens. 

E q u a l volumes o f anti -crude enzymes and of the enzymat i c extract , 
or , anti - l igninase and

Carbonyl Groups Labeling. T h i s was done under the usual condit ions of 
P A T A g s ta in ing (periodic ac id , th iocarbohydraz ide , si lver proteinate) reac
t ions (2) o m i t t i n g the periodate ox idat ion step (= T A g ) , as described in 
(21). Fenton's reagent was prepared and appl ied as described in (18). 

Results a n d Discussion 

"Diffusion" of the Fungal Glycohydrolases. A crude enzyme m i x t u r e f r om P. 
chrysosporium was obta ined by a m m o n i u m sulfate prec ip i tat ion f r om a c u l 
ture grown on cellulose and mainta ined i n p r i m a r y growth condit ions . T h i s 
enzyme m i x t u r e , w h i c h was used for preparing a po lyc lonal ant i serum, con
ta ined inter alia predominant ly endo- and exoglucanases, w i t h only traces 
of hemicellulases as evidenced by their act ion on the corresponding sub
strates. N o l i gn in peroxidase ac t iv i ty could be detected ( K . - E . E r i k s s o n , 
personal communicat ion) . T h e immunoglobul ins ( IgG) raised in rabb i t 
were first used to detect the site of secretion of the enzymes i n the fungal 
cells. T h e p r i m a r y antibodies were local ized w i t h a goat ant i rabb i t sec
ondary ant ibody adsorbed to col lo idal go ld . T h e diameter of gold particles 
was 10 n m . 

Contro l s w i t h the anti-glycohydrolases I g G , first incubated w i t h the 
enzymic extract before be ing appl ied i n t h i n sections, showed no labe l ing 
( F i g . 2 B ) . Other controls performed, i .e., replacement of the p r i m a r y a n t i 
body by n o r m a l rabb i t serum or pre immune serum, suppression of the first 
step corresponding to the p r i m a r y ant ibody, or labe l ing of uninfected wood 
spec imen, were also negative. 

T h e hyphae photographed i n a h igh ly decayed wood exhib i ted several 
aspects of their cytoplasmic content. T h e loca l izat ion of the glycohydrolases 
varied accordingly as shown in F igure 2. In F igure 2 A , they are local ized 
i n t r a c e l l u l a r ^ in s m a l l dense vesicles (arrows). In F igure 2 C they appeared 
concentrated along the p lasmalemma and dispersed through the cy top lasm 
(arrows) . In F igure 3 A , they have been secreted out of the h y p h a (arrows). 
These observations of the presence of an intracel lular ce l lu lo lyt ic ac t iv i ty 
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Figure 2. Labeling with anti-crude enzyme mixture. A and Β show the specificity 
of the antibodies compared to the preimmune-treated control; C, plasmatic and 
cytoplasmic localization of the enzymes. No labeling in the fungal wall. (Pm, 
plasmalemma; W, hyphal wall.) 
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i n the h y p h a agree w i t h the results of M u r m a n i s et al. (12). In zones of 
less advanced degradation ( F i g . 3 B ) , hyphae " i n contact" w i t h par t ia l l y 
degraded wood cell walls had no enzymes i n their own walls , but some 
glycohydrolases could be observed penetrat ing a short distance into the 
wood cell w a l l . T h e gold particles i n wood are only seen i n l ightened areas 
where wood is already degraded. Nevertheless, this was an ind i ca t i on that 
some glycohydrolases could pass through the fungal cell wal l and penetrate 
a short distance into wood cell walls . In areas of the degraded wood where 
no hyphae are vis ible i n the surroundings (pattern "at a d istance" ) , no gold 
particles were evident i n the decayed wood cell walls . T h i s suggested that 
i n this case the enzymes remain associated w i t h the hyphae (or the hypha l 
sheath) . 

"Diffusion" of Lignin-peroxidase (Ligninase). A n anti - l igninase ant iserum 
was raised i n a rabb i t using a purif ied l igninase fract ion (13). In this study, 
the gold label ing was performe
i n F igure 4, gold particles were localized in the cy top lasm, along the plas-
m a l e m m a ( F i g . 4 A ) and into the h y p h a l w a l l i n F igure 4 C . T h i s l oca l i zat ion 
of l igninase differs f rom that reported by Messner et al. (15). Some minor 
labe l ing was also present intrace l lu lar ly in some cells ( F i g . 4 A ) as described 
by G a r c i a et al. (16). Interestingly, some hyphae d id not show any affinity 
for the l igninase ant ibody ; these might correspond to those hyphae which 
d i d not secrete ligninase (14). [F ig . 4 B corresponds to a contro l , where the 
ant ibody was pre incubated w i t h the ligninase before being appl ied on the 
section.] 

In a l l cases examined , and regardless of the relative s i tuat ion of the 
h y p h a to the wood cell w a l l , no extracel lular accumulat ion of l igninase was 
detectable at the site of degradat ion. However, an oriented secretion of 
l igninase outwards , across the hyphae w a l l , was observed i n F igure 4 D . In 
this photograph the physiological state of the h y p h a could not be ascer
ta ined and i t is therefore diff icult to correlate the excretion of l igninase to 
a given state of the h y p h a . However, it could be possible that the excret ion 
of l igninase could occur i n sublethal hyphae i n which the cytoplasmic m e m 
brane could have a modif ied permeabi l i ty . In F igure 4 E , there is a burst of 
l i gn in peroxidase outside a h y p h a which is obviously dead. F r o m the above 
results, and i n agreement w i t h recent reports (15,16), i t appears that P. 
chrysosporium does not secrete the bulk of its l ignolyt ic enzymes d u r i n g 
n a t u r a l degradation of wood; this is i n contrast to its secretion i n batch 
cultures, which bears l i t t l e resemblance to the na tura l degradation of wood 
tissues. These findings, however, provide no exp lanat ion for the degrada
t i o n w h i c h takes place at some distance f rom the hyphae. If enzymes are not 
d irect ly involved i n this process, the diffusion of non-enzymatic agents, such 
as rad i ca l cations or act ivated oxygen species may be occurr ing (16,18). In 
this regard, i t is k n o w n that oxygen species produced v i a hydrogen perox
ide, e.g., the h y d r o x y l rad ica l ( * O H ) , are able to attack both the l ign in and 
polysaccharides (9,19,20). 

Action of Hydroxyl Radicals on Wood Cell Walls. In order to investigate 
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Figure 3. Labeling with anti-crude enzyme mixture. A, some labeling was observed 
on the electron-dense sheath (arrow). No post-staining. In B, some gold markers 
were localized on the outer part of the degraded S 2 layer. No labeling of the 
hyphal wall. (Pm, plasmalemma; W, hyphal wall.) 
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F i g u r e 4. L a b e l i n g w i t h anti - l igninase. 4 A : M o s t of the labe l ing was evident 
i n the p lasmat ic area and also i n the w a l l . T h e label ing is s t i l l seen on the 
empty hyphae (4A and 4 C ) . 4 B corresponds to a contro l ; the ant ibody was 
preincubated w i t h the ligninase before being appl ied on the section. 4 D : A 
group of hyphae at different physiological states. In some hyphae ligninase 
was clearly shown i n the wal l and crossing it outwards (arrows). 4 E : A n 
empty h y p h a is clearly excreting the bulk of its ligninase (arrows). ( P m = 
p lasmalemma; W = h y p h a l w a l l ; H = hypha. ) 
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the possible degradation of wood components v i a * O H , sound wood samples 
were submit ted to the act ion of Fen ton's reagent which is a good system for 
produc ing h y d r o x y l radicals . Previous results (18) showed that act ivated 
oxygen species generated i n situ created patterns of degradation h igh ly 
comparable w i t h those created by the fungus. T h i s oxidat ive act ion of the 
fungus can be v isual ized w i t h electron microscopy i n degraded wood s a m 
ples, us ing a specific method designed to detect the carbony l and carboxy l 
groups created i n decayed wood by the fungus (21). 

Fo l l owing comparison to sound wood (F igs . 5 A and 5 B ) , i t was clearly 
evident that degraded wood h a d undergone ox idat i on . T h i s ox idat ive pro 
cess could take place on b o t h polysaccharides and l i g n i n (22,23), and could 
therefore represent a general degradation mechanism of the wood cell wal l 
po lymers . 

C o n c l u s i o n 

Diffusion of enzymes f ro
hyphae behave differently depending upon their physiological state. I m -
munocytochemistry allowed the v isual izat ion of polysaccharide-degrading 
enzymes and l i g n i n peroxidases dur ing their secretion by the fungus. P e n 
etrat ion of cellulases, hemicellulases and l igninase was l imi ted and no gold 

F igure 5. C a r b o n y l group labe l ing . A p p l i c a t i o n of the T A g sequence. 5 A : 
C o n t r o l = T A g on sound wood. 5 B : si lver gra in deposits correspond to the 
carbony l groups created by the fungus. ( M L + P W = midd le lamel la + 
p r i m a r y w a l l ; S i and S2 = outer and midd le layers of the secondary w a l l , 
respectively.) 
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labeling could be seen in sound wood. This means that enzymes invaded 
the wood cell walls only in places where a predegradation had already oc
curred. The oxidative action of Fenton's reagent which could be followed by 
specific cytochemistry suggested that activated oxygen species could partic
ipate in the propagation of the degradation initiated by lignin peroxidase. 
This might be an explanation of the type of decay "at a distance." 
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Chapter 33 

Oxidation and Reduction in Lignin Biodegradation 
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Reductive activities of Phanerochaete chrysosporium 
were studied using monomeric aromatic acids, aldehydes 
and three different types of quinones as substrates. All 
of the tested substrates were rapidly reduced by ligni
nolytic cultures of P. chrysosporium. Reduction ex
periments carried out with intact fungal cells, cell ex
tracts and partially purified enzymes gave evidence for 
the presence of at least three different types of reductases: 
viz. acid, aldehyde and quinone reductases. Further, 
comparison of relative quinone reduction rates indicated 
that possibly two or three different quinone reductases 
were operating. Based on these results and an extensive 
literature survey, it is postulated that lignin degrada
tion by P. chrysosporium involves an array of oxidative 
and reductive conversions. Rapid metabolism of quinone 
type intermediates represents one possible way of shift
ing the polymerization-depolymerization equilibrium, in
duced by lignin peroxidases and phenoloxidases, towards 
degradation. Moreover, it is postulated that aldehyde 
and acid reductases play a role in the biodegradation of 
lignin by P. chrysosporium. 

L i g n i n biodégradation research has extended over several decades, but 
the progress since the late 1970's has been remarkable . T h e discovery— 
independently by the groups of K i r k (1) and G o l d (2)—of a l ign ino ly t i c 
enzyme, capable of ox id iz ing non-phenolic aromat ic compounds, can be 
considered as a breakthrough i n this area. T h e enzyme, isolated f rom l i g n i 
no lyt i c cultures of the white-rot basidiomycete Phanerochaete chrysospo
rium, was or ig inal ly described as a novel type of oxygenase. Subsequent 
research, however, showed that the enzyme should be classified as a per
oxidase (3-6). Its discovery triggered a major worldwide research effort, 

0097-6156/89/0399-0454$06.00/0 
© 1989 American Chemical Society 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



33. S C H O E M A K E R E T A L . Oxidation & Reduction 455 

resul t ing i n the formulat ion of a un i fy ing theory ra t i ona l i z ing most of the 
reactions observed i n l ign in biodégradation (7-9). 

Recent ly various review articles on l ign in biodégradation have focused 
on the l i gn in peroxidases f r om Phanerochaete chrysosporium. In those ar 
ticles the microbiology, physiology, (bio)chemistry, genetics and molecular 
biology of the system were discussed (10-12). L i g n i n biodégradation has 
been recognized as an extracel lular , m a i n l y oxidative process, character
ized by cleavage of the a r y l p r o p y l side-chains, demethoxylat ion and other 
ether bond breaking reactions, aromatic r i n g cleavage, aromat ic hydrox -
y l a t i o n and aromat ic carboxyl ic acid formation (13). W i t h the possible 
exception of the latter reaction, most reactions are adequately rat ional ized 
by a l i gn in peroxidase-induced aromatic rad ica l cat ion f o rmat ion . H o w 
ever, a corol lary of the latter process is the occurrence of phenol coupl ing 
reactions in vitro, result ing i n l i gn in peroxidase catalyzed po lymer izat ion 
of mi l l ed wood l i gn in (14). In vivo, however, l ignin is depolymerized by 
l i gn ino ly t i c cultures of P.
d i t i o n of l ign in peroxidase (15). Obvious ly , to degrade l ign in the white -rot 
fungi have some currently u n k n o w n mechanism to prevent po lymer iza t i on . 
We postulated (16) that since low molecular weight degradation products 
are rap id ly metabol ized by the fungus, this represents one mechanism to 
shift the e q u i l i b r i u m f rom spontaneous po lymer izat ion to degradat ion. In 
this paper , we propose that i n add i t i on to aromat ic ring-cleaved products , 
quinones and hydroquinones are obvious candidates to funct ion as those 
low molecular weight compounds . In this regard, Er iksson and coworkers 
(17,18) suggested that quinone reduct ion was an essential step. In recent 
reviews hard ly any attent ion was given to the fact that the l ign ino lyt i c 
system of P. chrysosporium possessed a strong reduc ing act iv i ty . H o w 
ever, as pointed out by Er iksson (19) and C h e n and C h a n g (20), l ign in 
biodégradation by white-rot fungi is a combinat ion of an array of ox idat ive 
and reductive reactions, rather than oxidative reactions alone. However, 
the nature and the role of this reducing ac t iv i ty is not clear at present. 
In add i t i on to the quinone reductase system, this reducing ac t iv i ty is also 
manifested in the conversion of aromatic aldehydes and carboxyl i c acids to 
the corresponding benzyl ic alcohols. 

Fo l l owing a brief l i terature survey of some noteworthy (reductive) con
versions of l ign in model compounds by P. chrysosporium, i n c lud ing our 
own results on the metabo l i sm of veratryl alcohol , we w i l l focus on the 
different reducing properties of P. chrysosporium. O u r pre l iminary results 
have led us to formulate a hypothet i ca l scheme for l i g n i n biodégradation 
based on both oxidative and reductive conversions, where the p ivo ta l role 
of aromat i c r i n g opened products and quinones /hydroquinones as l ign in 
metabol ites is discussed. 

L i t e r a t u r e Survey 

Reduction. T h e reductive capacity of P. chrysosporium has been known 
for a long t ime. For example, veratraldehyde, veratr ic ac id , v a n i l l i n , v a n i l 
l ic ac id and analogous structures were converted into the corresponding 
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benzyl i c alcohols (21,22). A l s o the i n i t i a l products (most ly veratraldehyde 
analogs) i n C a - C / ? cleavage studies on l ign in models w i t h P. chrysosporium 
are reduced to the corresponding alcohols(23). 

A d d i t i o n a l l y , studies by Er iksson and coworkers (17,18) showed that 
quinones produced were rap id ly reduced to the corresponding hydro -
quinones and then further degraded. 

Var ious authors have also described the reduct ion of d imeric l i gn in 
model structures ; bo th aromat ic aldehydes and aromat ic acids were reduced 
by l ign ino ly t i c cultures of P. chrysosporium, as shown by the reduct ion of 
the /? -0-4 model 1 (ac id , lacking the C 7 - s u b s t i t u e n t ) to the corresponding 
alcohol 2 (24) and the phenyl coumaran models 3 (acid) and 4 (aldehyde) 
to the corresponding alcohol 5 (25). 

Oxidation. M o s t of the ox idat ive reactions observed i n l ign in biodégrada
t ion can be rat ional ized by one-electron oxidat ions of phenols (e.g., w i t h lac 
case or peroxidase) to y i e l
peroxidase to y ie ld rad i ca l cat ionic intermediates. A s a consequence of 
these one-electron oxidat ions , phenolic l ign in and l ign in models frequently 
undergo C a - a r e n e cleavage resul t ing in qu inone /hydroquinone format ion 
(26). S u p p o r t i n g evidence for the rad ica l cat ion mechanism was obta ined 
for C a - C / ? cleavage, demethoxylat ion and other ether b o n d breaking reac
t ions, aromatic hydroxy la t i on , aromat ic r ing cleavage, benzyl ic ox ida t i on , 
hydroxy la t i on of benzyl ic methylene groups, styrene hydroxy la t i on , specific 
oxygen incorporat ion , phenol coupl ing , etc. (7-12). So far, aromat ic car
boxy l i c ac id f ormat ion , a rather characteristic reaction i n l ign in biodégra
dat i on (20,27), has not been demonstrated for l ign in peroxidase catalyzed 
reactions. However, aromat ic carboxyl i c acids were observed in h e m i n -
catalyzed ox idat ion of l ign in models (28). Recently, we obtained evidence 
for aromat ic carboxyl i c ester formation i n the l i gn in peroxidase catalyzed 
ox idat ion of the m e t h y l ether of veratry l a lcohol . T h e ester f ormat ion was 
more pronounced at higher (4-5) pH-values (Schmidt et ai, Biochemistry, 
i n press). H i g u c h i and coworkers (27) have also shown that i n l ign ino ly t i c 
cultures of P. chrysosporium d imeric l ignin models of the /J -O-4 and phenyl 
coumaran type w i t h a l l y l a lcohol side-chains (see structures 1 respectively 
3, X = C H = C H - C H 2 0 H ) were converted to carboxyl i c acids; due to the 
reducing capacity of P. chrysosporium, alcohols and aldehydes were also 
obta ined . 

Quinone/Hydroquinone Formation. In studies on biodégradation of l ignin 
models w i t h l ign ino lyt i c cultures of P. chrysosporium (and other fungi ) , 
a number of quinones and hydroquinones were isolated. In other studies 
their f o rmat ion has been impl ied from the isolation of their s t r u c t u r a l coun
terparts (29,30), where rap id fungal degradation of the quinones prevented 
their i so lat ion . Var ious routes to these metabol ic intermediates exist , which 
have been extensively reviewed (26,27). 

For the present discussion, a number of these conversions are of rele
vance. Pheno l i c d imeric model compounds of the / ? - l , β-Ο-4 and phenyl 
coumaran type are degraded v i a Ca -arene cleavage y ie ld ing methoxy -
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subst i tuted quinones /hydroquinones . T h e monomeric l i gn in models van 
i l l i n , vani l l i c ac id and v a n i l l y l alcohol (22) and i sovani l ly l a lcohol (16) were 
shown to be oxidized to methoxy-quinones /hydroquinones . More recently, 
i t was shown that veratric ac id , veratraldehyde and vera t ry l alcohol were 
degraded v i a quinone intermediates (15,31), w i t h the aldehyde (15) and the 
ac id (21) being first reduced to vera t ry l a lcohol . 

Degradation of Non-Phenolic Lignin Models with a Cct-Carbonyl Sub
stituent. L i g n i n peroxidase w i l l oxidize a wide variety of l ignin models. 
However, non-phenolic aromatic rings containing C a - c a r b o n y l groups are 
not substrates for this enzyme; e.g., veratraldehyde and the β-0-Α d imer ic 
model 6 a are not substrates (32) and no cleavage of the B - r i n g i n the latter 
compound occurs. 

However, studies (33) w i t h the analogous structure 7 a , us ing l i g n i 
no ly t i c cultures of P. chrysosporium as before, resulted i n degradation 
products derived f rom ox idat io
et al. (33) have suggested that the formyl substituent is first converted to 
a less e lec tron-withdrawing group. Reduct i on to the alcohol or ox idat ion 
to the ac id are two obvious possibi l it ies. K a w a i et ai (34) studied the 
l ign in peroxidase catalyzed ox idat ion of the related d imeric acid 8 which 
contained an ex t ra methoxy-subst i tuent in the B - r i n g and found ox idat ion 
to the quinone-hemi-ketal 9. 

E n o k i and G o l d (35) studied the degradation of a β-l model w i t h a 
C/? -hydroxy subst i tuent . One of the products was the ketol 10 . E n o k i 
and G o l d have postulated that 10 was further degraded to an isy l alcohol 
v i a reduct ion to the g lyco l 1 1 , one-electron ox idat ion and Ca-C β cleavage 
followed by reduct ion of the i n i t i a l l y formed anisaldehyde to the observed 
product an isy l a lcohol . However, this view was countered again by K i r k 
and Nakatsubo (23). T h i s reaction merits further invest igat ion. 

In our studies on the l i gn in peroxidase catalyzed ox idat ion of vera
traldehyde and veratr ic ac id no degradation was observed under the reac
t ion condit ions used. However, l i gn ino lyt i c cultures of P. chrysosporium 
degraded veratraldehyde and veratric acid v i a reduct ion to veratry l alcohol 
(15,21). In F igure 1 the isolated reaction products of the veratry l alcohol 
ox idat ion are depicted. 

A i m of the Present Investigation 

L i g n i n peroxidases, Mn(II ) -dependent peroxidases and other act ive 
oxygen species w i l l catalyze the oxidat ive depo lymer izat ion of l i gn in re
su l t ing i n the format ion of ring-opened products and s m a l l aromatic frag
ments. T h e latter fragments can polymerize again under those condit ions . 
We propose that rap id metabo l i sm of the s m a l l degradation products is one 
of the mechanisms by which the depo lymer izat ion-repo lymer izat ion equi 
l i b r i u m can be shifted towards degradation. Ev ident ly , further metabo l i sm 
of the r ing-opened products constitutes a major degradation pathway. In 
this paper, however, we w i l l focus on the metabo l i sm of the aromat i c 
fragments. We propose that these aromat ic compounds are degraded v i a 
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quinone /hydroquinone type intermediates. We also propose that reductive 
enzymes are involved i n the degradation of the quinone type structures . In 
a d d i t i o n , we wish to propose that aromat ic aldehyde reductases and aro
mat i c ac id reductases play a role also. T h e p a r t i a l pur i f i cat ion of these 
reductive enzymes is described and their relevance to the l i gn in biodégra
dat ion process is discussed. 

M a t e r i a l s a n d M e t h o d s 

Cell Growth. M y c e l i a l pellets of P. chrysosponum ( A T C C 24725) were 
produced under nitrogen l imi ted culture condit ions at 37°C using a spore 
i n o c u l u m (36). T h e pellets were grown for 72 hr at 150 r p m after w h i c h they 
were concentrated fourfold by decanting excess m e d i u m . T h e y were used 
for reduct ion experiments after a 24 hr act ivat ion per iod (37°C, 50 r p m , 
under 100% O 2 atmosphere). 

Reduction Experiments. T h
50 m l of act ivated pellets. T h e cultures were agitated at 50 r p m and 37°C. 
Quinones were added at a concentration of 0.2 m M . Samples of the super
natant were taken at defined intervals and their absorpt ion measured at 
288 n m and 360 n m on a P e r k i n - E l m e r 557 Photospectrometer . 

H i g h pressure l i q u i d chromatography ( H P L C ) was used for the q u a n 
t i tat ive measurement of quinones and hydroquinones i n the cultures . 20 μ\ 
of supernatant were injected i n a M e r c k - H i t a c h i H P L C system 655A-12 
equipped w i t h a 4.6 x 250 m m Nucleos i l C 1 8 co lumn (5 μπι, R P 18). T h e 
system was run at a flow rate of 1 m l m i n " 1 w i t h a methano l /water g r a d i 
ent (10 to 2 0 % methanol i n 15 m i n , then 20 to 100% methanol in 5 m i n ) . 
T h e U V detector was operated at 281 n m or 275 n m to follow the reduct ion 
of quinones 13 and 14, respectively (37). 

Cell Disruption. F u n g a l pellets f rom 5-6 d o l d , N - l i m i t e d cultures were 
washed 3 times w i t h 20 m M T r i s / H C l buffer, p H 7.4, conta in ing 2 0 % glyc 
erol a n d 1 m M E D T A and cooled on ice. 75 m l of wet pellets (equals the 
amount f rom two agitated flasks) and 125 m l glass beads (0.4 m m d iame
ter; cooled to —18°C) were poured into the 150 m l glass vessel of D y n o m i l l . 
B r e a k i n g of the cells was carried out at + 1 ° C for 75 s at 2000 r p m . T h e 
glass beads were removed by filtration through a coarse sintered glass fil
ter and washed twice w i t h 50 m l of the T r i s buffer. C e l l fragments were 
removed by centrifugation at 30,000 g for 30 m i n . 

Partial Purification of the Reductases. 4 M C a C b was added to the crude 
extract to give a concentration of 16 m M . Af ter m i x i n g for 10 m i n the so
l u t i o n was centrifuged at 30,000 g for 30 m i n . T h e sediment was discarded. 
T o the supernatant 4 M a m m o n i u m sulfate was slowly added to give a final 
sa turat i on of 4 0 % . A f ter centri fugation at 30,000 g for 30 m i n , 4 M a m m o 
n i u m sulfate was added to the supernatant to a saturat ion of 5 5 % . T h e 
sediment obtained by centri fugation at 30,000 g for 30 m i n was dissolved 
in 20 m l of 20 m M T r i s / H C l buffer w i t h 2 0 % glycerol and 1 m M E D T A , 
p H 7.4 and dialysed over night against 2 1 of this buffer. 
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Reductase Activity Measurement. Reductase ac t iv i ty was measured by the 
reduct ion of 200 μ Μ veratraldehyde to vera t ry l alcohol i n the presence 
of 250 μΜ N A D P H . T h e reaction was carried out i n 20 m M T r i s buffer 
p H 7.4 ( op t imal p H = 6) w i t h 2 0 % glycerol and 1 m M E D T A . T h e decrease 
i n absorbance of N A D P H at 365 n m was measured. N A D P H was slowly 
oxidized in those mixtures which were not purif ied by ion exchange even 
i n the absence of veratraldehyde. T h i s unspecific reaction was considered 
i n the ca lculat ion of the reductase act iv i ty . One uni t of reductase reduced 
1 μτηοΐ m i n - 1 of veratraldehyde to veratry l alcohol at r o o m temperature 
(25°C) . 

Reduc t i on of the quinones was measured i n the same way as that of 
veratraldehyde, at 365 n m . Substrate concentration was also 200 μ Μ and 
the concentrat ion of N A D P H or N A D H was 250 μΜ. 

In some of the reductions of veratr ic ac id or vani l l i c ac id 250 μΜ A T P 
was added to the reaction m i x t u r e . 

R e s u l t s 

Prev ious ly , the quant i tat ive reduct ion of veratraldehyde and veratr ic ac id 
to veratry l alcohol by active l ign ino lyt i c cultures of P. chrysosporium had 
been described by Le iso la and Fiechter (21). 

It has now been found that the quinones 1 3 , 14 and 15 f rom the 
aerobic ox idat ion of veratry l alcohol by l ign in peroxidase were also reduced 
by fungal m y c e l i u m to y i e ld the corresponding hydroquinones. For quinone 
14 this reduct ion had already been reported by B uswe l l et al. (17) i n a 
s tudy o f vani l l i c ac id metabo l i sm. 

T h e reduct ion of quinones 13 and 14 by intact cells of P. chrysospo
rium is shown i n F igure 2. T h e concentrations of the quinones and hy 
droquinones were calculated f rom H P L C d a t a and corrected for their spe
cific absorbance at given wavelengths. Peaks were identif ied by comparison 
w i t h retention times and U V spectra of reference compounds (37, see also 
M a t e r i a l s and M e t h o d s section). F igure 3 shows the change of absorp
t i on at 288 n m and 360 n m in culture supernatant d u r i n g the reduct ion 
of quinone 1 3 . T h i s quinone had an absorbance m a x i m u m at 360 n m 
whi le the hydroquinone 1 3 a had one at 288 n m . Quinone 15 was also re
duced by whole cells as indicated by the change of absorpt ion i n culture 
supernatant (data not shown). However, the result ing hydroquinone was 
not detected by H P L C probably because i t was autoxidized rapidly . S t i l l , 
quinone 15 was metabolised by P. chrysosporium as can be seen in F i g 
ure 2. T h e rate of quinone reduct ion by the cells was highest jus t after 
add i t i on of the compounds to the cultures. Hydroquinone format ion was 
not quant i tat ive ( F i g . 2). Intracel lular degradation of the hydroquinones 
is a possible exp lanat ion for this observation (18). F r o m the d a t a in T a 
ble I i t can be concluded that the aldehyde-reducing enzyme (which has 
an absolute requirement for N A D P H ) differs f rom the acid reductase (no 
acid reductase present i n the crude extracts) and the quinone reductases 
(both N A D H and N A D P H can be used as co-substrates at s imi lar rates). 
Moreover , the d a t a also indicated that more than one quinone reductase 
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Time (h) 

Figure 2. Relat ive concentrations of quinones 13 (·), 14 (A), and 15 (*) 
and hydroquinones 13a (o) and 14a ( Δ ) vs. t ime after add i t i on of quinones 
to l i gn ino ly t i c cultures of P. chrysosporium. 

Ε 

Time (h) 

Figure 3. Relat ive absorbance of culture supernatant at 360 n m ( · ) and 
288 n m (o) vs. t ime after add i t i on of quinone 13 to l ign ino ly t i c cultures of 
P. chrysosporium. 
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was operat ing , as judged f rom differences i n relative rates of quinone re
duct ion for the different preparations. T h e rat io of the reduct ion rates for 
quinone 14 /quinone 15 was 0.75 in both the crude extract and the 5 0 % 
sediment f ract ion . In contrast , the rat io o f the reduct ion rates for quinone 
13 /quinone 14 was approx imate ly 1.0 in the crude extract and 0.27 i n the 
d ia lyzed 5 0 % sediment fract ion, ind i ca t ing that quinone 13 reductase differs 
f rom b o t h quinone 14 reductase and f rom quinone 15 reductase. Quinone 
14 reductase also appears to be different f rom quinone 15 reductase, as 
can be inferred f rom i n h i b i t i o n studies w i t h 1 m M of D T T (d i th io thre i to l ) . 
D T T completely inh ib i t ed the reduct ion of quinone 13 and quinone 14, 
but D T T d i d not i n h i b i t the reduction of veratraldehyde and quinone 15. 
Research is i n progress to pur i fy and characterize the reductive enzyme 
systems mentioned above. 

Tab le I. Re lat ive reduct io  (ΔΕ365
quinones 13-15 b
rium 

C o m p o u n d Δ Ε 3 6 5 m i n 1 

Cofactor -
Dependence 

crude extract veratraldehyde 12 1.0 N A D P H 
quinone 13 4.4 N A D ( P ) H 
quinone 14 4.5 N A D ( P ) H 
quinone 15 6.0 N A D ( P ) H 
veratr ic a c i d 1 0.0 
vani l l i c a c i d 1 0.0 

C a C l 2 - veratraldehyde 12 1.0 
supernatant quinone 14 5.0 
50%-sediment veratraldehyde 12 1.0 
(dialyzed) quinone 13 0.4 

quinone 14 1.5 
quinone 15 2.0 

1 W i t h added A T P . 

Discussion 

Metabolism of Monomeric Lignin Models. Le iso la and coworkers (31,37) 
have reported on the products of the l ign in peroxidase catalyzed ox idat ion 
of vera t ry l alcohol . Veratraldehyde was the major product (> 7 0 % y ie ld ) , 
together w i t h a number of minor products , the quinones 13 and 14 and the 
r ingopened lactones 16 and 17. In add i t i on , S h i m a d a et ai (38,39) showed 
that the 6-lactone 18 was also formed. Recently we obtained evidence 
that the ortho-quinone 15 and the ^-lactone 19 were also products of the 
l i gn in peroxidase catalyzed ox idat ion of veratry l alcohol (Schmidt et al, 
Biochemistry, i n press). Mechanisms for the format ion of those compounds 
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have been discussed (16,31,38,39), a l though the reaction mechanisms for 
quinone formation require further invest igation. 

Le iso la et al. (15) have studied the metabo l i sm of vera t ry l alcohol 
by l ign ino ly t i c cultures of P. chrysosporium. F r o m studies w i t h 1 4 C r i n g 
labeled compounds, the metabol ic scheme depicted i n F igure 4 was postu
lated . 

In this scheme verat ry l alcohol was viewed to be metabol ized by the 
combined act ion of oxidative systems (the l i g n i n peroxidase and possi 
b ly other active oxygen species) and reductive conversions (aldehyde and 
quinone reductions) . A possible route v i a veratr ic ac id was discounted be
cause bo th veratraldehyde and veratric acid were not substrates for the 
l i gn in peroxidase under the condi t ion studied . However, b o t h veratralde
hyde and veratric ac id were rap id ly and quant i tat ive ly reduced by l i g n i 
no ly t i c cultures of P. chrysosporium (21). 

Veratraldehyde was reduced by a N A D P H dependent oxidoreductase, 
wh i ch most probably wa
cohol (40), a secondary metabol i te of P. chrysosporium. T h e 1 4 C labeled 
quinones 13 and 14 , prepared by l ign in peroxidase catalyzed ox idat ion 
of [ 1 4C] veratry l a lcohol , were also metabol ized by l ign ino ly t i c cultures 
of P. chrysosporium (15). Er iksson and coworkers (17,18,22) studied the 
metabo l i sm of r ing labeled quinone 14 , derived f rom i 4 C ring- labeled v a n i l 
l ic a c id . F r o m their work i t could be inferred that quinone reductases played 
an i m p o r t a n t role. In add i t i on , the data in Figures 2 and 3 indicate that the 
hydroquinones are further metabol ized by the fungus. T h e present s tudy 
indicated that the quinones obtained f rom l i gn in peroxidase catalyzed ox
ida t i on of vera t ry l alcohol indeed were first reduced to the corresponding 
hydroquinones. Note also that these quinone reductions can occur both 
extrace l lu lar ly and intracel lular ly . T h e extracel lular cellobiose-quinone ox
idoreductase (41) was only involved i f cellulose is present i n the cultures. 
Quinone reduct ion appears to be main ly an intracel lu lar process, invo lv ing 
a number of different enzymes which used N A D P H or N A D H as cosub-
strates. In add i t i o n to the quinone reductase observed by Buswe l l et al. 
(17) i n the study of vani l l i c ac id metabo l i sm, at least one and possibly two 
other quinone reductases w i t h different cata lyt i c properties were present. 

Metabolism of Lignin. H o w can we relate the already complex results ob
tained i n degradation studies of s imple monomeric l i gn in models l ike ver
a t r y l alcohol , veratr ic ac id , vani l l i c ac id , quinones, etc., to the studies on 
the metabo l i sm of the l i gn in po lymer? A s pointed out by K i r k (42), few 
monomeric compounds have been studied in detai l because of the uncer
ta inty of their relevance to l ign in polymer degradation. O f these monomers, 
vani l l i c ac id has been the best studied since i t is a well known degradation 
product o f fungal degraded wood. V e r a t r y l alcohol is also being act ively 
studied since i t is a secondary metabol i te of P. chrysosporium, and its role 
i n l i gn in biodégradation is under active invest igat ion. T h e degradation of 
v e r a t r y l alcohol seems to involve both oxidative and reductive conversions 
and metabo l i sm v i a r ing opened and quinone type structures (15). We be
lieve that this metabol ic pathway can serve in part as a model for l ignin 
biodégradation. 
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Evident ly , further metabo l i sm of r ing opened products (43-45) const i 
tutes a major metabol ic pathway for the degradation of the l ign in po lymer . 
In a d d i t i o n , we wish to postulate a pathway for the metabo l i sm of sma l l 
aromat ic fragments, wh i ch are prone to undergo po lymer izat i on reactions 
under the oxidative condit ions of the biodégradation process. We propose 
that r a p i d fungal metabo l i sm of quinone /hydroquinone intermediates w i l l 
shift the depolymerizat ion-repo lymerizat ion e q u i l i b r i u m mentioned above 
towards degradation. T h i s hypothesis is i n part based on the fact that 
i n numerous studies (17-19,22,29,30) on the enzymat ic ox idat ion and the 
biodégradation of a wide variety of l ign in model compounds quinones and 
hydroquinones were produced, or their f ormat ion was impl ied f rom the iso
la t i on of s t ruc tura l counterparts. Moreover, we wish to postulate that in 
the formation and the degradation of the quinones /hydroquinones both 
oxidative and reductive conversions play an impor tant role. 

In the l i gn in degradation scheme depicted in F igure 5 i t is proposed 
that l ign in peroxidase catalyze
l ign in polymer . T h e n the quinones /hydroquinones formed, both as the re
sult of C a - a r e n e cleavage in the ox idat ion of phenolic l ign in substructures 
by phenoloxidases (laccases, Mn(II ) -dependent peroxidases), and l ign in per
oxidase catalyzed ox idat ion of non-phenolic l i gn in substructures, w i l l be 
metabol ized v i a the reductive system described. 

A l s o depicted i n F igure 5 are the aromat ic r ing cleavage pathway and 
the degradation of C i , C2 and C 3 fragments derived f rom the phenylpropane 
side chain of the l ign in b u i l d i n g blocks. 

In the depolymerizat ion process, however, a compl icat ion can arise. 
L i g n i n peroxidase catalyzed ox idat ion w i l l result in the format ion of C a -
carbonyl compounds (e.g., upon C a - C / ? cleavage or C a - o x i d a t i o n ) . If these 
degradation products are phenolics, they w i l l be further degraded v i a the 
pathways discussed above. However, i f these compounds are non-phenolics 
in which a l l of the aromatic rings have a C a - c a r b o n y l substituent (most 
probably, these compounds w i l l be either monomeric or d imer ic , see for an 
example compound 6a) they are not substrates for the l i gn in peroxidase. 
However, we postulate that P. chrysosponum uses its reductive system to 
convert these monomeric or dimeric substructures to the corresponding ben
zy l i c alcohols, which again are substrates for l ignin peroxidase. In fact, both 
reduction of monomeric and of d imeric l i gn in substructures have been de
scribed (17,18,21-25,37). Subsequently, enzymat ic ox idat ion either results 
i n r i n g opening or quinone /hydroquinone formation and further metabo l i sm 
of the products as discussed above. 

It should be noted that i f the non-phenolic C a - c a r b o n y l compound 
contains an aromatic r ing wi thout C a - c a r b o n y l group (i.e., the s tructure 
should contain at least two aromatic rings) , then the compound w i l l be 
a substrate for l ign in peroxidase and w i l l be degraded according to the 
mechanisms discussed above. Degradat ion of this type of compounds can 
result, for example , i n the format ion of vani l l in and vani l l ic acid derivatives 
(see compounds 7 a and 8) . A s has been shown by Er iksson and coworkers 
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(17-19), these structures are degraded via quinone/hydroquinone interme
diates. 

Thus, by a combination of oxidation by lignin peroxidases, Mn(II)-
dependent peroxidases and other active oxygen species and reductions of 
some aromatic aldehydes, acids and ketones to the corresponding benzylic 
alcohols, all aromatic rings in the lignin polymer can be either converted to 
ring opened products or to quinones/hydroquinones. These products are 
then further metabolized to CO2 by a currently unknown mechanism. 

Conclusion 

In conclusion, we believe that lignin biodégradation by P. chrysosporium 
involves a combination of both oxidative and reductive conversions. Oxida
tive attack on the polymer is the predominant reaction. We postulate that 
rapid metabolism of ring d product d quinone/hydroquinon
intermediates is one possibl
depolymerization equilibrium towards degradation. Reduction of the 
quinones to the hydroquinones appears to be the first step in this process. 
In addition, depending on specific conditions, the fungus can use the re
duction of aromatic ketone, formyl and carboxyl groups in order to convert 
certain low molecular weight intermediates to compounds that are better 
substrates for the lignin peroxidase. Subsequent oxidation and degradation 
again can involve ring cleaved and quinone type intermediates. However, 
since this type of reduction has to be invoked only in the metabolism of non-
phenolic compounds in which all aromatic rings have a Ca-carbonyl sub
stituent (most probably, monomeric and dimeric structures), its relevance 
to the overall process of lignin biodégradation has yet to be established. In 
this context also the relevance of reductive conversions in the metabolism 
of vanillin and vanillic acid requires further investigation. This working hy
pothesis now serves as the basis for future research. An important aspect to 
determine is what type of culture conditions influence the reductive system 
of P. chrysosporium. Is rapid metabolism of quinone type intermediates 
the only mechanism to prevent repolymerization, or do other factors play 
a role also? It has been suggested that binding of lignin fragments to the 
fungal mycelium is an important factor in lignin biodégradation (46,47). 
Additionally, are acids formed as intermediates on the metabolic pathway, 
or do they accumulate because their degradation is a relatively difficult pro
cess? In conjunction with this, the transport-mechanism of low molecular 
weight fragments through the cell membrane should be investigated. 

In our opinion, the answers to these and related questions will help 
us in understanding the complicated mechanism of lignin biodégradation. 
Research is in progress in our laboratories which addresses those topics. 
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Chapter 34 

Oxidative Enzymes from the Lignin-Degrading 
Fungus Pleurotus sajor-caju 

Robert Bourbonnais and Michael G. Paice 

Pulp and Paper Research Institute of Canada, 570 St. John's Boulevard, 
Pointe Claire, Quebec H9R 3J9, Canada 

Two extracellula
role in lignin depolymerisation, laccase (polyphenol oxi
dase) and veratryl alcohol oxidase (VAO), were isolated 
from ligninolytic cultures of Pleurotus sajor-caju. The 
enzymes were produced in agitated, mycological broth 
cultures and were isolated after 12 days from super
natants by precipitation and chromatography. Two pu
rified VAO enzymes had very similar physical and bio
chemical properties. They oxidised a variety of aromatic 
primary alcohols to aldehydes with reduction of oxygen 
to hydrogen peroxide. Sequential treatment of the lac
case substrate ABTS with laccase and then VAO and ve
ratryl alcohol produced first appearance and then disap
pearance of characteristic colors. A reduction-oxidation 
cycle is proposed for the two enzymes in depolymerisa
tion of phenolic substructures of lignin. 

W h i t e - r o t fungi play a key role i n biodégradation of woody mater ia ls . T h e y 
are often the i n i t i a l colonizers, and are probably the on ly microorganisms 
that extensively degrade l i gn in (1). T h e mechanism of l i g n i n catabo l i sm 
by Phanerochaete chrysosporium has been studied intensively, and a pic 
ture is now emerging of the enzymology involved. L i g n i n peroxidase, first 
recognized i n 1983 (2,3), abstracts an electron from l i g n i n substructures 
and subsequent free-radical transformations result in Co>C/?, /?-ether and 
aromat ic r ing cleavage (4,5). T h e reactions which are dependent on h y 
drogen peroxide can consume oxygen by add i t i on of molecular oxygen to 
rad i ca l intermediates (6). Manganese peroxidase (7,8) is also produced by 
P. chrysosporium and abstracts electrons from l ignin substructures w i t h 
lower redox potentials such as phenolic uni ts . T h e enzyme direct ly o x i 
dised Μη II to Μη III as the i n i t i a l step i n l i gn in at tack . Other enzymes 
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impl i cated i n l ign in catabol ism by P. chrysosporium are glucose oxidase 
(9,10) and g lyoxal oxidase (11) for hydrogen peroxide product ion , and cel
lobiose quinone oxidoreductase (12) for quinone reduct ion. Since l ignins 
can be both depolymerized and polymerized by l ign in peroxidase (2,13), 
other enzymes are probably required for catabol ism in vivo. 

T h e question arises as to whether other white-rot fungi employ the 
same catabol ic pathways as P. chrysosporium. A l s o , l i gn in degradation by 
P. chrysosporium occurs on ly d u r i n g secondary metabo l i sm, and employs 
vera t ry l alcohol , wh i ch is synthesized de novo by the fungus, as a mediator 
(14) or enzyme inducer (15). A r e these condit ions required by other fungi? 
It now appears that l ign in peroxidase is produced by Coriolus versicolor 
(16) and perhaps by Pleurotus ostreatus (17). However these two whi te -
rot fungi produce laccase isoenzymes which , l ike manganese peroxidase, 
can abstract electrons f rom phenolic substructures of l i g n i n . T h u s there 
appears to be no obvious requirement for manganese peroxidase i n these 
fungi . In add i t i on , i t appear
d u r i n g p r i m a r y metabo l i sm, i.e. i n a h igh nitrogen m e d i u m (18), a l though 
this has been disputed (19). 

Pleurotus sajor-caju differs f rom P. ostreatus i n not requir ing co ld -
shock for fruct i f icat ion (20). P. sajor-caju selectively degrades l i gn in i n 
wheat-straw under certain conditions (21,22), but this select ivity is lost 
when f ru i t ing bodies f o rm (23). C h l o r o l i g n i n can be metabol ised by P. 
sajor-caju (24). Waldner et al. (17) observed ox idat ion of vera t ry l a lcohol 
to veratraldehyde by P. ostreatus. We have recently reported the discovery 
of a veratry l alcohol oxidase f rom P. sajor-caju (25). We now propose a 
role for the enzyme, i n combinat ion w i t h laccase, in the depo lymerizat ion 
of phenolic moieties o f l i gn in . 

E x p e r i m e n t a l 

Enzyme Production and Isolation. T h e product ion and iso lat ion of v e r a t r y l 
alcohol oxidase ( V A O ) was described earlier (25). Laccase produced f rom 
the same 12-day culture (8 litres) was isolated f rom the supernatant by pre
c ip i ta t i on at 0°C w i t h a m m o n i u m sulfate (80% saturat ion) . T h e precipitate 
was suspended i n 0.05 M N a acetate buffer, p H 5.0 and dialysed overnight 
against 4 l itres of buffer. T h e soluble mater ia l was concentrated by u l t r a 
filtration ( A m i c o n P M 1 0 ) to about 60 m L and appl ied to a D E A E - B i o - g e l 
A co lumn (2.5 c m χ 35 cm) . T h e co lumn was washed w i t h 20 m L of the 
same buffer, then eluted w i t h a l inear gradient f rom 0 to 0.6 M N a C l ( to ta l 
volume 550 m L ) . Fractions were monitored for V A O and laccase ac t iv i ty as 
described below. 

Enzyme Assays. Laccase ac t iv i ty was determined by ox idat ion of 2,2-
azinobis-(3-ethylbenzthiazoline-6-sulfonate) ( A B T S ) . T h e reaction of su i t 
ably d i luted enzyme was determined at 420 n m i n the presence of 0.03% 
A B T S and 100 m M sod ium acetate buffer, p H 5.0. T h e ext inc t ion coeffi
cient o f A B T S is ε 4 2 ο = 3.6 χ 10 4 M " 1 c m ' 1 (26). 

V A O act iv i ty was measured w i t h a mix ture of 1 m M veratry l alcohol , 
250 m M sod ium tartrate buffer, p H 5.0 and enzyme. O x i d a t i o n to vera-
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traldehyde was determined at 310 n m (£310 = 9300 M " 1 c m - 1 ) . L i g n i n 
peroxidase was measured by vera t ry l alcohol ox idat ion at p H 3.0 i n the 
presence of 0.4 m M H2O2 (2). A l l enzyme units are / /mole of product 
f o r m e d / m i n . 

T h e combined effect of laccase and V A O on A B T S was determined 
as follows. T h e reagent (0.03%) was oxidised w i t h purif ied laccase f rom 
P. sajor-caju (0.004 U / m L ) . A f ter the appearance of the green ( A B T S + e ) 
colour, V A O (0.07 U / m L ) and veratry l alcohol (1 m M ) was added a n d the 
decrease i n colour was observed visual ly . 

Oxygen uptake dur ing substrate ox idat ion was measured w i t h a C l a r k 
oxygen electrode ( R a n k Brothers , Cambr idge , U . K . ) at r oom temperature 
w i t h 1 m M substrate i n 0.25 m M s o d i u m tartrate buffer, p H 3.0 (3 m L ) . 
Rates are expressed relative to veratry l alcohol ox idat i on . 

Results a n d Discussion 

Enzyme Production. P. sajor-caju,
under aerated, agitated condit ions, was able to mineral ize par t ia l ly 1 4 C -
D H P l i gn in , as shown i n F igure 1 (25). 

L i g n i n peroxidase act iv i ty , (i.e., peroxide-dependent ox idat ion of ve
r a t r y l alcohol at p H 3) was not detected over the 30 days tested, whi le 
laccase appeared at day 7. C u l t u r e m e d i u m from day 7 onwards could 
also oxidize vera t ry l alcohol to aldehyde w i t h concomitant conversion of 
oxygen to hydrogen peroxide. T h i s act iv i ty , which was o p t i m a l at p H 5.0, 
was named veratry l alcohol oxidase ( V A O ) . T h e extracel lular oxidat ive en
zyme act ivit ies (laccase and veratry l alcohol oxidase) could be separated 
by ion-exchange chromatography (Figure 2). Further chromatography of 
the coincident laccase and veratry l alcohol oxidase (peak 2), as described 
elsewhere (25) resulted i n the separation of two veratry l alcohol oxidases 
f rom the laccase. 

Enzyme Properties. T h e two isolated veratry l alcohol oxidases had very 
s imi lar properties (Table I) . T h e difference in isoelectric points might be 
accounted for by aspartate content; a l l other amino ac id contents except 
glycine were the same w i t h i n exper imental error (5%). T h e specific a c t i v i 
ties (veratry l alcohol as substrate) were signif icantly different, but b o t h en
zymes contained a flavin prosthetic group (25) and converted one molecule 
of oxygen to one molecule of hydrogen peroxide dur ing alcohol ox idat i on . 

Table I. C o m p a r i s o n of V A O I and II ( D a t a summarized f rom ref. 25) 

V A O I V A O II 

Molecu lar weight 
Isoelectric point 
G lycosy la ted 
A s p / m o l e 
G l y / m o l e 
Specific act iv i ty , I U / m g 

71,000 
3.8 
yes 
83 
77 
35 

71,000 
4.0 
yes 
92 
66 
31 
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0 5 10 15 20 25 30 

Time, days 

Figure 1. T i m e course of of l ign ino lyt i c ac t iv i ty (conversion of r ing- label led 
1 4 C - D H P to 1 4 CC>2), biomass concentration, V A O a c t i v i t y and laccase ac
t i v i t y dur ing growth of Pleurotus sajor-caju i n agitated mycological b ro th 
cultures. (Reproduced w i t h permission f rom Ref. 25, © 1988, B i o c h e m i c a l 
Society) . 
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Fraction no. 

Figure 2. E l u t i o n profile of P . sajor-caju supernatant f r om D E A E - B i o - g e l 
c o lumn , showing resolution of laccase and V A O peaks of act iv i ty . 
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p-Methoxybenzyl alcohol was oxidised fastest of the substrates tested. 
Some relative rates of oxidation, measured as oxygen consumption, are 
shown in Figures 3 and 4. Methoxy substituted benzyl alcohols showed 
wide variations in their relative rates of oxidation (Figure 3) which are 
not easily explained by electron availability. Para-hydroxyl substitution 
severely inhibited oxidation (Figure 4), even in α, β unsubstituted aryl al
cohols. Lignin model dimers, both phenolic and non-phenolic, and kraft 
lignin were not oxidised to any detectable extent. 

The enzyme properties reported above are similar to those of an aro
matic alcohol oxidase from Polystictus versicolor (27). However, the latter 
enzyme had a different substrate specificity and the cultures did not pro
duce laccase. 

Possible Role in Lignin Biodégradation. Oxidised products of veratryl al
cohol have been proposed to play a key role in lignin peroxidase-mediated 
oxidation of lignin, eithe
reaction which generates
idases do not directly oxidize lignin, but they have a broad substrate range 
for monomeric aromatic alcohols and could therefore be involved in the fi
nal cat abolie steps following depolymerization. It seems unlikely however, 
that the resulting aromatic aldehydes would per se oxidize lignin itself. 

A possible reductive role for veratryl alcohol oxidase is proposed in 
Figure 5. Laccases from C. versicolor cam produce both polymerization and 
depolymerization of lignin (29). In phenolic lignin model dimers, laccase 
can perform the same electron abstraction and subsequent bond cleavage 
as found for lignin peroxidase (30). The phenolic radical is however likely 
to polymerize unless the quinoid-type intermediates can be removed, for 
example by reduction back to the phenol. Veratryl alcohol oxidase, in 

C H 2 O H C H 2 O H C H 2 O H C H 2 O H 

200 100 50 20 

CH2OH C H 2 O H C H 2 O H C H 2 O H 

O C H 3 

Figure 3. Relative oxidation rates of various methoxyl-substituted benzyl alcohols, 
measured by oxygen consumption/min. (veratryl alcohol = 100). No oxidation of 
the lower four alcohols was detected. 
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Figure 4. Relative oxidation rates of various aromatic alcohols. Para-hydroxyl 
substitution eliminates substrate oxidation. 
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the presence of veratryl alcohol or other cosubstrate, could provide this 
reducing power, as has been proposed previously for glucose oxidase (31) 
and cellobiose quinone oxidoreductase (12). In support of this hypothesis, 
we find that veratryl alcohol oxidase in the presence of veratryl alcohol will 
decolorize the oxidised products produced by laccase from ABTS. 
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Chapter 35 

Mechanisms of Lignin Degradation by Lignin 
Peroxidase and Laccase of White-Rot Fungi 

Takayoshi Higuchi 

Wood Research Institute, Kyoto University, Uji, Kyoto 611, Japan 

The main cleavage mechanisms of side-chains and aro
matic rings of
lignin (DHP) by lignin peroxidase and laccase of white
-rot fungi have been elucidated. Tracer studies using 
2H-, 13C- and 18O-labeled arylglycerol-β-aryl ethers and 
diarylpropane-1,3-diols with 18O2 and H218O indicated 
that side-chains and aromatic rings of these substrates 
were cleaved via aryl radical cation and phenoxy radi
cal intermediates, in reactions mediated only by lignin 
peroxidase/H2O2 and laccase/O2. 

The process of lignin biodégradation by microbes has evoked much inter
est in recent years (1-3). Several of these studies have been directed to 
wards establ ishing the exact chemical mechanisms involved in l ignin side-
chain cleavage and aromatic r ing-opening reactions, wh i ch are catalyzed 
by l ign in peroxidase (4 ,5) and laccase (6). A l m o s t a l l of these studies nor
mal ly employ, as l ignin- l ike substrates, various dimeric phenolic or non -
phenolic model compounds which contain bonding patterns characteristic 
of substructures known to be present i n isolated l ignin preparations. For 
example , using β A and β-ΟΆ model compounds, i t has been established 
that both l ign in peroxidase and laccase catalyze one electron oxidat ions 
(5-7). In part i cu lar , l ign in peroxidase converts both phenolic and non -
phenolic moieties to their corresponding phenoxy radica l and a r y l rad i ca l 
cat ion intermediates, whereas laccase only catalyzes phenoxy rad ica l for
m a t i o n f rom phenolic substrates; nonphenolic compounds are not oxidized 
(8). T h e a r y l rad ica l cations (formed f rom nonphenolic model compounds 
by l i g n i n p e r o x i d a s e / ! ^ O 2 ) then undergo nucleophil ic attack (e.g., by H 2 O , 
or hydroxy l groups on adjacent functionalities) to generate ary l rad ica l i n 
termediates. Such reactive species, as wel l as the phenoxy radicals afore
mentioned, can then react w i t h dioxygen radicals or alternatively they can 
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undergo free rad ica l coupl ing reactions. T h u s two compet ing reactions can 
occur dur ing l i g n i n biodégradation: (1) reaction w i t h dioxygen radicals re
su l t ing i n l ign in degradation and (2) free rad ica l coupl ing leading to repo ly -
mer izat i on . These findings help exp la in the current difficulties experienced 
i n efficiently degrading the l ign in polymer in vitro w i t h isolated enzyme 
preparations (1). 

A t this juncture , i t is pert inent to briefly describe our current under
s tand ing of l i g n i n formation i n x y l e m cell walls (9). In i t ia l ly , free r a d i 
cal coupl ing of intermediates, formed f rom the corresponding monol ignols 
v i a mediat ion of cell wal l peroxidases and H 2 O 2 , affords d imeric quinone 
methides; subsequent nucleophil ic attack (e.g., by H 2 O or adjacent h y 
d r o x y l groups) results in rearomatizat ion to afford di l ignols , such as de-
hydrodiconi fery l alcohol ,d , l -pinoresinol , guaiacylglycerol- /?-coniferyl ether, 
etc. These phenols can then be reconverted into their free rad ica l forms, 
wh i ch then ( in an analogous manner) undergo coupl ing and rearomat iza 
t i on to give the correspondin
results in l ignin formation ; this process is often described as dehydrogena
s e po lymer izat ion ( F i g . 1). In our op in ion , the reactions involved in l i gn in 
biodégradation (as catalyzed by l i gn in peroxidase and laccase) can be con
sidered as an extension of the reactions encountered i n l i gn in f ormat ion . 
We propose this idea since, as discussed later, i t appears that degradat ion 
of the l ignin po lymer involves s imi lar reactions. 

In this chapter, some of the m a i n reactions in l ign in biodégradation 
(i.e., s ide-chain cleavage and aromatic ring-opening) are described, and 
the effects of bo th laccase and l i g n i n peroxidase compared. T h e schemes 
proposed are a l l based on identified products f rom model compounds and 
supported wherever possible by appropriate labe l l ing studies. F i n a l l y , the 
processes of l ign in biosynthesis and biodégradation are compared. 

Results a n d Discussion 

Side-Chain Cleavage Reactions of β-l and β-0-4 Lignin Model Compounds 
Catalyzed by Lignin Peroxidase. 

β-l Model Compounds. These can be separated into two broad cat
egories: nonphenolic and phenolic . A s can be seen f rom Figure 2, the 
nonphenolic β-l l ign in model compound 1 is first converted into its a r y l 
rad i ca l cat ion intermediate. T h i s then undergoes C a - C / ? homolyt i c cleav
age to afford 3,4,5-trimethoxybenzaldehyde 2, and the d io l 3, w i t h the latter 
t r a p p i n g oxygen as shown by appropriate label l ing experiments w i t h 18C>2 
( F i g . 2) (4,10). T h e generality of this mechanism was demonstrated using a 
number of methoxybenzenes and diarylethane dimers as substrates (7,11). 
React ion progress was monitored by E S R spectrometry (11); mechanisms 
were further established by using model compounds specif ically deuterated 
at C a and C/? as required (12). 

W h i l e the corresponding phenolic β-l model compounds are also sub
ject to C a - C / ? cleavage, other reactions can also occur (13). F igure 3 s u m 
marizes the m a i n reactions identif ied to this po int . These include (i) C a - C / ? 
cleavage of 4 to afford syringaldehyde 6 and the d io l , 7, ( i i ) C a ox idat ion 
and dehydrat ion to give the ketone 5 and (iii) a l k y l - a r y l cleavage to give 
the degradation products 8 and 9 respectively (13). 
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Figure 2. Side-chain cleavage of a nonphenolic β A model compound 1 by 
lignin peroxidase. 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



OC
H.

 
C

a
-Ο

β 
CL

EA
VA

G
E 

4 
IA

LK
YL

-A
R

YL
 C

LE
A

VA
G

E 

9 

Fi
gu

re
 3

. 
Po

ss
ib

le
 d

eg
ra

da
ti

on
 p

at
hw

ay
s 

of
 t

h
e 

ph
en

ol
ic

 
0-

\ 
m

od
el

 
co

m


po
un

d 
4 

b
y 

li
gn

in
 p

er
ox

id
as

e.
 

S3
 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



35. H I G U C H I Lignin Degradation by Peroxidase & Laccase 487 

β-0-4 Model Compounds. Investigations were conducted using both 
nonphenol ic and phenolic l ign in model substrates. Studies (12,14,15) w i t h 
the nonphenolic d imer 10 revealed that four m a i n reaction pathways were 
possible: (i) benzyl ic ox idat ion ( C a ) to give the corresponding ketone (not 
shown); (ii) formation of the a r y l radica l cat ion intermediate as before, f o l 
lowed by fragmentation to afford guaiacol 11, the glycol ic aldehyde 12 and 
4-ethoxy-3-methoxybenzaldehyde 13 ( F i g . 4, pathway i i ) ; ( i i i ) a r y l rad i ca l 
cat ion format ion , subsequent intermolecular nucleophil ic attack by the 7 -

h y d r o x y l group and rearrangement, to give the isomeric d i o l 14 followed by 
homolyt i c cleavage to afford the aldehyde 15 and 2- (2 / -methoxyphenol) ac-
etaldehyde 16. These unusual reactions were confirmed by labe l l ing studies 
as shown ( F i g . 4, pathway i i i ) , and (iv) displacement a n d / o r aromat ic r ing 
displacement to y ie ld the t r i o l 19 and o-quinone 20 ( F i g . 4, pathway iv ) 
(3). 

Studies (16) employ ing phenolic β-0-4 model substrates revealed three 
major reactions, reminiscen
(i) benzyl ic ox idat ion , (ii) C a - C / ? cleavage to give either the corresponding 
C a aldehyde or ac id ; and ( i i i ) a l k y l - a r y l bond rupture to give the hydro 
quinone (cf. 8, F i g . 3) and the corresponding glyceraldehyde-2-aryl ether. 

Side Chain Cleavage of β-l and β-0-4 Model Compounds by Laccase. 
β-l Model Compounds. O n l y substrates w i t h phenolic functional it ies 

were examined, since nonphenolic substrates were unaffected. T h u s , the 
two phenolic diols 4 and 21 were synthesized (6), and both were i n d i v i d 
ua l ly exposed to laccase f rom Coriolus versicolor (6). For d io l 4, a l k y l -
a r y l cleavage gave 2,6-dimethoxyhydroquinone 8, the corresponding benzo-
quinone 23 and the aldehyde 24 ( F i g . 5, pathway B ) ; C a ox idat ion also 
afforded the ketone 22 (pathway A ) . A d d i t i o n a l l y , other reactions were also 
observed ( F i g . 6), namely C a - C / ? cleavage to give syringaldehyde 6, and 
the a r y l keto-alcohol 25 ( F i g . 6, pathway A ) . O n the other h a n d , d i o l 21 
only underwent C a - C / ? cleavage, generating the subst i tuted benzaldehyde 
27 and the phenylglyco l 26 ( F i g . 6, pathway B ) . Note that these mecha
nisms were based upon appropriate label l ing studies using 1 8 0 2 (6). T h u s , 
reactions invo lv ing phenolic substrates, and using b o t h l i g n i n peroxidase 
and laccase are s imi lar ; both encompass C a - C / ? , a l k y l - a r y l bond cleavages 
and oxidative reactions. 

β-Ο-4 Model Compounds. In this invest igat ion, the substrate used 
for incubat ion w i t h laccase was the model compound, syringylglycerol - /? -
guaiacy l ether 28 (18). It was in i t i a l l y reported that this underwent conver
sion into glyceraldehyde-2-guaiacyl ether and 2,6-dimethoxybenzoquinone 
(17). A d d i t i o n a l l y , the hydroxy l group of the hydroquinone was label led 
w i t h 1 8 0 , when the experiment was carried out in the presence of H 2 1 8 0 . 
However, more comprehensive studies (18) have demonstrated that the 
dimer 28 also undergoes benzyl ic ox idat ion to give the ketone 29, and 
Ca-C β cleavage to afford guaiacol 11 and syringic acid 30 ( F i g . 7). T h u s , 
once again , the reactions catalyzed by laccase (for these phenolic substrates) 
show considerable resemblance to that already noted for l ign in peroxidase. 
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30 

Figure 7. S ide-chain cleavage of a phenolic β-0-4 model compound 2 8 by 
laccase. 
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Aromatic Ring Cleavage of Nonphenolic Lignin Substructure Model 
Compounds and Veratryl Alcohol by Lignin Peroxidase. 

β-Ο-4 Model Compounds. Three model compounds 31-33 were s y n 
thesized (19,20), and treated w i t h l ignin peroxidase as before. T h i s re
sulted i n their conversion into the arylglycerol cycl ic carbonates 37-39, 
the O-formates 40,41, and the m e t h y l oxalate dérivâtes 34-36. A fourth 
model compound 42 was also synthesized, and this underwent degradation 
to give the m e t h y l oxalate derivative 44 and cis-cis muconate derivatives 
43 (19,20). L a b e l l i n g experiments, w i t h 18C>2 and H 2 1 8 0 , respectively, 
demonstrated that on ly one of the oxygens on the carbony l groups of the 
m e t h y l oxalate 34 and muconates 43 were 18C>2 derived, w i t h the other 
be ing formed f rom H 2 1 8 0 ( F i g . 8) (19). T o account for the format ion of 43 
as i n i t i a l r ing cleavage products , the hypothet i ca l scheme shown i n F igure 
9 is proposed; i n i t i a l formation of the a r y l rad ica l cat ion intermediate oc
curs w h i c h can then react w i t h H 2 O , O2 and hydrogen radicals as shown. 
T h e mechanisms for the
v i a a r y l rad i ca l cat ion intermediates are shown i n the chapter by U m e z a w a 
and H i g u c h i . 

Veratryl Alcohol. Le iso la et ai (21,22) recently reported that treat
ment of veratry l a lcohol 45 w i t h l i gn in peroxidase resulted m a i n l y i n the 
formation of vera t ry l aldehyde 49, the two 7 - lactones 46 and 47 ( F i g . 10) 
and several other quinones not shown. We (23,24) have established that the 
6-lactone 48 was also formed. W h e n experiments were conducted i n the 
presence of 18C>2 and H 2 1 8 0 , regiospecific incorporat ion into products 46 
and 47 was observed ( F i g . 11). T h i s regiospecificity d i d not occur d u r i n g 
6-lactone 48 f o rmat ion , a l though the reasons for this are not clear. [Note 
also that when v a n i l l y l alcohol was used as substrate , the m a i n products 
were the b ipheny l C5-C5 adducts , together w i t h s m a l l amounts of i - lactones 
(25).] 

Aromatic Ring Cleavage of Phenolic β-0-4 Substructure Model Compounds 
by Laccase. W h e n van i l l y l alcohol was used as a substrate , on ly b ipheny l 
format ion ( C 5 - C 5 l inked) occurred and no evidence for the format ion of 
any ring-opened products was obtained (26). Hence, we also examined the 
effect of laccase on the sterical ly hindered 4,6-di-<-butylguaiacol substrate 
50, as i t would be unl ike ly to undergo such free-radical coupl ing reactions 
(27). Treatment of the phenol 50 w i t h laccase only afforded the mucono-
lactone derivative 51 ( F i g . 12). Interestingly, on ly oxygen f r om 1 8C>2, and 
not H 2

1 8 0 , was incorporated into this product ( F i g . 13) (28). 

Aromatic Ring Cleavage of Artificial (DHP) Lignin by Lignin Peroxidase. 
A s discussed, our previous studies established that the aromatic r ings of 
nonphenol ic /? -0-4 model compounds underwent opening to give cis,cis-
muconate derivatives as their i n i t i a l products ( F i g . 9). However, these 
studies provided no in format ion as to whether higher oligomers, or indeed, 
the l i g n i n polymer itself, would undergo such reactions. 

Since i t is generally viewed that coniferous l ign in has almost 4 0 % of 
its linkages connected v i a /?-0-4 bonds, these aforementioned results sug
gest that a l ign in polymer connected p r i m a r i l y v i a such linkages should 
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Figure 9. M e c h a n i s m for the formation of arylg lycerol cis-cis muconate 4 3 
by l ign in peroxidase f rom the nonphenolic β-Ο-4 model compound 4 2 . 
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Figure 10. Degradat ion of veratry l alcohol 4 5 by l ignin peroxidase. 
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Figure 12. Mass chromatograms of degradation product 51 of 4,6-di-t-
buty lguaiaco l 50 by laccase. 
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Figure 13. Proposed mechanisms for aromatic r ing cleavage of 4,6-di-t-
butylguaiaco l 50 by laccase. 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



35. H I G U C H I Lignin Dégradation by Peroxidase & Laccase 499 

undergo s imi lar degradative reactions. L i g n i n is often represented by var
ious synthetic dehydrogenatively polymerized ( D H P ) preparations, pro
duced v i a the p e r o x i d a s e / H 2 0 2 induced po lymer izat ion of monolignol(s) 
(29). However, depending upon the po lymer izat ion process employed 
(Zu lauf or Zutrop f ) the /? -0-4 linkage frequency can vary f rom 10-40% 
(29). Consequently, we prepared a synthetic D H P l ign in po lymer f rom 
coniferyl alcohol v i a the Zutrop f method , hence m a x i m i z i n g the /? -0-4 l i n k 
age frequency. Fo l lowing incubat ion of this synthetic po lymer , w i t h l ign in 
p e r o x i d a s e / H 2 0 2 , the degraded products were subjected to gel permeat ion 
chromatography using Sephadex L H 2 0 . T h e e lut ion profile revealed that 
p a r t i a l depolymerizat ion had occurred (30). G C - M S analysis also revealed 
that a s m a l l amount of van i l l in was formed v i a C a - C / ? cleavage. Surpr i s 
ingly, no aromat ic r ing cleavage products were observed. 

T h u s another D H P , prepared f rom a mix ture of 4-ethoxy-3-methoxy-
phenylglycerol- /? -syringaresininol ether 51 and coniferyl alcohol 52 was s y n 
thesized (31). T h i s polyme
readi ly cleavable /?-0-4 syr ingy l linkages. Fo l l owing D H P format ion , the 
polymers were ethylated w i t h diazoethane. T h e result ing ethylated po ly 
mer product 53 was then appl ied to a Sephadex L H 2 0 co lumn, w i t h D M F 
as eluent. T h e higher molecular weight fract ion eluted ( M W > 2200) was 
then used as a substrate for l i gn in p e r o x i d a s e / ^ O 2 t reatment . Fo l low
ing treatment w i t h l ignin p e r o x i d a s e / H 2 0 2 , the degraded D H P po lymer 
so obtained was acetylated and the result ing products par t ia l l y puri f ied 
by t h i n layer chromatography and analyzed by gas chromatography-mass 
spectroscopy ( G C - M S ) . F r o m this mix ture , the arylg lycerol cycl ic carbon
ates 37, 39, and formate 40 were identi f ied, together w i t h 4-ethoxy-3-
methoxyphenylglycero l ( F i g . 14). These results therefore established that 
l ign in p e r o x i d a s e / H 2 0 2 catalyzes side-chain cleavage and aromat ic r i n g -
opening reactions of ethylated D H P l ign in polymers, i n agreement w i t h the 
results previously obtained f rom the model systems. 
Conclusions 

Over recent years, considerable progress has been made i n e luc idat ing 
the biochemical processes of l i gn in formation (biosynthesis) and l ign in 
biodégradation. Table I summarizes , and compares, the m a i n reactions 
involved i n both processes. In our op in ion , the overal l chemical principles 
leading to both formation and degradation are s imi lar . 

O u r investigations indicate that l ignin can be degraded into smaller 
fragments v i a a r y l rad ica l cat ion and phenoxy radica l intermediates , i n a 
reaction mediated by only l ignin p e r o x i d a s e / ! ^ O 2 and laccase/ 0 2 - H o w 
ever, i t has been shown that in vitro some of the l ign in is po lymer ized , 
probably v i a coupl ing reaction of phenoxy radicals of phenolic moieties 
of l i gn in , dur ing treatment w i t h l ignin peroxidase (32) or laccase (33) i n 
aqueous so lut ion . P r o t o l i g n i n , on the other hand , wh i ch is present i n the 
plant cell walls i n association w i t h polysaccharides, seems to be degraded 
smoothly to lower molecular weight fractions. T h u s , the react ion condit ions 
preventing repo lymer izat ion dur ing in vivo l ignin biodégradation need to 
be identified. 
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Table I. Comparison of Lignin Biosynthesis and Biodégradation Mecha-
nisms 

Biosynthesis Biodégradation 

Enzymatic Reaction: Enzymatic Reaction: 

1. Cell wall peroxidase/H202 — • 
Formation of phenoxy 
radicals of monolignols 

1. 

2. 

Lignin peroxidase/H202 — • 
Formation of aryl radical 
cations of nonphenolic units 

Laccase/02 — • Formation of 
phenoxy radicals 
of phenolic units 

Non-enzymatic Reaction: Non-enzymatic Reaction: 

1. Coupling of phenoxy
to give dimeric 
quinone methides (Ca-C/?, alkyl-phenyl) 

and aromatic rings 

2. Dioxygen radical attack on 
carbon-centered radicals 

2. Dioxygen radical attack on 
carbon-centered 
radical intermediates 

3. Nucleophilic attack on quinone 
methides by H 2 O and 
R-OH to give dilignols 
and higher oligomers 

3. Nucleophilic attack on aryl 
cations and Ca cations 
by H 2 0 and R-OH to give 
degradation products 
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Chapter 36 

Aromatic Ring Cleavage by Lignin Peroxidase 

Toshiaki Umezawa and Takayoshi Higuchi 

Research Section of Lignin Chemistry, Wood Research Institute, Kyoto 
University, Uji, Kyoto 611, Japan 

Aromatic ring cleavages by white-rot fungi and by the 
enzyme lignin peroxidas
of white-rot fung
structure model compounds as well as polymeric lignin. 
Lignin peroxidase of Phanerochaete chrysosponum cat
alyzes the ring cleavage of β-0-4 lignin substructure 
model compounds and synthetic lignin (DHP). A mech
anism for the ring cleavage by the enzyme is described. 

Lignin biodégradation has been studied by two complementary approaches: 
(i) degradation of polymeric l ignins (such as the dehydrogenation po lymer 
of coniferyl alcohol ( D H P ) , m i l l e d wood l i g n i n , or wood per se) (1); and 
(ii) degradation of l ign in substructure model compounds (2,3). In the early 
1980's, analysis of l i gn in isolated f rom wood decayed by white-rot bas id 
iomycetes had provided a general out l ine of l ign in biodégradation. For 
example , cleavage of side chains and aromatic rings occurred dur ing degra
dat ion of po lymeric l ign in by the fungi (1). 

L i g n i n is a complex and heterogeneous po lymer consisting of pheny l -
propane units connected v i a many C - C and C - O - C linkages. T h u s , the 
eluc idat ion of specific reactions involved i n l i g n i n biodégradation has been 
performed m a i n l y w i t h l i gn in substructure model compounds as substrate 
for fungal degradation. B y the early 1980's, substructure model studies 
identif ied many of the degradative reactions suggested f rom polymeric l ign in 
biodégradation such as C a - C / ? cleavage of propyl s ide-chain and cleavage 
of β-0-4 bonds (2,3). 

O n the other h a n d , aromatic r ing cleavage products of l ign in substruc
ture models by white-rot basidiomycetes were not identified u n t i l 1985, 
a l though earlier studies of the po lymeric l i g n i n degradation suggested the 
involvement of r ing cleavage reactions (1). We identified for the first t ime 
aromat ic r ing cleavage products of a β-0-4 l i gn in substructure model d imer 
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produced by intact cells of the white-rot basidiomycete, Phanerochaete 
chrysosporium (4,5). Subsequently, we showed that the aromatic r ing cleav
age of the dimer was catalyzed by an extracel lular enzyme of the fungus, 
l ign in peroxidase (ligninase) (6-8), and proposed a mechanism of the r i n g 
cleavage by the enzyme (9). 

T h e purpose of the present paper is to describe the aromatic r ing cleav
age of l ign in substructure model compounds by white-rot basidiomycetes 
and by l i g n i n peroxidase of P. chrysosponum. T h e aromat ic r ing cleavage 
of synthet ic l ign in ( D H P ) by the enzyme w i l l also be described. 

A r o m a t i c R i n g Cleavage by Intact Cells of W h i t e - R o t B a s i d 
iomycetes 

E a r l i e r studies of fungus-degraded l ignin isolated from decayed wood sug
gested cleavage of aromatic rings of l ignin (1,10-15). However, the p r o d 
ucts of aromat ic r i n g cleavag
white-rot basidiomycetes were not identified u n t i l 1985 (4), whi le p r o d 
ucts of s ide-chain cleavage of l ign in substructure model compounds by the 
fungi were identified earlier (2,3). D u r i n g this study, we identif ied for the 
first t ime a product of aromatic r ing cleavage of β-0-4 l i gn in substructure 
model compound 1 by P. chrysosponum, namely the ^ ,γ -cyc l i c carbonate 
of arylg lycerol 8 (4) ( F i g . 1). 

Subsequently, several esters of arylglycerol were identified as products 
of aromat ic r ing cleavage of β-0-4 l ign in substructure model dimers 2 and 
3 by the fungus: a , / ? -cyc l ic carbonate of arylg lycerol 9, 7 - formate of a r y l 
glycerol 11, and m e t h y l oxalate of arylglycerol 10 ( F i g . 1) (5). 

1 3 C - t r a c e r experiments w i t h l , 3 -d ihydroxy - l - (4 -e thoxy-3 -methoxyphe-
nyl ) -2 - [U-r ing - 1 3 C ] (2 -methoxyphenoxy)propane and l , 3 - d i h y d r o x y - l - ( 4 -
ethoxy-3-methoxyphenol ) -2 - [U-r ing - 1 3 C ] (2 ,6 -d imethoxyphenoxy)propane 
as substrates confirmed that the products were r ing cleavage products . 

Format ion of these aromatic r ing cleavage products was not l i m i t e d 
to P. chrysosporium, but could be mediated by other white-rot bas id 
iomycetes, Coriolus versicolor (16) and Coriolus hirsutus (17). In the 
degradation of 1, 2 and 4 by C. versicolor, 8, 9, and 11 were ident i 
fied as r i n g cleavage products . A s for C. hirsutus, 8 and 9 were identified 
as r ing cleavage products f rom degradation of 1 ( F i g . 1). 

A r o m a t i c R i n g Cleavage of /?-0-4 L i g n i n Substructure M o d e l 
D i m e r s by L i g n i n Peroxidase 

Leiso la et al. reported the aromat ic r ing cleavage of a monomeric aromat ic 
compound , veratry l alcohol , by l i g n i n peroxidase of P. chrysosporium (18), 
a l though they stated that the products were only tentatively identif ied. W e 
showed, on the basis of firm identi f icat ion of the products w i t h synthet ic 
authentic samples, that l ign in peroxidase isolated f rom the fungus by a 
modi f i cat ion of the method of T i e n and K i r k (19), catalyzed the aromat ic 
r ing cleavage of β-0-4 l ignin substructure model dimers (6-8). A r o m a t i c 
r ing cleavage products formed i n the intact culture of the fungus ( F i g . 1) 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



36. U M E Z A W A & H I G U C H I Aromatic Ring Cleavage by Peroxidase 505 

R2 

^OCH: 
OEt 

R 1 = H R 2 = H 

R 2 = O C H 3 

R 1 = C H O R 2 = H 

R 1 = C H O R 2 = O C H 3 

OEt 

0 X /0CH3 

OCH-

10 

Figure 1. β-0-4 l i gn in substructure model dimers 1-4 and their degradation 
by white-rot fungi , Phanerochaete chrysosporium, Coriolus versicolor, and 
Coriolus hirsutus. T h e ether bond between the C/? and the B - a r o m a t i c 
nucleus is referred to as "β-0-4 bond" i n l i g n i n chemistry. 
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were also produced by the enzyme. A r o m a t i c r i n g cleavage products w i t h 
the enzyme were cycl ic carbonates of arylglycerols 8 and 9, formate of 
arylg lycero l 11, m e t h y l oxalates of arylglycerols 10 and 10 -Et , and a novel 
product , muconate of arylglycerol 12-Et ( F i g . 2). A l l the products were 
confirmed to be aromatic r i n g cleavage products by using r i n g - 1 3 C labeled 
substrates. Subsequently, M i k i et al. reported format ion of aromat ic r i n g 
cleavage products invo lv ing cycl ic carbonates s imi lar to 8 and 9 i n the 
degradation of a β-0-4 l i gn in model compound by the enzyme (20). 

T h e muconate of arylg lycerol 12-Et retains a l l s ix carbon atoms of 
the B - r i n g of the substrate 1 -Et. Hence, this product seemed to be appro
priate to examine mechanisms for the r i n g cleavage. Based on the results 
of tracer experiments , we proposed a r ing cleavage mechanism for the en
zyme (7,9), as now described. Degradat ion of l , 3 - d i h y d r o x y l - l - ( 4 - e t h o x y -
3 -methoxyphenyl ) -2 - (2 - [OC 2 H 3 ]methoxyphenoxy) propane 1-D by the en
zyme showed that the m e t h y l group of m e t h y l ester of oxalate 10 -D was 
derived f rom the m e t h o x y
(7). T h i s result indicated that demethylat ion (or demethoxylat ion) w h i c h 
was previously postulated for the r ing cleavage by the fungus (13) is not a 
prerequisite for the aromatic r ing cleavage by the enzyme, and that the r i n g 
cleavage by the enzyme is completely different f rom the r ing cleavage cat
alyzed by conventional dioxygenases (21). β-0-4 l i gn in model compounds 
2, 2 - M e , 2 -Et and 1-Et were degraded under H 2

1 8 0 or 1 8 0 2 ( F i g . 4) , and 
G C - M S analysis of the products showed that one of the carbonyl oxygen 
atoms of muconate 12-Et and oxalates 10, 1 0 - M e and 10 -Et was derived 
f rom H 2 O and the other f rom O2 . A s for cycl ic carbonates 8, 8 - M e and 9 
and formates 11 and 11 -Me, the carbonyl oxygen atoms were derived f r om 
H 2 O ( F i g . 4). Based on these results, we proposed a mechanism for aro
mat i c r ing cleavage by the enzyme which involves single electron ox idat i on 
of the B - r i n g to the corresponding cat ion rad i ca l , followed by nucleophil ic 
attack of H 2 O and rad ica l coupl ing w i t h O2 (or a rad ica l species derived 
f rom 0 2 ( F i g . 5) (9). 

S i m i l a r mechanisms were also proposed for the r i n g cleavage of v e r a t r y l 
alcohol (22,23) and a β-0-4 l i gn in substructure model (24) by the enzyme. 

A s described i n the previous section, the formation of the r ing cleavage 
products 8, 9 and 11 f rom β-0-4 l i gn in substructure models were also 
mediated by C. versicolor (16) and C. hirsutus (17). It is most l ikely that 
the aromatic r ing cleavage by both fungi is mediated by an enzyme s imi lar 
to l i gn in peroxidase of P. chrysosporium. Recently, i t was shown that C. 
versicolor produces an enzyme s imi lar to P. chrysosporium l i gn in peroxidase 
(25), a l though concrete evidence that the enzyme catalyzes the r i n g cleavage 
has not been shown. 

A r o m a t i c R i n g Cleavage of a (/?-0-4)-(/?-0-4) L i g n i n Substructure 
M o d e l T r i m e r b y L i g n i n Peroxidase 

Mechanisms whi ch involve the cat ion rad ica l intermediate were also pro 
posed for the cleavage of C a - C / ? and β-0-4 bonds of β-0-4 l i gn in substruc 
ture models by the enzyme (26,27). T h u s , mechanisms for most of the 
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Figure 3. M e t h y l group of m e t h y l oxalate was derived f rom m e t h o x y l group 
of the B - r i n g of β-0-4 l i gn in model dimer 1-D. 
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degradative reactions of β-0-4 l ign in substructure models by the enzyme 
can be explained on the basis of single electron ox idat ion of aromat i c r ings. 

O n the other h a n d , aromat ic r ing cleavage of po lymer ic l i gn in by the 
enzyme has not been reported. T h e formation of B - r i n g cleavage products 
of β-0-4 l i g n i n substructure models by the enzyme ( F i g . 2) was expected 
to be an indicator of aromatic r ing cleavage i n po lymer ic l i g n i n by the 
enzyme. However, the β-0-4 l i gn in model compounds used i n the mode l 
studies have no p r o p y l s ide-chain on the B - r i n g as shown i n Figures 1 a n d 
2, whi le the B-r ings present i n polymeric l ign in have p r o p y l side-chains. 
Furthermore , previous investigations showed that the aromat ic substituents 
such as f o rmyl or methoxy l groups influenced drast ica l ly the degradabi l i ty 
of the β-0-4 l i g n i n substructure models by the enzyme (6,26,27). 

Hence, we examined the effect of the p r o p y l s ide-chain of the B - r i n g on 
the B - r i n g cleavage by the enzyme using a l i g n i n substructure model t r imer 
composed of two β-0-4 substructures 5 ( F i g . 6) (28). Identified degradat ion 
products by the enzyme wer
formate of arylg lycerol as B - r i n g cleavage products 8, 9 and 11; ary lg lycero l 
13 and its α-carbonyl derivative 14 as cleavage products of the β-0-4 bond 
between A - and B-r ings ; 4-ethoxy-3-methoxybenzaldehyde 15 as a C a - C / ? 
cleavage product between A - and B-r ings ; and l , 3 -d ihydroxy - l - ( 4 - e thoxy -
3-methoxyphenyl) -2- (4- formyl-2-methoxyphenoxy)propane 3 as a product 
of C a - C / ? cleavage between B - and C-r ings . T h e results showed that the 
p r o p y l s ide-chain of the B - r i n g of 5 d id not influence, at least qual i tat ive ly , 
the aromat ic r ing cleavage by the enzyme. 

T h e results suggested that po lymeric l i gn in is degraded through the 
cleavage reaction of aromat ic rings by the enzyme. In fact, aromatic r i n g 
cleavage of D H P (synthetic l ignin) by the enzyme has now been proven as 
discussed i n the fo l lowing section. 

A r o m a t i c R i n g Cleavage of D H P by L i g n i n Peroxidase 

React i on mechanisms for degradation of β-0-4 l i gn in substructure model 
compounds by l i g n i n peroxidase are being clarified rapid ly , whi le the ac
t i on of the enzyme on polymeric l ign in is not fu l ly e lucidated. T i e n a n d 
K i r k (29) reported degradation of methylated spruce l i g n i n by the enzyme. 
T h e y showed format ion of low molecular weight degradation products on 
the basis of gel f i l t rat ion w i t h Sephadex L H - 2 0 , and detected a C a - C / ? 
cleavage product by an isotope t rapp ing method (29). O n the other h a n d , 
according to H a e m m e r l i et α/., when po lymeric l i gn in , phenolic h y d r o x y l 
groups of which are not a lky la ted , were treated by the enzyme, po lymer 
i za t i on of the l i g n i n occurred on the basis of gel filtration analysis of the 
degradation products (30). T h e y monitored the chromatographic profile by 
a UV-detec tor . T h e results were confirmed by Odier et ai (31) by us ing 
1 4 C - l a b e l l e d D H P as substrate. 

T h u s , for the degradation of po lymeric l ign in by the enzyme, two m a 
jor questions were left: (i) C a n l ignin peroxidase, by itself, depolymerize 
po lymer ic l ign in wi thout repolymerizat ion or not? (ii) C a n l i g n i n perox
idase cleave aromat ic rings and β-0-4 bonds of po lymeric l i g n i n , or not? 
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Since we have been invest igat ing the aromat ic r i n g cleavage of β-0-4 l i gn in 
substructure model compounds by intact cells of white-rot fungi and l ign in 
peroxidase of P. chrysosporium as described above, we examined the aro
mat i c r i n g cleavage and β-0-4 bond cleavage of po lymer ic l i g n i n by l i gn in 
peroxidase. 

We synthesized a copolymer of (β-0-4)-(β-β) l i gn in substructure model 
t r imer 6 and coniferyl alcohol 7, wh i ch w i l l be referred to as (β-0-4)-(β-β)-
D H P i n this review ( F i g . 7). T h e (β-0-4)-(β-β)-ΌΕΡ was ethylated w i t h 
diazoethane and the ethylat ion product 16 was submit ted to gel filtration 
( L H - 2 0 / D M F ) to remove low molecular weight fractions. T h e h igh molec
ular weight fract ion of the ethylated (β-0-4)-(β-β)-ΌΕΡ 16 thus obta ined 
(molecular weight > 2200, cal ibrated w i t h polystyrene, F i g . 8) was de
graded by l ign in peroxidase. T h e degradation products were extracted w i t h 
e thy l acetate, acetylated and p a r t i a l l y purif ied by thin- layer chromatogra
phy ( T L C ) . G a s chromatography mass spectroscopic ( G C - M S ) analysis of 
the T L C purif ied fract io
arylg lycero l 8 and 9, formate of ary lg lycero l 11, ary lg lycero l 13, and o> 
carbonyl -ary lg lycero l 14 ( F i g . 9) (32). Since the compounds were p r e v i 
ously identif ied as aromatic r i n g cleavage products and β-0-4 bond cleav
age products of β-0-4 l ign in substructure model compounds by the enzyme 
(Figs . 2 and 6), the results show that l i g n i n peroxidase cleaves aromat i c 
rings and β-0-4 bonds of the synthetic l i g n i n ( D H P ) . 

T h u s , most of the degradative reactions of po lymeric l ignins suggested 
previously by the analysis of decayed l i gn in isolated f rom decayed wood by 
white-rot fungi were catalyzed by l ign in peroxidase. 

A r o m a t i c R i n g Cleavage of M o n o m e r i c A r o m a t i c C o m p o u n d s by 
W h i t e - R o t Basidiomycetes 

M o n o m e r i c aromat ic compounds such as vani l l i c ac id and syringic ac id are 
k n o w n to be produced i n the degradation of po lymeric l i g n i n by white -rot 
basidiomycetes (13,14,33). It is s t i l l uncerta in to what extent aromat i c 
rings of po lymeric l i g n i n are cleaved by l i gn in peroxidase, as opposed to 
be ing degraded v i a sidechain cleavages to produce the monomeric C 6 - C 1 
intermediates such as vani l l ic ac id and syringic ac id . Furthermore , the 
fate of the monomeric degradation intermediates is not fu l ly e luc idated. 
A n d e r et ai (34) proposed a degradation pathway of vani l l i c ac id v i a 1,2,4-
tr ihydroxybenzene by intact cells of Sporotrichum pulverulentum (= P. 
chrysosporium). T h i s pathway involves decarboxylat ion of vani l l i c ac id cat
alyzed by vanil late hydroxylase to produce methoxyhydroquinone (35,36), 
followed by demethylat ion and subsequent aromatic r i n g cleavage of the 
demethylated product , 1,2,4-trihydroxybenzene, catalyzed by a dioxyge-
nase of the fungus (37). O n the other h a n d , the role of l i g n i n peroxidase i n 
the metabo l i sm of these aromatic monomers remains uncerta in , a l though 
a non-phenol ic aromat ic monomer , vera t ry l alcohol w h i c h is synthesized 
de novo by P. chrysosporium, is oxidized by l i g n i n peroxidase to produce 
m a i n l y veratraldehyde and trace amounts of aromat ic r i n g cleavage p r o d 
ucts (18,22). 
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Void 

- J 1 1 1 M l — ι 

i*2 35 28 21 ία 0 

Elution volume (ml) 

Figure 8. G e l f i l t rat ion of ethylated (/?-0-4)-(/?-/?)-DHP 16. S o l i d l ine : E t h y 
lated (/?-0-4)-(/?-/?)-DHP 16 after removal of low molecular weight fractions. 
T h e co lumn was cal ibrated w i t h (/?-0-4)-(/?-/?) l i g n i n substructure mode l 
t r imer 6 (molecular weight 642); /3-0-4 l i g n i n model d imer 1 (molecular 
weight 348) and polystyrenes of molecular weight 9000, 4000 (void) , 2200 
( indicated by A ) . C o l u m n : Sephadex L H - 2 0 , 1.1 x 48 c m . E l u e n t : D M F , 
13.5-14.4 m l / h r . Detector: Refract ive index detector R I - 2 (Japan A n a l y t i 
cal Industry C o . , L t d . ) . 
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Chapter 37 

Biomimetic Studies in Lignin Degradation 

Futong Cui and David Dolphin 

Department of Chemistry, University of British Columbia, 2036 Main 
Mall, Vancouver, British Columbia V6T 1Y6, Canada 

A redox stable, water-soluble iron porphyrin has been 
used as a mode
compounds catalyze
found to be dependent on pH and the solvent being used. 
Model studies showed that veratryl alcohol could medi
ate the oxidation of a polymeric lignin model compound 
under certain conditions but could not mediate the oxi
dation of small molecule model compounds. 

L i g n i n is the second most abundant renewable organic compound on earth . 
It composes about 15-25% of the land-produced biomass. A considerable 
effort has been made to understand l ignin biodégradation dur ing the last 20 
or 30 years, and since the discovery of l ignin degrading enzymes (ligninases) 
i n 1983 (1,2), progress has been made in understanding the mechanisms of 
l ign in biodégradation. M o d e l enzyme studies are impor tant for both mech
anist ic e luc idat ion and for pract i ca l appl icat ions. T h i s is par t i cu lar ly true 
for the non-specific l i gn in degrading enzymes. Ligninase is synthesized by 
P. chrysosponum on ly under certain phases of growth and is diff icult to 
o b t a i n i n quantity . It is a powerful oxidant which init iates l i gn in degrada
t i o n by one electron oxidat ions , and a major role of the l igninase protein is 
to sterical ly protect the oxidized heme prosthetic group. It seems unl ike ly 
that l igninase w i l l contain an "act ive site" to specif ically b i n d the diverse 
s t r u c t u r a l components of l i g n i n . Instead, electron transfer (either direct or 
mediated) w i l l take place between the enzyme and po lymeric l i g n i n . 

A sterical ly protected, water-soluble synthetic i ron porphy r i n could 
provide a readi ly available b iomimet ic catalyst for both basic research and 
potent ia l indus t r ia l appl icat ions. Such a synthetic hemin might be superior 
to the enzyme, in that being a smal l molecule it could interact, w i t h the 
po lymer ic l ign in molecule more readily than can ligninase. 

S h i m a d a et al. (3) first found that a synthetic p o r p h y r i n i ron meso-
t e t rapheny lporphyr in ( F e T P P (I)) catalyzed C - C bond cleavage of β-l type 
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l i gn in model compounds, and further experiments (4) showed that the re
act ion had an o p t i m a l p H of 3.0 and was s t imulated by the presence of i m 
idazole. Isotope label ing experiments (5) showed that the i ron p o r p h y r i n 
catalyzed reactions followed the same mechanistic routes as those of the 
ligninase catalyzed reactions (6). P r o t o h e m i n (II ) was also reported to 
be able to catalyze r ing cleavage reactions of veratry l alcohol (7). S h i 
m a d a ei al (8) recently reported that protohemin mimicked ligninase in 
most cases i n degrading β-l, β-0-4, and β-b model compounds. T h e s i m 
ple i r on porphyr ins (1,11), however, suffer a great disadvantage in that 
they are rap id ly destroyed by oxidants . Ster ica l ly protected water-soluble 
meta l loporphyr ins have been used in our laboratory as l igninase mimics 
and we discuss here some observations on our most promis ing catalyst 
i ron meso-tetra- (2 ,6-dichloro-3-sul fonatophenyl)porphyrin chloride ( T D C -
S P P F e C l ( I I I ) ) . 

E x p e r i m e n t a l 

T h e ox idat ion of veratry l alcohol was carried out under air at room temper
ature. T h e reaction mix ture contained 30 / /moles of veratry l a lcohol , 0.05 
/ /moles of T D C S P P F e C l , 30 / /moles of ???-chloroperbenzoic acid ( ? ? i C P B A ) 
made up to 6 m l using phosphate buffer or as otherwise indicated in Table 
I. 4-methoxyacetophenone (30 / imoles) was added as an internal s tandard . 
T h e reaction was stopped after 2 hours by p a r t i t i o n i n g the m i x t u r e be
tween methylene chloride and saturated sod ium bicarbonate so lut ion . T h e 
aqueous layer was twice extracted w i t h methylene chloride and the ex
tracts combined. T h e products were analyzed by G C after acety lat ion w i t h 
excess 1:1 acetic a n h y d r i d e / p y r i d i n e for 24 hours at room temperature . 
T h e oxidat ions of anisy l a lcohol , i n the presence of veratry l alcohol or 1,4-
dimethoxybenzene, were performed as indicated in Table III and I V in 6 
m l of phosphate buffer ( p H 3.0). Other condit ions were the same as for 
the ox idat ion of vera t ry l alcohol described above. T D C S P P F e C l r emain 
ing after the reaction was est imated from its Soret band absorpt ion before 
and after the react ion. For the decolorization of P o l y B-411 ( I V ) by T D C 
S P P F e C l and m C P B A , 25 / /moles of m C P B A were added to 25 m l 0.05% 
P o l y B-411 containing 0.01 / /moles T D C S P P F e C l , 25 / /moles of manganese 
sulfate and 1.5 mmoles of lact ic ac id buffered at p H 4.5. T h e decolorization 
of P o l y B-411 was followed by the decrease in absorpt ion at 596 n m . For 
the electrochemical decolorization of Po ly B-411 i n the presence of ve ra t ry l 
a lcohol , a two-compartment cell was used. A glassy carbon plate was used 
as the anode, a p l a t i n u m plate as the aux i l iary electrode, and a si lver wire 
as the reference electrode. T h e potent ia l was controlled at 0.900 V . P o l y 
B-411 (50 m l , 0.005%) in p H 3 buffer was added to the anode compartment 
and p H 3 buffer was added to the cathode compartment to the same level. 
T h e decolorization of Po ly B-411 was followed by the change in absorbance 
at 596 n m and the simultaneous ox idat ion of veratryl alcohol was followed 
at 310 n m . T h e same electrochemical apparatus was used for the decol
or i zat ion of P o l y B-411 adsorbed onto filter paper. T e t r a b u t y l a m m o n i u m 
perchlorate ( T B A P ) was used as suppor t ing electrolyte when methylene 
chloride was the solvent. 
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Results 

S h i m a d a et ai have carried out most of their studies on model ligninases 
i n organic solvents (3-5,8). However, reactions i n organic and aqueous so
lut ions may take different routes and Dord i ck et ai (9) have reported that 
horseradish peroxidase and other peroxidases are able to depolymerize b o t h 
n a t u r a l and synthetic l ignins i n organic solvent but are unable to do so i n 
aqueous so lut ion , a l though these results have recently been reassessed (10). 
We have studied the solvent effect for T D C S P P F e C l catalyzed reactions 
us ing the simplest l i g n i n model compound, vera t ry l a lcohol . Table I shows 
that under the same concentrations of ox idant and catalyst the y i e ld of 
veratraldehyde was higher i n aqueous so lut ion than i n organic solvent. It 
was interest ing to note that an add i t i ona l product was formed at about the 
same y ie ld as veratraldehyde when methanol was the solvent. A l t h o u g h 
the structure of this compound has not yet been e luc idated, this result 
suggests that solvent can also change the product d i s t r i b u t i o n . T h i s was 
also dramat i ca l ly demonstrate
age is one of the most abundant substructures of l i gn in . In spruce l i gn in 
the β-Ο-4 bond was est imated to comprise 4 8 % of the linkages connect
ing the phenylpropanoid units (11). W h i l e F e T P P (I) (8) cannot degrade 
4-0-ethylguaiacylglycerol - / ? -guaiacyl ether i n organic solvents by the same 
pathway as the enzymic reactions (12), our i n i t i a l results show that T D C 
S P P F e C l degraded this compound i n water to give, among other products , 
4-ethoxy-3-methoxybenzaldehyde and guaiacol ( F i g . 1). 

Table I. O x i d a t i o n of vera t ry l alcohol by T D C S P P F e C l and m C P B A i n 
various solvents 

Solvent % Y i e l d of V e r a t r a l d e h y d e 0 

6 m l p H 2 phosphate buffer 49.6 
6 m l D M F 12.0 
6 m l methanol 11.0 6 

α Based on veratry l a lcohol . 
b A second product was obta ined . 

T h e o p t i m a l p H for T D C S P P F e C l catalysis was examined for the pro 
duct ion of veratraldehyde f rom veratry l a lcohol . T h e y ie ld was highest at 
the lowest p H used (Table II). It can also be seen f rom Table II that T D C 
S P P F e C l was fa ir ly stable over a wide range of p H . T h e p H of the m e d i u m 
is cruc ia l for the n a t u r a l degradationof l i gn in . C a t i o n radicals are involved 
i n b o t h the biosynthesis and biodégradation of l i g n i n . T h e biosynthesis 
occurs at around p H 7 which favors rad ica l coupl ing of the neutral pheno-
late rad i ca l whi le biodégradation occurs under acidic condi t ion whi ch favors 
cat ion rad ica l induced C - C bond cleavage. 

A l t h o u g h no attempt was made to opt imize the turnover of the cat
alyst , Tab le II shows that T D C S P P F e C l was stable under the extreme 
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ox id i z ing condit ions, i.e., w i t h a catalyst to ox idant rat io of 1:600. Other 
s imple hemins are rap id ly degraded under these condit ions. 

Tab le II . O x i d a t i o n of ve ra t ry l alcohol by T D C S P P F e C l and m C P B A in 
aqueous so lut ion as a funct ion of p H 

P H 
% Y i e l d 

of Veratra ldehyde" 
% T D C S P P F e C l Left 

A f ter React ion 

2 49.6 98 
4 11.4 98 
6 5.8 97 
8 3.7 74 

10 9.9 96 
a Y i e l d based on vera t ry l alcohol . 

Pa lmer et ai (13) proposed that l igninase degrades l i g n i n by single 
electron oxidat ions and that the cat ion radicals of s m a l l aromat ic molecules 
could serve as diffusible redox mediators dur ing l i gn in degradat ion. V e r a t r y l 
a lcohol was found to st imulate the ox idat ion of anisy l compounds (14) by 
ligninase and Harvey et ai suggested that the cat ion rad ica l of veratry l 
a lcohol functioned as a redox mediator in this react ion. Since the cat ion 
rad i ca l of vera t ry l alcohol has not so far been detected (15), the med ia t ing 
role of ve ra t ry l alcohol is s t i l l an open question. 

T h e ox idat ion of an isy l alcohol by T D C S P P F e C l and m C P B A was car
r ied out i n the presence of vary ing amounts of veratry l a lcohol . T h e results 
i n Table III show that the presence of vera t ry l alcohol inh ib i t ed the ox ida 
t i o n of an isy l a lcohol . These observations are readi ly rat ional ized on the 
basis of the ox idat ion potentials of the two compounds. V e r a t r y l alcohol , 
w h i c h has a lower ox idat ion potent ia l than anisy l a lcohol , (1.52 V vs. 1.76 V 
as determined by cycl ic vo l tametry in acetonitr i le) , is more easily oxidized 
thus decreasing the y ie ld of anisy l alcohol by compet ing w i t h it for the ox i 
dant ; the same w i l l be true i n the na tura l systems. T h e med ia t ing role of a 
wel l known single-electron transfer agent, 1,4-dimethoxybenzene, was tested 
for comparison. It can be seen f rom Table I V that 1,4-dimethoxybenzene 
cannot s t imulate the ox idat ion of anisy l alcohol either. Therefore, the i n 
creased y ie ld of an isy l alcohol ox idat ion by ligninase cannot be a t t r ibuted 
direct ly to the mediat ing role of veratry l a lcohol . However the recent work 
of Harvey et ai (17) provides a good exp lanat ion of their early results 
(14) and confirms the speculat ion of K i r k et ai (16). V e r a t r y l alcohol can 
protect l igninase f r om inact ivat ion by prevent ing the f o rmat ion of l igninase 
compound III (17) (F igure 2). Indeed, the low y ie ld of veratraldehyde at 
h igh p H , coupled to the s tab i l i ty of the hemin (Table I I , p H 10) was due to 
the facile format ion of the compound III analog of T D C S P P F e C l which is 
relat ively long l ived at h igh p H . O u r inab i l i t y to establish a med ia t ing role 
for vera t ry l alcohol i n the ox idat ion of an isy l alcohol does not exclude the 
poss ib i l i ty that i t functions as a mediator i n l ign in degradat ion. T h e med i 
a t ing role of ve ra t ry l alcohol might be difficult to observe for sma l l molecule 
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CHO OH 

OEt 

Figure 1. C o m p a r i s o n of the reactions of 4-O-ethylguaiacylglycerol - /? -
gua iacy l ether catalyzed by F e T P P / t - B u O O H / C H C l 3 , T D C S P P F e C l / -
m C P B A / H 2 0 and l igninase /hydrogen peroxide. 

0 

Resting Enzyme Ligningx Lignin Compound II 

H 2 0 2 

Compound m 

Figure 2. T h e cata lyt i c cycles of l igninase. 
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interact ions w i t h the low molecular weight model compounds. Indeed, as 
described below, the results of electrochemical studies w i t h a po lymer ic 
model compound shown i n F igure 3 suggest such a med ia t ing role. 

Tab le III . O x i d a t i o n of anisy l alcohol by T D C S P P F e C l i n aqueous so lut ion 
i n the presence of veratry l alcohol ( p H 3) 

Substrates 

A n i s y l 
A l c o h o l 

(//moles) 

V e r a t r y l 
A l c o h o l 
(pmoles) 

% y ie ld of 
Anisa ldehyde" 

% T D C S P P F e C l Left 
Af ter React ion 

30 30 1.3 > 90 
30 15 4.2 > 90 
30 3 
30 0.3 
30 0 25.0 > 90 

a Y i e l d based on anisy l a lcohol . 

Tab le I V . O x i d a t i o n of A n i s y l A l c o h o l by T D C S P P F e C l and m C P B A in 
Aqueous Solut ion i n the Presence of 1,4-dimethoxybenzene ( p H 3) 

Substrates 

A n i s y l 1,4-dimethoxy 
A l c o h o l Benzene % Y i e l d of % T D C S P P F e C l Left 
(/xmoles) (/zmoles) Anisa ldehyde" Af ter React ion 

30 30 1.3 > 90 
30 15 3.3 > 90 
30 3 17.5 > 90 
30 0.3 20.4 > 90 
30 0 25.0 > 90 

a Y i e l d based on anisy l a lcohol . 

Po ly B -411 , a water-soluble, blue dye ( I V ) has been used as a l ignin 
model by G l e n n et ai (18). T h e dye was deposited onto a piece of filter 
paper , which was then attached direct ly to a glassy carbon anode. T h e 
anolyte contained 10 m M verat ry l alcohol and 0.1 M t e t r a b u t y l a m m o n i u m 
perchlorate ( T B A P ) i n methylene chloride. T h e catholyte contained only 
0.1 M T B A P i n methylene chloride. Af ter six hours control led potent ia l 
ox idat ion at 1.2 V , the blue color of filter paper on the side facing the anode 
turned to reddish brown. Comple te ox idat ion of P o l y B-411 i n aqueous 
so lut ion by T D C S P P F e C l and m C P B A gave the same color. T h e filter 
paper was not decolorized i n a control experiment lacking veratry l alcohol . 
A s P o l y B-411 was not able to make direct contact w i t h the electrode (since 
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Figure 3. Electrochemical ox idat ion of Po ly B-411 in the presence of vera t ry l 
alcohol at various concentrations ( m M ) . 1, 0; 2, 0.1; 3, 1.0; 4, 10. 
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Figure 4. Deco lor izat ion of P o l y B-411 by T D C S P P F e C l and ? n C P B A in 
the presence of manganese sulfate and lact ic acid (curve 3). Curves 1 and 
2 show control experiments lacking T D C S P P F e C l and manganese sulfate, 
respectively. 
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it is insoluble in methylene chloride) in the above experiment, veratryl 
alcohol (or one of its oxidation products) must have mediated its oxidation. 

TDCSPPFeCl can also mimic the function of the Mn(II)-dependent 
peroxidase isolated from ligninolytic cultures of P. chrysosporium (19,20). 
The mCPBA-oxidized TDCSPPFeCl can oxidize Mn(II) to Mn(III) which 
in turn oxidizes Poly B-411 in the presence of various α-hydroxy carboxylic 
acids. Figure 4 shows that TDCSPPFeCl can rapidly decolorize Poly B-
411 in the presence of manganese sulfate, lactic acid, and mCPBA. Control 
experiments lacking either manganese sulfate or TDCSPPFeCl caused inef
ficient and very slow decolorization of Poly B-411 (Fig. 4). It has been sug
gested (23) that one function of manganese is that of a diffusible mediator 
for lignin degradation. The above observations support this mediating role 
and at the same time emphasize the role of the porphyrin (enzyme). Hy
drogen peroxide, a two electron oxidant, cannot oxidize Mn(II) to Mn(III) 
(a one electron process), bu  th  tim  ion  unlik  iro
do not initiate Fenton-lik
ferric porphyrin to the compound I oxidation state (O = Fe(IV)Por ) and 
this can bring about the one electron oxidation of Mn(II) leaving Compound 
II (O = Fe(IV)Por). Compound II can then oxidize a second equivalent of 
Mn(II). Indeed this latter step is probably critically important in preventing 
Compound III formation in the manganese dependent peroxidase. 

Conclusions 

We have shown that TDCSPPFeCl (ΠΙ) is so far the most stable and 
efficient catalyst among the iron porphyrins used as model ligninases. All 
the known reactions catalyzed by this porphyrin mimic the ligninases quite 
well. TDCSPPFeCl can be used in both aqueous and polar organic solvent 
(such as methanol, DMF) so that solvent effects of lignin degradation can 
be studied. The catalyst is stable over a wide range of pH so the reactions 
at different pH can be compared. 

Under carefully controlled conditions veratryl alcohol can act as a redox 
mediator but from the experiments described above, we expect that such 
a role must be of only minor importance in nature. The ability of veratryl 
alcohol (and Mn(II)) to reduce Compound II (preventing the formation of 
compound III) is probably of far more importance for the ligninases. 
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Chapter 38 

Bacterial Degradation of K r a f t L i g n i n 

Production and Characterization of Water-Soluble 
Intermediates Derived from Streptomyces badius and 

Streptomyces viridosporus 

P. F. Vidal1, J . Bouchard1, R. P. Overend1,2, E. Chornet1, H. Giroux3, and 
F. Lamy3 

1Department of Chemical Engineering, University of Sherbrooke, 
Sherbrooke, Quebec J1K 2R1, Canada 

2National Research Council of Canada, Ottawa, Ontario K1A 0R6, 

3Department of Biochemistry
Quebec J1K 2R1, Canada 

Two Streptomyces strains, S. badius and S. viridosporus, 
were found to be able to grow on kraft lignin (In
dulin ATR) as sole carbon source. The resulting APPL 
(Acid Precipitable Polymeric Lignin) was characterized 
by FTIR and elemental analysis for C, H and N, and 
was found to contain proteins in addition to a rela
tively demethoxylated lignin component. The proteins 
were further characterized by amino acid analysis, while 
the lignin component was separated by solvent extrac
tion and its molecular weight distribution determined by 
HPSEC. 

In the last ten years, research on l i gn in biodégradation has followed two 
routes: fungi and bacter ial del igni f icat ion. 

C r a w f o r d and co-workers were the first to study i n deta i l the act ion of 
two streptomyces, S. badius 252 and S. viridosporus T 7 A , on lignocellulose 
f rom different sources. T h e i r work led to the conclusion that the bacter ia l 
act ion on aqueous suspensions of these l ignocellulosics resulted i n the sol 
ub i l i za t i on of l i g n i n fragments which precipitate u p o n ac id i f i cat ion: A c i d 
Prec ip i tab le Po lymer i c L i g n i n ( A P P L ) (1-10). 

In this paper, we report on the bacter ial growth of S. badius and S. 
viridosporus w i t h Indu l in A T R , a commerc ia l kraft l i g n i n pract i ca l ly free 
of sugars, as sole carbon source and on the character izat ion of the A P P L 
derived f rom this degradation. 

Mater ia l s a n d M e t h o d s 

T h e mater ials and most of the methods used are described in previous 
papers (11,12). To summarize : 

- I n d u l i n A T R is a purif ied form (acidified water wash) of I n d u l i n A T 
f rom Westvaco C o r p . , Char les ton Heights , South C a r o l i n a . 

0097~6156/89/0399-0529$06.00/0 
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- 5. badius and S. viridosporus are obtained f rom the A m e r i c a n T y p e 
Cul tures Co l l e c t i on , A T C C #39115 and 39117, respectively. 

- These strains are grown in Indu l in A T R suspensions (0 .5% w / v ) . 
N H 4 C 1 , yeast extract and glucose are used together or independently 
as nutrients . 

- T h e D N A content is measured in order to determine the rate of bac
ter ia l growth according to B u r t o n (13). 

- A P P L is determined by acid prec ip i tat ion ( 1 2 M HC1) using either t u r 
b id i ty measurements (nephelometry: abs. at 600 nm) or grav imetry 
according to Crawford et al. (4). A l l experiments reported i n this 
paper were carried out w i t h uninoculated controls whose values were 
always substracted. 

- M e t h o x y l content of the different samples were determined using a 
modif ied Zeisel procedure (14). 

- Aqueous Size Exc lus i on Chromatography ( A S E C ) : A P h a r m a c i a sys
tem w i t h superose T M 1
(flow rate 0.4 m l m i n - 1 ) , was used, detection being by U V at 280 n m . 

- Fourier Trans form Infrared ( F T I R ) Spectroscopy: A 5 D X B Nicolet 
system w i t h a T G D S detector was used at a resolution of 4 c m " 1 . T h e 
samples were mixed w i t h pure K B r at a concentration of 2% w / w and 
64 scans were collected. 

- H i g h Performance Size E x c l u s i o n Chromatography ( H P S E C ) : A V a r i a n 
M o d e l 5000 l i qu id chromatograph equipped w i t h a variable wavelength 
U V detector, two columns i n series ( P L gel, 300 x 7 . 5 m m , part ic le size 
5μπι, porosity of 50 and 500Â), was used, T H F being the eluent. 

Results a n d Discussion 

Bacterial Growth and APPL Production. Glucose used as a secondary 
carbon source increases A P P L product ion , though only after a l l glucose has 
been consumed. T h e increase is greater for S. badius than for S. viridosporus 
( F i g . 1). A s previously shown by C r a w f o r d (2), we also observed that an 
organic source of nitrogen such as yeast extract was much better than an 
inorganic source such as N H 4 C 1 , the Streptomyces produc ing 7 to 9 times 
more A P P L i n the former case ( F i g . 2). T h e increase of i n i t i a l p H f rom 7.2 
to 8.8 s l ight ly increases A P P L y i e ld , whi le an add i t i on of Cu++ , Fe+++, 
M n + + or Zn++ has no effect (data not shown) . 

T h e study of the D N A content, an ind icat ion of bacter ia l growth , shows 
that S. badius reaches its s tat ionary phase after 5 days, 7 days pr ior to S. 
viridosporus ( F i g . 3). In both cases, A P P L product ion starts immediate ly 
(t = 0) and increases l inear ly dur ing incubat ion , S. badius p roduc ing more 
t h a n S. viridosporus. A f ter 35 days, the A P P L y ie ld represents 7% and 
5% of the i n i t i a l Indu l in A T R weight for S. badius and S. viridosporus, 
respectively. 

Separation of Bacterial Extracellular, Membranous and Cytosolic Proteins 
and their Effect on Indulin ATR. We first assume a l ign in so lubi l i zat ion 
catalyzed by enzymes. In order to localize the enzymes responsible for the 
I n d u l i n A T R degradation, the cells of each s tra in were fract ionated: ex t ra 
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Figure 1. Influence of glucose on the product ion of A P P L by cultures of 5. 
badius (panel A ) and S. viridosporus (panel B ) . T h e bacter ia were grown 
i n m i n i m a l culture media , adjusted at p H 7.8, w i t h I n d u l i n A T R (0.5%) 
as p r i m a r y carbon source, glucose (0.2%) as secondary carbon source and 
N H 4 C I as nitrogen source. · · = glucose concentrations; • — • = A P P L 
produced by bacter ia grown in presence of I n d u l i n and glucose; • — • = 
A P P L produced by bacter ia grown in presence of I n d u l i n alone. (Repro 
duced w i t h permission f rom Réf. 11, @ 1989 A S M . ) 
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1.20 

TIME (days) 

Figure 2. Influence of yeast extract on the product ion of A P P L by cultures 
of 5. badius and S. viridosporus. T h e bacter ia were grown in m i n i m a l culture 
med ia w i t h I n d u l i n (0.5%) as source of carbon and either yeast extract 
(0.6%) or N H 4 C 1 (0.02%) as nitrogen source. Q ; • = A P P L produced by S. 
badius grown i n the presence of either N H 4 C l or yeast extract . (Reproduced 
w i t h permiss ion f rom Ref. 11, © 1989 A S M . ) ο ; · = A P P L produced by 
S. viridosporus grown in the presence of either N H 4 C I or yeast extract . 
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TIME (days) 

Figure 3. B a c t e r i a l growth and A P P L product ion . T h e bacter ia were grown 
i n m i n i m a l culture media , adjusted at p H 7.5, w i t h Indu l in A T R (0.5%) as 
carbon source and yeast extract (0.6%) as nitrogen source. S. badius and 
S. viridosporus are shown in panels A and B , respectively. • — • = A P P L ; 
• · = D N A (Reproduced w i t h permission from Ref. 11, © 1989 A S M ) . 
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and intrace l lu lar (membranous and cytosolic) proteins. Table I shows the 
locat ion of the ac t iv i ty : only cell debris derived f rom S. viridosporus has no 
effect. Hydrogen peroxide increases ac t iv i ty only for the proteins derived 
f rom S. badius obtained at the end of the log phase (5 days) and is located 
i n the cell debris or i n the extracel lular fract ion. R a m a c h a n d r a et al. (10) 
found extracel lular peroxidase i n S. viridosporus but identif ied an etherase 
i n S. badius. 

Table I. A P P L P r o d u c t i o n by Secreted Prote ins and B a c t e r i a l E x t r a c t s . 
Effect of Hydrogen Peroxide 

S. badius S. viridosporus 

H 2 0 2 ( - ) H 2 0 2 ( + ) H 2 0 2 ( - ) H 2 0 2 ( + ) 

E x t r a c e l l u l a r 
Enzymes 

E a r l y 
Prote ins 
5 or 12 days 

+ + + + + + + + + 

L a t e 
Prote ins 
35 days 

+ + + + + + + + 

Intracel lular 
Enzymes 

Cytoso l i c 
Prote ins 

+ + + + + + + + 

(5 or 12 days) C e l l Debris + + + + + + 
(+100%) 

— — 

Evidence demonstrat ing that the degradation observed is catalyzed by 
enzyme(s) was obtained by t y p i c a l denatur ing treatments. Late extrace l 
lu lar prote in fractions f rom both strains present the same characteristics: 
resistance to heat up to 100°C, p a r t i a l resistance to ac id i ty as low as p H 1.0 
(samples being returned to p H 7.8 prior to assaying for ac t iv i ty ) , but are 
completely inact ivated by proteolysis w i t h a mix ture of t ryps in and chy-
m o t r y p s i n (Table II). 

Tab le II . Denaturat i on of Stat ionary Phase Ext race l lu lar Enzymes 

S. badius 

Heat 
100°C p H 1.0 Proteolysis 

++ + 
( - 5 0 % ) 

S. viridosporus 

Heat 
100°C p H 1.0 Proteolysis 

++ + 
( - 75%) 

Crude APPL Analysis. T h e salient feature observed fo l lowing the elemental 
analysis of the A P P L ' s derived f rom cultures grown w i t h yeast extract is 
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an unexpectedly h igh percentage of nitrogen (Table III) . W e first assume 
that this nitrogen originates f rom proteins and have therefore carried out an 
amino ac id analysis . F r o m the results (Table I V ) , we prove this assumpt ion 
to be true. 

Tab le III . E l e m e n t a l analysis and m e t h o x y l group quanti f icat ion 

Sample % N % C % H 9Ό0 1 % O C H 3 

I n d u l i n A T R 0.2 66.1 5.9 27.8 13.7 
A P P L S. bad. 6.1 51.6 5.6 36.7 6.8 
A P P L S. vir. 6.0 54.2 5.8 34.1 6.5 

Percentage of oxygen is calculated by difference. 

Tab le I V . A m i n o ac id composit ion
yeast extract and of the cel lular soluble proteins obtained f rom 
S. badius and S. viridosporus. T h e A P P L was obtained f r om 35 
day culture media , the bacter ia be ing grown w i t h or w i thout yeast 
extract . (Repr inted f rom ref. 11.) 

A m i n o A c i d s Concentrat ion (picomoles) 1 

A m i n o 

Yeast 
E x t r a c t 

A P P L 
(+) Yeast E x t . 

A P P L 
( - ) Yeast E x t . 

Cytoso l i c 
E x t r a c t 

A c i d s S. bad. S. vir. S. bad. S. vir. S. bad. S. vir. 

A s p 2.39 1.30 2.04 1.49 1.12 0.93 0.59 
G l u 3.43 0.82 1.14 1.17 0.86 2.05 2.18 
Ser 1.41 0.92 0.83 0.75 0.75 0.57 0.41 
G l y 1.70 1.59 1.69 1.83 1.22 1.21 1.25 
A r g 0.78 0.60 0.55 0.83 0.56 0.82 0.78 
T h r 1.24 0.79 0.76 0.86 0.77 0.63 0.65 
A l a 2.19 1.37 1.56 1.51 1.53 1.57 1.29 
P r o 1.07 0.63 0.68 0.65 0.53 0.58 0.62 
T y r 0.29 0.29 0.29 0.29 0.29 0.29 0.29 
V a l 1.70 0.93 0.83 1.13 1.11 1.39 0.82 
Ile 1.15 0.47 0.39 0.61 0.46 0.53 0.38 
L e u 1.57 1.00 0.84 1.22 0.98 1.23 0.82 
P h e 0.66 0.39 0.35 0.44 0.33 0.42 0.29 
L y s 0.63 0.44 0.54 0.36 0.27 0.39 0.35 

A l l the d a t a were calculated on the basis of a constant amount of 
tyrosine. 

We can conclude that the yeast extract is not a source of contam
i n a t i o n but , at the same t ime, cannot conclude whether these nitrogen 
fractions come f rom secreted proteins or f rom cytosolic proteins released 
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i n the m e d i u m after cell death. N o difference in amino ac id composi t ion 
between the A P P L protein fract ion derived f rom each s t ra in was observed, 
even though these proteins are added by the microorganisms themselves. 

A s s u m i n g a 50:50 rat io between G l u : G l n and A s p : A s n , we calculated 
the average nitrogen content of the proteins present in S. badius and S. 
viridosporus A P P L , which in both cases gives 14.5%. Therefore, these 
prote in fractions represent about 4 2 % of the A P P L weight, and because 
these fractions are methoxy-free, it appears that the l ign in fractions of the 
A P P L ' s have a lower methoxy l content as compared to the i n i t i a l I n d u l i n 
A T R , the decrease being 14% for S. badius and 19% for S. viridosporus. 
T h i s confirms the finding of Crawford ' s group, who grew these cultures on 
native l ign in substrates. 

B o t h A P P L ' s produce s imi lar patterns when analyzed by Fourier 
Trans fo rm infrared ( F T I R ) spectroscopy, w h i c h are quite different f rom 
the spec t rum of I n d u l i n A T R (Figure 4). Table V sums up the ma jo r dif
ferences between these spectra
is no contaminat ion by yeast extract ; the pattern of A P P L produced by S. 
badius using glucose as carbon source is ident ica l to that of A P P L obta ined 
using yeast extract (same d a t a for S. viridosporus not shown) . 

Tab le V . F T I R Spectra A n a l y s i s ( L i g n i n Ass ignment A c c o r d i n g to Hergert 
(15)) 

Differences between 
A P P L Spectra 

Wave N u m b e r C o m p a r e d to I n d u l i n 
( c m - 1 Assignment A T R S p e c t r u m 

3290,3080 pept id ic bonds appear as shoulders 
2965,2845 a l k y l groups increase 
1700,1660 unconjugated and impor tant increase 

conjugated carbonyl 
in l ignin 

1595 l i gn in aromat ic r ing overlapped 
1540 amide group new band 
1460 a l k y l I 
1427 a l k y l a n d / o r 1 only distorted 

h y d r o x y l , and I 
1270 ary l C O of I 

a r y l - a l k y l ether 1 
1220,1150,1130 C H and C O vibrat ions overlapped w i t h 
1080 and 1030 of syr ingy l and s imi lar v ibrat ions 

guaiacy l units of proteins 
887,783 aromatic r ing or new bands 

amine group of 
amino acid 

T h e molecular weight d istr ibut ions determined by an A S E C analysis 
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were s imi lar for bo th A P P L ' s (S. badius d a t a shown i n F igure 6). T h e 
presence of very h igh molecular weight components ( M W > 300,000) is 
a t t r ibuted to the prote in fract ion of the A P P L , such large molecules never 
be ing found i n I n d u l i n A T R . 

Dissociation of the Protein-Polyphenolie Complex and Characterization of 
the Polyphenolic Fraction. Since Indu l in A T R is almost completely soluble 
i n T H F while the A P P L ' s are quite insoluble i n this solvent, but are soluble 
i n D M F , a sequence of different percentage mixtures of these two solvents 
was used i n order to dissociate the prote in - l ign in complexes for further 
analyses of the l i gn in part . 

Despite the fact that crude A P P L ' s are to ta l ly soluble i n D M F , an 
i m p o r t a n t residue is obtained at the end of the solvent sequence (0:100, 
T H F : D M F ) ind i ca t ing that the prote in-r ich fractions require association 
w i t h the polyphenol ic part for their so lubi l i zat ion i n D M F (Table V I ) . Be 
cause each A P P L has a
d i s t r i b u t i o n is also different, but i n both cases, the T H F fract ion is the 
most l ign in- l ike , w i t h only 1% nitrogen. T h i s is confirmed by F T I R ana ly 
sis ( F i g . 7). A s the f ract ionat ion proceeds w i t h increasing solvent po lar i ty , 
the l i gn in characteristic bands at 1515, 1460, 1265, 1095, 1035, a n d 810 
c m " 1 d isappear, whi le the amide characteristic bands at 3290 and 3080 
c m " 1 appear. 

Tab le V I . E l e m e n t a l A n a l y s i s of the Fract ions O b t a i n e d by Sequential S o l 
ub i l i za t i on 

% of S t a r t i n g 
Sample T H F : D M F M a t e r i a l % N % C % H % O x 

A P P L 100:0 8.0 1.0 67.4 7.1 24.5 
S. bad. 85:15 21.1 2.7 61.7 6.1 29.5 

50:50 19.0 4.8 58.6 6.4 30.2 
0:100 9.8 4.3 57.2 5.7 32.8 

Residue 42.1 8.7 49.6 6.5 35.2 

A P P L 100:0 2.3 not enough sample 
S. vir. 85:15 4.3 2.0 65.8 7.1 25.1 

50:50 36.3 3.3 61.7 6.6 28.4 
0:100 2.8 4.0 57.2 5.1 33.7 

Residue 54.3 9.9 49.6 6.9 33.6 

Percentage of oxygen is calculated by difference. 

T h e molecular weight d i s t r ibut i on obtained by size exclusion chro
matography, for b o t h A P P L ' s T H F soluble fract ion and I n d u l i n A T R , show 
s imi lar profiles, the differences be ing that the rat io of h igh molecular weight 
( D P 5 0 ) to the lower molecular weight ( D P 5 ) is inversed between I n d u l i n 
A T R a n d b o t h A P P L fractions, the latter being richer i n lower molecular 
weight ( F i g . 8). Because the A P P L ' s represent only 7% of the i n i t i a l m a -
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Figure 6. Aqueous size exclusion chromatography of the A P P L derived f rom 
S. badius. F e r r i t i n , aldolase, o v a l b u m i n , chymotrypsinogen A and acetone 
were used as standards. 
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Figure 8. H i g h performance size exclusion chromatography of I n d u l i n A T R 
and of the T H F soluble fraction of each A P P L . (Reproduced w i t h permis 
sion f r om Ref. 12, © 1989, C N R C . ) 
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terial, this technique does not allow us to conclude whether or not APPL 
consists of Indulin ATR depolymerized fragments. 
Conclusions 
The experiments reported were all conducted under the important assump
tion that enzymes present in the bacteria studied were responsible for the 
solubilization of the lignin. This assumption is supported by some, but not 
all of the results obtained, such as the H2O2 activation of certain bacterial 
protein fractions. Another theory would be to suppose that the solubiliz-
ing proteins are, in fact, surfactants. This would explain, for example, the 
activity of these proteins at high temperatures. We do know, however, that 
proteins attach to APPL to form a soluble complex. Following the sur
factant theory we would consider that Indulin ATR is a complex of lignin 
fragments insoluble only because of the medium's properties. The bacterial 
proteins would attach to the Indulin ATR increasing the hydrophilicity of 
the fragments, some able
solution. 

To prove that one theory, the other, or even a combination of both is 
correct, further studies of the purified secreted and cellular proteins from 
the bacteria will be part of the next series of experiments planned. 
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Chapter 39 

M i c r o b i a l Calorimetric Analysis 

Lignin-Related Compounds in Micromolar Concentrations 

Rex E. Lovrien1, Mark L. Ferry1, Timothy S. Magnuson2, 
and Robert A. Blanchette2 

1Biochemistry Department, Gortner Laboratory, University of Minnesota, 
St. Paul, MN 55108 

2Plant Pathology and Forestr

Microbial combustion of lignin fragments and lignin 
model compounds produces heat which is measurable 
via heat conduction calorimetry, even with samples rang
ing in size from 5-200 nanomoles. The general method 
is called microbial calorimetric analysis (MCA). First, 
microbes (Pseudomonas or soil bacteria) are grown on 
lignin fragments or model compounds as a carbon source. 
The adapted bacteria, so obtained, then function as 
rapid-acting, specific reagents for metabolizing such com
pounds. The technique has the following advantages: 
(i) cells (1-2 mg) are capable of aerobically combusting 
many kinds of C1-C10 compounds in 5-10 minutes; (ii) 
interfering compounds can be removed by stripping; (iii) 
detection limits are comparable to spectrophotometric 
methods (e.g., to micromolar levels for sugars and phe
nols); and (iv) chromogenic groups are not required for 
detection. The sensitivity of the technique is based on 
the large aerobic heats of such compounds, and the ve
locities with which adapted cells can drive metabolism. 

Once common bacter ia have been adapted to growing on l ign in fragments, 
these compounds essentially undergo combust ion produc ing heat. C u r 
rent heat conduct ion calorimeters can easily measure such heats of aerobic 
metabo l i sm, even i n quantit ies ranging f r om 5-100 nanomoles (1,2). B o m b 
combust ion calor imetry converts samples completely to carbon dioxide and 
water . Aerob i c bacter ial metabo l i sm only produces ha l f as much heat, e.g., 
sugars, phenols, alcohols and al iphat ic acids l iberate 100-600 K c a l / m o l - 1 , 
and l i g n i n and C s - 1 2 petroleums generate ~ 1000 K c a l / m o l " 1 . T h e lower 
ca lor imetr ic measurement ( ± 3 % precision) is ~ 2-30 mil l icalor ies . D i v i d i n g 
such ranges by ca. 100-500 K c a l heat /mo le gives ~ 5-200 nanomoles of 
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compound needed for mi c rob ia l calor imetric analysis ( M C A ) . Since s a m 
ple volumes are 1-2 m l , micromolar concentrations can be used for this 
method . Besides the concentration ranges w h i c h any ana ly t i ca l method 
m a y be expected to cover, four further aspects are also i m p o r t a n t : namely, 
detectabi l i ty of the analyte ; whether a sample can be used " r a w " or has to 
be isolated; interfering compounds and specif icity; and cost. 

Concern ing detectabi l i ty of l ignin and cellulose derived fragments, 
M C A has considerable advantages. Such compounds are often poor ly chro-
mogenic ; some have no chromogens at a l l , or are poor ly prochromogenic , 
i .e . , are difficult to at tach a chromophore. B u t these sorts o f compounds 
" b u r n " w i t h large heats i n M C A , so that a lack of chromophores for o p t i 
cal detect ion is not at a l l a hindrance. M C A can also ut i l ize t u r b i d , raw 
or p igmented samples, which are impossible for spectrophotometry. M i 
crob ia l ca lor imetry was recently reviewed by B a t t l e y (3). Whereas earlier 
calorimeters required ca. 100 m l of microb ia l suspension, heat conduct ion 
calorimeters using the Seebec
0.2 to 2 m l of substrate or analysis so lut ion and of cell suspension. A 100-
200 m l overnight culture provides enough cells for 10-20 measurements for 
M C A . 

M i c r o b i a l s t r ipp ing adds much to M C A ' s scope, and simplif ies i t . S t r i p 
p i n g uses induced bacter ia for gett ing r i d of interfering compounds. F igure 
1 outl ines direct calorimetry, and s t r ipp ing , together w i t h average p a r a m 
eters for l i g n i n model compounds analysis . S t r i p p i n g by E. coli was first 
used i n cel lulolysis , quant i ta t ing cellobiose vs. glucose (4). It was devel
oped further for phenolic mater ia ls , using Pseudomonas and bacter ia f rom 
soi l isolates. 

M C A takes advantage of bacter ia l ab i l i ty to synthesize large amounts 
of enzymes necessary for carry ing carbon sources through oxidative metabo
l i s m , thereby induc ing the enzymes (5). T h e y are analogous to the classic 
example , the lac operon of E. coli. (Grown on glucose, E. coli have 0.5 
to 5 /?-galactosidase enzyme molecules per cel l . B u t grown on lactose, E. 
coli can synthesize 1000 to 1,500 /?-galactosidase molecules /ce l l (6).) T h u s , 
M. irichosporium produces almost 17% of its soluble protein as a methane 
monohydroxylase (7). A Pse udom on as synthesizes about 3% of its prote in 
as protocatechuate monohydroxylase, when grown on p-hydroxybenzoate 
(8). M o s t of the pro-oxidative enzymes of bacter ia are stabi l ized inside the 
cel l , but are very fragile outside the cell . Therefore, the view that analysis 
may be carried out v i a isolated enzymes for aromat ic processing, perhaps 
coupled to an electrode of some k i n d , appears quite i m p r a c t i c a l . M C A 
takes advantage of what bacter ial cells can actual ly do, namely to stabi l ize 
a n d protect enzymes, besides the i n i t i a l synthesis. Hence, M C A is l ike ly to 
be far more pract i ca l than any "bioelectrode" method for analysis . 

B a c t e r i a l G r o w t h a n d A d a p t a t i o n 

Pseudomonas putida A T C C 11172 was used for bo th mic rob ia l ca lor imetry 
and for s t r ipp ing phenol and lower cresols. Several isolates f rom local soils, 
w h i c h were able to combust larger aromatics such as c innamic and syr ingic 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



546 PLANT C E L L WALL POLYMERS 

acids, were obta ined by a c i r cu lat ing enrichment apparatus s imi lar to that 
described by A u d u s (9). L i g n i n model compounds, 0 .03%, plus 0 .01% g l u 
cose were incubated w i t h ~ 100 g of soi l for 2 days, w i t h a ir c i r cu lat ion at 
r o o m temperature . A f ter 2 days, enricher inocu la were transferred to plates 
w i t h 0 .5% yeast extract and the compound. (For c innamic a n d h y d r o x y c i n -
namic ac id carbon sources, the yeast extract was left out. ) P l a t e isolates 
were grown at r oom temperature for 12-48 h . Colonies f r om plates were 
used to inoculate shake-flask l i q u i d cultures w i t h A s h w o r t h - R o m b e r g salts 
(10) containing 0.05% by weight of a carbon source and 0 .03% yeast extract . 
L i q u i d culture growth usual ly occurred below 0.05% compound , but some
what larger concentrations tended to k i l l even wel l adapted Pseudomonas. 
After g rowth (at 30°) the organisms were d i luted w i t h either m i n i m a l salts 
or isotonic saline and centrifugally washed twice. C e l l concentrations were 
adjusted using the spec t rophotometry t u r b i d i t y factor 2.0 x 1 0 9 x Αββο* 
cm" " 1 previously described (1) to measure numbers of c e l l s / m l , ± 1 0 % for 
Pseudomonas. 

S t r i p p i n g 

A d a p t e d cells able to b i n d unwanted, interfering compounds were washed 
twice and adjusted i n concentration. A p p r o x i m a t e l y 1 m l of suspension 
conta in ing 5 χ 1 0 1 0 cells was usual ly sufficient to s tr ip 1 m l samples con
t a i n i n g 50-100 nanomoles of interfering compound w i t h over 9 0 % removal 
effectiveness. A f ter m i x i n g the cells and samples by vor tex ing and incubat 
i n g for a minute , the str ipper cells were spun down i n a microcentri fuge. 
A n al iquot of the supernatant was taken for ca lor imetry or other means of 
analysis , e.g., F o l i n analysis . 

Spectrophotometr ic Analys is ; Fo l in P h e n o l 

P h e n o l and phenolic derivatives, cresol and related compounds were ana 
lyzed by F o l i n - C i o c a l t e a u reagent at 700 m / i , s tandard iz ing each compound 
separately by its F o l i n response. T h e i r slopes (molar absorpt ion coefficients) 
were 8000-10,000 M _ 1 c m _ 1 . Interestingly, m e t h o x y l aromatics w i t h no free 
h y d r o x y l groups were not reactive. 

H e a t C o n d u c t i o n C a l o r i m e t r y , B a t c h M i x i n g 

Figure 2 i l lustrates the arrangement of a three-channel batch m i x i n g 
calorimeter using L ipse t t -Johnson -Maas vessels (11) for a 1 m l analysis 
sample , 2 m l m i c r o b i a l suspension, and 3 m l headspace. T h e fourth vessel 
i n F igure 2, together w i t h its Seebeck thermosensors, is a reference module . 
U s u a l l y i t is loaded w i t h 2 m l microb ia l suspension and 1 m l of solvent ( m i n 
i m a l salts) . T h e reference module voltage opposes a l l three sample modules 
so that each measurement is a difference or net power measurement. In 
effect, the heat of m i x i n g the system, or the heat of residual m i c r o b i a l ac
t i v i t y w i thout carbon , is subtracted f rom the samples. T h e voltage signals 
of heat conduct ion calorimeters actual ly measure power. Power integrated 
over t ime equals heat, wh i ch is direct ly proport iona l to the area measured 
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Direct 
C a l o r i m e t r y 

Adapted cells 
1-2 mg. able to 
metabolize the 
carbon source 
or analvte 

Mix with 
1-2 ml. of ~" 
sample, aerobic 

Measure heat 
proportional to 
the amount 
carbon, 2-100 
nanomoles, 1-100 
meal, 5-10 min. 

Adapted cells, Mix with Stripped 
Str ipping 2-4 mg., able to ^ 1-3 ml sample, supernate, 

bind interfering vortex, centrifuge, 1-2 ml. for 
compound. retain supernate calorimetry 

Figure 1. M e t h o d s of M C A : Direct ca lor imetry by microorganism metabo
l i s m of samples for analysis ; s t r ipp ing by microorganism b i n d i n g of inter
fering compounds. 

F igure 2. Heat conduct ion (Seebeck effect) batch m i x i n g calorimeter for 
three samples a n d one reference channel . A f ter loading and establ ishing 
baselines, the assembly is inverted to m i x react ants and start heat pro 
duc t i on . (Reproduced w i t h permiss ion f rom Ref. 2. © 1983, A l a n R . L i ss , 
Inc.) 
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under each thermogram as shown i n F igure 3. Headspaces i n each vessel 
conta in 3-6 m l of a ir , that is , w i t h approximate ly 50-100 fo ld excess oxygen 
for aerobic metabo l i sm of 5-100 nanomoles of most substrates up to C12 
sizes. M o r e detailed parameters, response t imes, noise generation, figure 
of mer i t , etc., have been publ ished (2) and incorporated i n B R I C m a n u 
factured instruments . T h e uni t shown i n F igure 2 is inside a meta l shel l , 
surrounded by three meta l boxes. T h e outer two boxes are Pel t ier p u m p e d , 
for protec t ing against thermal fluctuations f rom outside. T h e system can 
be operated at any chosen temperature between 10-50°. T h e mic rob ia l 
ca lor imetr ic analyses were carried out at 25°. Heat conduct ion ca lor ime
ters derive their signals f rom heat flow, generated by the samples after 
m i x i n g . T h e y do not rely on measurement of s m a l l temperature changes. 
T h e heat conduct ion pr inc ip le (12) is far easier and more sensitive, also 
less expensive, t h a n nearly any means invo lv ing thermistors or thermome
try . C a l i b r a t i o n is carried out i n two ways: electric resistance heat ing w i t h 
a s m a l l probe inserted i n
neutra l i za t i on (2). 

M i c r o b i a l C a l o r i m e t r i c Analysis ( M C A ) of C o m p o u n d s U s i n g 
Pseudomonas putida A T C C 11172 

Pseudomonas grown on phenol and various cresols combusts them at 25° in 
300-600 sec i f there are excess cells, ~ 1-2 m g dry weight, and l imi ted car
bon , ~ 5-30 nanomoles. F igure 3 shows that when Pseudomonas is adapted 
to o-cresol, i t combusts o-cresol and phenol to complet ion i n about 6 m i n 
utes. G r o w n on vani l l i c ac id , Pseudomonas metabolizes l imi ted amounts of 
vani l l i c ac id , albeit somewhat more slowly t h a n i n the o-cresol or phenol 
u t i l i z i n g system. Nevertheless, this occurs i n far shorter t imes t h a n can 
possibly be observed by a growth response. Ten to twenty nanomoles of 
vani l l i c ac id metabol ize ca. 30-50% as rap id ly as o-cresol or phenol . 

G r o w t h on glucose allows the bacter ia to combust glucose. B u t growth 
on glucose does not equip t h e m to handle any of the l i g n i n model com
pounds as indicated by the glucose grown cells mixed w i t h o-cresol (lower 
trace of F igure 3). Such thermograms, besides measuring the nature of var
ious organisms ' responses to carbon sources, also measure metabol ic rates. 
In the case of glucose and glucose-grown cells, when compared w i t h d a t a 
f r om B e r k a et al. who used P. cepacia and a spectrophotometric method to 
follow the disappearance of sugar (13), i t was found that our rates of u t i 
l i z a t i o n agreed w i t h i n a factor of less t h a n two. Such rates f rom ca lor imetry 
are s i m p l y a d iv i s ion of the molar heat of aerobic glucose metabo l i sm, 300 
K c a l / m o l e glucose (1), by the power averaged over the t ime interva l for 
combust ion and the number of moles of glucose consumed. T h e quotient is 
a combined uptake and metabol ic rate. 

S tandard i za t i on plots for M C A have the same nature as such plots 
for other ana ly t i c methods. T h e y are plots of "readout" ( in this case, 
heat) vs. concentration of s tandard . F igure 4 shows a s tandard izat ion 
plot for M C A response to o-cresol, compared w i t h a plot for F o l i n spec
t rophotometry which is also for o-cresol. T h e question that then arises is 
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the sens i t iv i ty of M C A compared w i t h other methods i n analysis of one 
l ignin-re lated compound . Such a comparison depends largely on the lower 
heats suitable for Seebeck calorimetry, and the lower absorbancies suitable 
for spectrophotometry at o p t i m u m wavelength n o r m a l l y us ing a 1 c m cu 
vette. Absorbances of ca. 0.10-0.30 i n spectrophotometry and heats of 3-40 
m i l l i c a l i n ca lor imetry were taken as reasonable cr i ter ia for F igure 4. 

Important parameters w h i c h control such a comparison are the molar 
absorpt ion coefficient for o-cresol-Folin color, £700 = 8 1 4 0 M ~ 1 c m ~ 1 , and 
the mo lar heat of aerobic metabo l i sm for o-cresol, 520 K c a l / m o l e o-cresol 
us ing aerobic Pseudomonas. T h e parameters are the slopes of the plots 
of F i g u r e 4. C l e a r l y the cr i ter ia for two completely different methods can 
be d r a w n closer together or further apart , depending on what i n s t r u m e n 
t a l "readouts" are taken as reasonable lower ranges. However, even when 
a rather intensely colored sample for analysis is compared, as Fol in-cresol 
conjugates are, M C A is at least as sensitive as F o l i n spectrophotometry 
i n the present case. T h e
aerobic metabo l i sm, and use of excess cells, wel l adapted , and l i m i t e d for 
carbon ( l imited analyte) . I f real samples are very t u r b i d , or laden w i t h 
Fol in-react ive pigments as many l i gn in compounds are, m i c r o b i a l ca lor ime
t r y has a further advantage. It is far less sensitive to such interference t h a n 
spectrophotometry. 

S t r i p p i n g Efficiency a n d S t r i p p i n g Specificity 

A s w i t h any other analyt i ca l method , M C A ' s capacity is enhanced i f i t is 
easy to remove interfering compounds. M i c r o b i a l adaptat i on confers speci 
f ic i ty i n b i n d i n g unwanted compounds so they can be swept out w i thout 
los ing the sample for analysis . Figures 5a and 5b show the d a t a for phenol 
and vani l l i c ac id s t r ipp ing under convenient condit ions, namely, w i t h easily 
acquired amounts of str ipper cells (5 x 1 0 1 0 cells), and condit ions where i n 
terfering compound concentrations are re lat ively large, i .e., up to 10 t imes 
the amount of sample for analysis . 

Pheno l -grown cells nearly quant i tat ive ly b i n d and carry down phenol 
a n d some of the cresols i n concentrations ~ 8 x 1 0 ~ 3 m g / m l (ca. 6 x 
10"" 5 M). P h e n o l and ο-, ρ - , and m-cresol are s t r ipped as shown i n F igure 
5a. In contrast, l i t t l e vani l l i c ac id is removed by phenol-grown P. putida, 
i .e. , vani l late remains i n the supernatant , whereas phenol and the cresols 
are b o u n d and spun down w i t h the str ipper cells. 

W h e n the same P. putidaare grown on vani l l ic a c id , F igure 5b, v a n i l 
late efficiently binds and is s t r ipped , whereas very l i t t l e phenol is removed 
(see F igure 5a). Indeed, Figures 5a and 5b i l lustrate the efficiency and 
specif icity w i t h which P. putida A T C C 11172 binds phenols, and as can be 
seen is sharply dependent on the carbon source used for growth . W i t h i n 
cogeners, phenol itsel f and o-, m - , and p-cresol, there is not much d i s c r i m i 
n a t i o n i n the ab i l i ty of phenol -grown cells to s tr ip t h e m below levels of ca . 
8 x 1 0 ~ 3 m g / m l . Above this concentration, differences between the i n d i v i d 
u a l compounds are seen but even these disappear when cell concentrations 
are made even larger. For 50 x 1 0 1 0 phenol-grown P. putida/ml, up to 
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30 χ 1 0 ~ 3 m g / m l of these compounds a l l b i n d and therefore get s t r ipped . 
However, for prac t i ca l purposes, one prefers not to have to use such a large 
number of cells and ord inar i l y there is no need to. A t least for this organ
i s m , usual ly 5 χ 1 0 1 0 c e l l s / m l are enough to s tr ip compounds of this k i n d 
i n the 1 0 ~ 6 to 1 0 " 5 M range. 

Glucose-grown P . putida s tr ip glucose, but grown on the cresols they 
do not b i n d glucose efficiently i n micromolar sugar concentrations nor me
tabol ize i t rap id ly . F r o m results of diverse experiments , we favor E. coli 
as str ippers a n d metabolizers of carbohydrates i n M C A (4). However, as 
might have been expected f rom Stanier , Pa l l e ron i and Doudorof f ' s research 
(14), Pseudomonas provides the best prospects for l i gn in m o d e l compound 
and petro leum compound b i n d i n g and metabo l i sm. A n arrow i n F igure 
5a indicates an abscissal value, below whi ch essentially 100% b i n d i n g and 
s t r i p p i n g occurs. Ca l cu la t i ons analogous to those carried out earlier (15) 
leads to the est imat ion that , given such an amount of phenol and such a 
number of cells (8 x 1 0 ~
1.0% of membrane l ip ids are required to accommodate such an amount of 
phenol . T h a t est imat ion does not indicate the mechanism of b i n d i n g . B u t 
i t does indicate that once the cells are adapted , they are adequately large 
"sponges" for such an amount of compound. 

S t r i p p i n g is s imple , r a p i d , and greatly expands M C A for these k inds 
of compounds . M i c r o b i a l s t r ipp ing of this k i n d l ikely would be helpful i n 
a n a l y t i c a l methods other than ca lor imetry but odd ly this has not been 
developed. Tab le I summarizes the m a i n points f rom numbers of plots 
s imi lar to Figures 5a and 5b. T h e condit ions were: 5 x 1 0 1 0 c e l l s / m l , 6 to 
8 x 1 0 ~ 3 m g compound to be s t r i p p e d / m l , 30 second m i x i n g . Glucose was 
s t r ipped f rom 15 x 1 0 ~ 3 m g g lucose /ml . 

Table I. Efficiency of S t r i p p i n g (Percent Removed) C o m p o u n d s Dependent 
on the C a r b o n Source for G r o w t h , P. putida A T C C 11172 

C a r b o n Source on w h i c h G r o w n (adapted) 

C o m p o u n d to 
be S t r ipped o-Cresol m-Creso l p -Creso l 

V a n i l l i c 
A c i d P h e n o l G l c * 

o-Cresol 97 100 93 73 100 6 
m - C r e s o l 100 100 100 87 100 
p -Creso l 100 100 100 92 100 
V a n i l l i c A c i d 0 1 4 84 0 7 
P h e n o l 100 100 99 5 100 
Glucose 0 56 

* G l c = Glucose . 
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C a l o r i m e t r i c C o m b u s t i o n of o -Creso l a n d Vani l l ic A c i d M i x t u r e s 
i n 5-100 Nanomoles R a n g e 

P. putida A T C C 11172 grown on o-cresol efficiently strips and also combusts 
o-cresol. F igure 6 shows M C A and s t r ipp ing performance for o-cresol (lower 
abscissa) when considerable vani l l i c ac id is present (upper abscissa). T h e 
d a t a i l lustrates how adaptat ion confers specificity. F i r s t , using o-cresol 
grown cells for combust ing an equimolar m i x t u r e of o-cresol and vani l l i c 
ac id yields v i r t u a l l y the same plot as o-cresol alone, down to 8 nanomoles 
o-cresol. Secondly, after o-cresol s t r ipp ing , nearly a l l the o-cresol is removed 
a n d vani l l i c ac id interferes m i n i m a l l y (lower plot of F igure 6). T h i r d l y , 
adapta t i on to o-cresol enables the cells to combust and to s tr ip o-cresol. B u t 
i t disables t h e m f rom using vani l l i c ac id at any finite rate on M C A ' s t ime 
scale. However, vani l l i c acid-grown P. putida is fu l ly capable of s t r i p p i n g 
and combust ing vanil late i n a few minutes. In short , adaptat i on confers 
reasonable specif icity dow
the ab i l i ty to s tr ip o-cresol

L i g n i n M o d e l C o m p o u n d s 

In order to ob ta in rap id metabo l i sm and r a p i d heat generation f r om aro
m a t i c compounds related to l i g n i n , several soi l isolates were used. P. putida 
A T C C 11172 d i d not grow easily on compounds such as syr ingic ac id and 
certain other compounds more l ignin- l ike . However, soils collected loca l ly 
y ie lded bacter ia , first f rom enrichment cultures and then grown on plates or 
defined l i q u i d culture , were able to combust the compounds l isted i n Tab le 
II . T h e Table reports concentrations of the carbon source used i n M C A , 
the t ime intervals needed for completely metabo l i z ing 10-50 nanomoles of 
compound , and the apparent molar heats of metabo l i sm i n low carbon 
concentrations ( Δ ° Η ) . C i n n a m i c ac id and 3 ,4-dimethoxycinnamate evolved 
rather extraord inary heats, over 800 K c a l / m o l e . Such heats were not ex
pected i n that 3,4-dimethoxy c innamate is already p a r t l y ox id ized . M i c r o 
b i a l combust ion of naphthalene gave 810 K c a l / m o l e , 2-methylnaphthalene 
gave 652 K c a l / m o l e , using P. putida i n earlier work (1). P l a i n l y the re l 
ative state of ox idat ion or reduct ion of carbon sources does not predict 
how m u c h heat compounds generate i n m i c r o b i a l combust ion , i n contrast 
to conventional oxygen bomb calorimetric combust ion . R a t h e r , there is a 
dependence on how we l l , or how poorly, catabolites fit ex ist ing metabol i c 
pathways of organisms (16). I f there is poor fitting, more carbon has to 
be used i n exothermic pathways emi t t ing C O 2 to generate needed inter
mediates such as N A D H required to process whatever fragments that can 
be retained. Once cells (isolates) are adapted to these compounds they 
can drive metabo l i sm through i n 10-20 minutes, i f carbon is l i m i t e d and 
there are excess cells and oxygen. T h u s , M C A does not need to complete 
a g rowth cycle as i n growth assays, but s i m p l y takes up carbon and gets 
through the l inear , early catabol ic stages. 
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Table II . L i g n i n M o d e l C o m p o u n d C a l o r i m e t r y w i t h So i l Cu l tures 

C o m p o u n d 

Sample T i m e for Comple te M o l a r Heat of 
Concentrat i on C o m b u s t i o n of 5-50 Aerob i c M e t a -
(micromolar) Nanomoles (min) bo l i sm, K c a l 

p - H y d r o x y p h e n y l 
acetate 

Syr ing i c ac id 
C i n n a m i c ac id 
H y d r o c i n n a m i c 

ac id 
3 ,4 -Dimethoxy-

c innamic ac id 

6-40 
21-42 
2-30 

12-30 

9-36 20 

16 
18 
10 

15 

805 
470 
830 

710 

850 

Conclusions 

M C A of ox idized l i gn in fragments (such as the hydroxyc innamic acids i n 
Tab le II) appears to be as sensitive as spectrophotometric analyses f r om 
results seen so far, even compar ing compounds that are br ight ly colored or 
w h i c h can be made so (chromogenic, prochromogenic compounds) . M C A ' s 
specificities are determined by those compounds which bacter ia can uptake 
and metabol ize . A d a p t e d bacter ia are quite selective i n this regard. A l 
though M C A requires an excess of cells to drive ana ly t i ca l reactions rapid ly , 
the required amounts usual ly are easily obtained once the inocu la are ava i l 
able. A b o u t 1-5 m g of cells are needed for each combust ion , and 2-10 m g 
for most s t r ipp ing operations. Therefore, 50-300 m l of overnight culture is 
sufficient to produce cells for 10-30 combustions or s tr ippings . C u r r e n t l y 
we are developing means for freezing cells so they may be stored. 

Because M C A ranges down to 5-50 μΜ analytes and air solubi l i t ies are 
~ 1 . 3 m M (dissolved O 2 , 0.3 m M (1)), there is plenty of oxygen available 
at 25° to ensure aerobicity. Nevertheless, we use one or two remixings i n 
m i d - r u n ( F i g . 3) to ensure aerobicity i f sample concentrations are above 
ca. 50 μ Μ . 

O x y g e n respirometry has sometimes been used as a basis for analysis . 
In i t ia l l y one might th ink the two methods, oxygen respirometry and micro 
b i a l calor imetry , are equivalent. However, there are very large differences 
between t h e m i n practice when samples are micromolar i n concentrat ion. 
T o analyze a few micromolar concentrations v i a disappearance of oxygen, 
the oxygen baseline concentrations have to be held i n very narrow toler
ances, i .e. , i n 0.1 to 5 or 10 μ Μ dur ing analysis . H o l d i n g that against a 
background w h i c h (i) is sufficient to m a i n t a i n fu l l aerobicity, and (ii) l ike ly 
to fluctuate for various reasons, is not easy i n practice. M C A operates 
on very different grounds. A n y roughly fluctuating oxygen concentration 
w i l l do, as long as there is an oxygen surplus . M C A is carbon - l imi ted , not 
oxygen difference-l imited. T h e strength of M C A is that i t uses a rough 
excess of cells, a rough excess of oxygen, and produces a s ignal direct ly 
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proportional to "carbon" (the sample). It is not dependent on detection 
of small changes in oxygen concentration against fluctuating, large, oxygen 
concentrations. 

Lignin itself usually requires days, months, or years to biodegrade. 
However, oxidized lignin fragments can biodegrade rapidly if adapted bac
teria are available. Over the years, dozens of microbial calorimetric studies 
of carbon utilization as a correlate of microbial growth have been carried out 
by Dermoun et al. (17). Many such papers leave the impression that heat 
generation commonly requires 8-24 hours to peak. In fact, however, any 
organism having a doubling time from 20-60 minutes must transport and 
metabolize carbon in 2-20 minutes. Therefore, oxidized fragments of lignin, 
and perhaps other lignin degradation products, whatever their source, can 
mostly be expected to "burn" rapidly, if cells are adapted and there are 
enough of them to bind all available carbon. 

A disadvantage of MC
MCA takes advantage o
them, namely bacterial processing in soil, silage, sewage, and digestion. 
MCA simply measures their heats using organisms that propel these pro
cesses on a large scale. 
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Chapter 40 

Microbial Degradation of Tannins and Related 
Compounds 

A. M. Deschamps 

Laboratoire de Microbiologie Alimentaire et de Biotechnologie, Université 
de Bordeaux I, Avenue des Facultés, 33405 Talence, France 

While tannins ar
numerous microorganism g
degradation, they can nevertheless be degraded by a 
large variety of microorganisms. Because of their labile 
galloyl ester structures, hydrolysable tannins are more 
readily degraded than condensed tannins. This chapter 
reviews the limited progress made in understanding the 
potentially useful processes of the biodegradation of hy
drolysable and condensed tannins. 

Tannins are water-soluble phenolic compounds which are usual ly extracted 
f rom plant mater ia l by hot water. Af ter l ignins, they are the second most 
abundant group of plant phenolics. T h e i r tann ing property is due to their 
capacity to combine w i t h proteins. However, they can also complex w i t h 
other polymers such as alkaloids, cellulose, and pectins. 

Tann ins are usual ly concentrated in barks , galls or leaves of woody 
plants (1). Tann ins are classified into two different groups, hydroxyzable or 
condensed, depending on the structure of the po lymer (2). H y d r o l y z a b l e 
tannins are composed of esters of gal l ic acid (gallotannins) a n d / o r ellagic 
ac id (el lagitannins) w i t h a sugar core, predominant ly glucose (see Gross , 
this volume) . Some of the most common structures are d igal loy l 3,6 glucose 
or t r iga l loy l 1,3,6 glucose ( F i g . 1); such structures have been discussed i n 
detailed review papers by H a s l a m (1) and Metche and G i r a r d i n (2). T h e 
major commercia l hydrolysable tannins are extracted f rom Chinese ga l l 
(Rhus semialata), sumach (Rhus coriara), T u r k i s h gal l (Quercus infectoria), 
t a r a (Caesalpina spinosa), myrobo lam (Terminalia chebula), and chestnut 
(Castanea sativa (1). 

T h e second group of tannins are the condensed tannins , or po lymer ic 
proanthocyanidins (2). These are composed of flavonoid uni ts , and are more 
recalc itrant to biodégradation than hydrolysable tannins . O f these, the 
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impor tant commercia l ones are extracted f rom wattle (Acacia mollissima 
and A. mearnsii), and quebracho (Schinopsis lorenizii and S. balansae). 
Condensed tannins are usual ly more abundant i n tree barks and woods 
than their hydrolyzable counterparts (1). 

Tann ins have long been considered to be inhibi tors of most micro 
organisms. For example, they are strong inhib i tors of Azotobacter and 
nitrogen-f ix ing (3), n i t r i f y ing (4,5) and sulfate-reducing bacter ia (6). So i l 
bacter ia such as Rhizobium are also often sensitive to tannins . For this 
reason, tannins generally retard the rate of decomposit ion of vegetable 
matter (8) v i a i n h i b i t i o n of biodegradative enzymes of the a t tack ing organ
i s m . (9,10). F u n g i , such as Fusarium, Verticillium, Aspergillus, AUernaria 
(11,12), as wel l as yeasts (13) can also be inh ib i ted by tannins . However, 
other related plant phenolics, such as anthocyanins, flavonoids, catechol , 
etc., can also i n h i b i t these microorganisms (14). T a n n i n s , when provided 
i n very h igh concentrations over extended t ime periods, can also be toxic 
to higher organisms such a
their levels are regulated i n many vegetable foods (16). Some authors have 
a t t r ibuted the presence of tannins i n barks or leaves to a defense system 
against predators or decomposing organisms (14,16). Nevertheless, many 
fungi or bacter ia are quite resistant to tannins and can also degrade them. 

M i c r o b i a l Degradat ion of H y d r o l y z a b l e Tannins 

In 1913, K n u d s o n (17) reported that tannic ac id (the commerc ia l name 
of the Chinese ga l l tannin) could be degraded by a s t ra in of Aspergillus 
niger; previously the French scientist P o t t e v i n ( in 1900) had named this 
enzyme tannase (10). Since then, most of the progress on e luc idat ing the 
mechanisms of hydrolysable t a n n i n biodégradation has occurred since 1960. 

Tannase. T h e enzyme tannase, or tann in -acy l hydrolase ( E C 3:1:1:20), 
was described and purified f rom strains of Aspergillus niger by H a s l a m et 
al. (19) and D h a r and Bose (20). T h i s enzyme splits the ester l inkage 
of pendant gal loyl groups from glucose in gal lotannins. Surpr is ingly , the 
enzyme is not induced by tannic ac id , and i n A. niger i t is most ly cel l -
wal l bound or only s l ightly exocel lular (20,21). T h e enzyme's o p t i m a l p H 
is 4-4.5 and its o p t i m a l temperature is 30°C. Tannase has been isolated 
f rom mycel ia l extracts (22) of other Aspergillus species, as wel l as f rom 
various Pénicillium strains (Table I). Tannase has also been detected i n a 
yeast culture, a l though its enzyme had different o p t i m a , i.e., the o p t i m a l 
p H was 6 and the temperature was 40°C (26). In Candida sp. , tannase 
had a M W of 250,000 and was composed of two sub-units of g lycoprotein 
structure (31); the tannase of Aspergillus was also of h igh molecular weight 
(24). Tannase has also been detected i n bacter ial cultures (29), where its 
o p t i m u m act iv i ty was p H 5.5 w i t h different strains isolated f rom decayed 
barks. 

Degradation of Gallotannins. Different investigations on tannase revealed 
that this enzyme was not equally efficient on a l l hydrolyzable tannins . T h i s 
was par t i cu lar ly true for yeast, whose tannase was effective only on tannic 
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Table I. Microorganisms P r o d u c i n g Tannase ( tannin -acy l hydrolase) 

F U N G I : 
Aspergillus niger. H a s l a m et al. (19); P o u r r a t et al. (21) 
Aspergillus oryzae: I ibuchi et al. (23) 
Aspergillus flavus: A d a c h i et al. (24) 
Aspergillus japonicus: G a n g a et al. (22) 
Pénicillium chrysogenum: R a j a k u m a r and N a n d y (25) 
Pénicillium notatum: G a n g a et al. (22) 
Pénicillium islandicum: G a n g a et al. (22) 

Y E A S T S : 
Candida sp.: A o k i et al. (26) 
Pichia, several species: Jacob and P i g n a l (27) 
Debaryomyces hansenii: Jacob and P i g n a l (27) 

B A C T E R I A : 
Achromobacter sp: Lewis and Starkey (28) 
Bacillus pumilus: Deschamps et al. (29) 
Bacillus polymyxa: Deschamps et al. (29) 
Corynebacterium sp: Deschamps et al. (29) 
Klebsiella planticola: Deschamps et al. (29) 
Pseudomonas solanacearum: M u t h u k u m a r and M a h a d e v a n (30) 

ac id , but not on natura l tannins such as chestnut, oak, myrobo lan or t a r a 
(27). Further , while A o k i et al. (26,31) were able to degrade tannic ac id 
using Rhodotorula rubra, i t was only weakly active on chestnut t a n n i n (32). 

O n the other hand , fungal tannases efficiently degrade hydrolysable 
tannins . T h i s has been shown by the degradation of a m l a (33) and m y 
robolan (34) tannins w i t h enzymes from Aspergillus niger, and chestnut 
tannins w i t h enzymes from different fungi (28). T h i s property is current ly 
used in the detoxif ication of tea t a n n i n extracts using an industr ia l ly pro
duced enzyme from A. niger. 

Bacter ia l tannase l i terature is l imi ted to the isolat ion of an Achro
mobacter capable of degrading gal lotannin from Chinese ga l l (Lewis and 
Starkey, 1969 (28)) and our own papers (29,30). In 1980 (35), we de
scribed a collection of tannic acid degrading bacteria , most ly f rom Bacil
lus, Corynebacterium and Klebsiella strains, which could degrade n a t u r a l 
tannins such as those f rom chestnut and tara . Indeed, because of the s i m 
ple structure of the gal lo tannin i n tara species, this represents a potent ia l 
source of gall ic acid (36). T h e degradation of myrobo lan t a n n i n was also 
reported for Pseudomonas solanacearum (30). 

Degradation of Gallic Acid. G a l l i c ac id , an obligate intermediate i n the 
degradation of gal lotannins, is degraded by some bacter ia such as Pseu
domonas (37). In our laboratory, both Klebsiella pneumoniae (38) and K. 
planticola strains grew on tannins and ut i l i zed gall ic acid as a carbon source 
(35). T h e same capacity was observed for Citrobacter species where pyro -
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gal lo l accumulated as a metabol ic end product . K o s h i d a and Y a m a d a (39) 
recently patented this method for pyrogal lo l product i on . 

W h i l e gall ic acid is probably ut i l i zed by fungi and yeasts as a car
bon source, only a few papers have suggested this poss ib i l i ty (25,40,41), 
inc lud ing one for Aspergillus flavus (42). 

M i c r o b i a l D e g r a d a t i o n of Condensed Tannins 

Condensed tannins were considered to be h ighly recalc itrant to biodégra
dat ion u n t i l Bas araba (3) reported that some bacter ia l isolates could ut i l i ze 
wattle t a n n i n as both a carbon and energy source. Later , Lewis and Starkey 
(28) isolated a s t ra in of Pseudomonas wh i ch degraded catechin, and strains 
of Aspergillus and Pénicillium wh i ch degraded watt le t a n n i n . 

Fungal Degradation of Condensed Tannins. C h a n d r a et al. (43) first re
ported the isolat ion of fungi
terreus and various Pénicillium
nins extracted from apple wood. These observations were extended by 
G r a n t (44), us ing a s t ra in of P. adametzi capable of degrading d i - and t r i -
procyan id in structures, as well as (+) catechin and a crude t a n n i n extract . 
Some unusual white-rot fungi , identified as Bispora betulina and Isaria sp. , 
were also able to degrade condensed tannins extracted f rom Douglas-f ir 
bark (45). Recently, Sivaswamy and M a h a d e v a n (46) reported the degra
dat ion of wattle tann in by a s tra in of Aspergillus niger. Interestingly, i t 
also produced tannase and could degrade the ga l l o tannin , m y r o b o l a n . T h e 
edible puffball Calvatia gigantea can also degrade both hydrolyzable (chest
nut) and condensed (wattle) tannins (47), as well as catechin. It has been 
proposed that this organism could be used for detoxi f ication purposes, or 
for the valor izat ion of h igh - tannin vegetable residues. 

Yeasts have been described for the degradation of watt le t a n n i n (48). 
T h i s degradation was determined by the est imat ion of leucoanthocyanidin 
and flavan-3-ol groups ( F i g . 2) in the remain ing degraded t a n n i n . A m o n g 
the strains (Candida guilliermondii, C. tropicalis, Torulopsis Candida) iso
lated and studied , the simultaneous degradation of both structures was not 
observed, suggesting different mechanisms of degradation. For example , a 
s t ra in of C. guilliermondii degraded the flavan-3-ol structures but d i d not 
affect the leucoanthocyanidin components. M o s t yeasts were efficient de-
graders of quebracho tannins (32) and reduced the t a n n i n content of pine 
and gaboon wood bark extracts by 70 to 8 0 % i n five days. 

Bacterial Degradation of Condensed Tannins. A l t h o u g h B a sa ra ba (5) pro 
posed that bacter ia could degrade condensed (wattle) t a n n i n , this topic has 
only been investigated in our laboratory i n Compiegne . In these studies, 
our objective was to control the rate of biodégradation of t a n n i n - r i c h barks , 
such as those f rom pine and gaboon-wood (Acoumea kleneana). Conse
quently, we succeeded i n iso lat ing , by culture enrichment, bacter ia capable 
of degrading and u t i l i z i n g these barks (49), as wel l as quebracho (Schinopsis 
lorentzii) and wattle (Acacia mollissima) tannins . A col lection of various 
genera and species was identified in these studies (50), w i t h the genera 
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Figure 2. (a) Leucoanthocyanid in and (b) flavan-3-ol structures , where R , 
R ' and R " = H or O H . 
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Bacillus, Klebsiella, Corny bacterium, and Pseudomonas being the most 
frequently observed. T h e capacity of these bacter ia to degrade tannins , 
and detoxify bark chips or barks extracts , was further demonstrated w i t h 
pine (Pinus maritima) (51), oak (Quercus pedonculata) and gaboon wood 
(Aucoumea kleneana) barks (52). T h e degradation of quebracho and watt le 
tannins was also confirmed i n pure cultures (53). 

Microbial Degradation of Catechin. Since (+) catechin is a possible 
biodégradation product f rom condensed tannins , i ts u t i l i za t i on and biocon
version have been extensively examined by several research groups using 
fungi , bacter ia and yeasts. 

Fungi. Fungi -degrading catechin have been k n o w n for about twenty 
years, e.g., Aspergillus niger, A. terreus, A. fumigatus, A. flavus and Péni
cillium sp. (54) and Pénicillium adametzi (44). In the latter case, the 
organism grew on catechin and anthocyanid in model compounds as sole car
bon sources. Interestingly
also degraded catechin. To account for its biodégradation, C h a n d r i et al. 
(54) first suggested that an extracel lular enzyme must be involved, fo l lowing 
which the enzyme catechin 2,3-dioxygenase was isolated f rom Chaetomium 
cupreum (56). T h e molecular weight ( M W ) of this g lycoprotein was ap
prox imate ly 40,000 and catechin was cleaved v i a meta-nng fission. 

Bacteria. M a n y bacteria degrade catechin and use it as a carbon 
source, as shown first by Lewis and Starkey (28). In 1982 M u t h u k u m a r 
et al. isolated several strains of Rhizobium and Bradyrhizobium (57), i n 
c lud ing B. japonicum which degraded catechin. T h i s last species produced 
the same enzyme as C. cupreum (Waheeta and Mahadevan , personal com
municat ion) . We also demonstrated that certain tannic -ac id degrading 
bacter ia can also degrade catechin (35). Recently, B a o m i n a t h a n and M a 
hadevan showed that catechin-degrading machinery was p lasmid borne i n 
Pseudomonas solanacearum (58), which also produces a catechin oxidase. 

Yeasts. A n interesting paper publ ished i n 1984 (59) c la imed that rat -
caecal microf lora degraded catechin. To our knowledge no paper has dealt 
w i t h yeasts, other than that some yeasts degrading wattle of quebracho 
tannins were able to grow weakly w i t h catechin as a sole carbon source 
(32). 

C o n c l u d i n g R e m a r k s 

T h i s review of l i terature on t a n n i n degradation shows that our knowledge 
of this topic is only very slowly improv ing . O n l y a handful of laboratories 
are currently involved i n this area. O f these, the Indian laboratories have 
made several interesting investigations recently, presumably because they 
are very active in leather manufacture and need to control the tox ic i ty of 
their tannery effluents. 

Some microorganisms degrading condensed tannins have been isolated 
and described, but no reports on the mechanism of the depolymerizat ion 
process, or the enzymes involved in biodégradation, have appeared. It must 
be stressed that condensed tann in degradation may be associated w i t h other 
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detoxification mechanisms, other than those operative for catechin. This 
assertion is made since many strains which grow on condensed tannins do 
not grow on catechin. This is unusual since this compound is often viewed 
as an intermediate of biodégradation. Consequently, catechin degradation 
should not be confused with condensed tannin degradation. More stud
ies are needed, if we are to understand and elucidate the mechanism of the 
degradation of condensed tannins. Currently, there is insufficient data avail
able for comparison of this degradation process to that of other polyphenols, 
such as lignin. 

Further, while the degradation mechanisms of tannic and gallic acids 
are quite well understood for bacteria and fungi, few commercial applica
tions have yet resulted, e.g., in the production of the enzyme tannase or the 
bioconversion of gallic acid (or tannins) to pyrogallol (60). In the case of 
the condensed tannins, however, their biodégradation has been much less 
thoroughly studied. Suc
ification of tannins will continu
(61), as well as in biotechnological processes using barks as lignocellulosic 
substrates (62). For these reasons, the isolation and identification of tannin-
degrading enzymes, and the determination of their mechanism of action, are 
of great importance. 
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Chapter 41 

Specific Assays, Purif ication, and Study 
of Structure—Activity Relationships of Cellulolytic 

Enzymes 

P. Tomme, V. Heriban1, H. Van Tilbeurgh, and M . Claeyssens2 

Laboratory for Biochemistry, Faculty of Sciences, State University 
of Ghent (RUG), K. L. Ledeganckstraat 35, B-9000 Ghent, Belgium 

Differentiating activit
(all specific for β-1,4 glucosidic linkages) are described 
using chromogenic derivatives of lactose and the cel
lodextrins. They proved to be valuable not only in 
specificity studies of these enzymes, but also as active 
site probes. An affinity chromatographic method for 
rapid isolation of some of these enzymes was also de
veloped. New information on the domain structure of 
two cellobiohydrolases from Trichoderma reesei (CBH I 
and CBH II) resulted from structure-function investiga
tions based on partial proteolysis and physical measure
ments. A cellulose-binding domain (C- or N-terminal) 
was separated from the core-enzymes, containing the ac
tive (hydrolytic) sites. In the "tadpole" structure of 
the intact enzymes—as deduced from small-angle X-ray 
scattering—the binding peptides protrudes from their 
cores as flexible tails. Study of adsorption onto and 
hydrolysis of microcrystalline cellulose ("Avicel") led to 
new insights into the functional role of these domains and 
the synergism observed between CBH I and CBH II. 

Nat ive or processed cellulose (e.g., cotton, A v i c e l , filter paper) and its so l 
uble derivatives (e.g., C M C , H E C 3 ) are substrates most often used i n the 
study of cellulases. T h e classification based on the use of these substrates 
( l , 4 - / ? -D -g lucan cellobiohydrolases ( C B H ) , exo-cellulases, "Avice lases" and 

N O T E : A list of abbreviations and symbols is given at the end of the text. 
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l , 4 - / ? - D - g l u c a n glucanohydrolases, endo-cellulases, " carboxymethy l ce l lu -
lases" ) is somewhat arbi trary . 

Since the structure ( crysta l l in i ty ) and composit ion (degree o f po ly 
merizat ion) of the cellulosic substrates is relatively u n k n o w n a n d the as
says (reductometry, viscosimetry) are rather unspecific and sometimes lack 
sensit ivity , we have introduced alternative chromophoric ( f luorophoric) 
substrates containing l igands of known molecular properties (1), e.g., 2'-
chloro, 4 / -n i t ropheny l and 4 / -methy l -umbel l i f e ry l /?-D-glycosides, obta ined 
v i a O-g lycos idat ion (2). 1-Thioglycosides were prepared f rom the sugar 
mercaptans and the appropriate halogen derivatives (e.g., 1-chloro, 2 ,4-
dinitrobenzene) (3). 

Mater ia ls a n d M e t h o d s 

E n z y m i c hydrolysis (25-40°C) at the heterosidic bond of the chromogenic 
substrates was followed eithe
nitrophenol ) at p H 5.5 ( O . D . 405 nm) or discontinuously (4 -methy lumbe l -
liferone fluorescence at p H 10, emission at λ > 435, exc i tat ion at Λ366 n m ) . 
Reac t i on rates were calculated f rom the l inear increase of O . D . (εM = 9000 
M " " 1 c m " 1 ) or fluorescence (s tandardizat ion w i t h 4-methylumbell i ferone) 
versus t ime . A l ternat ive ly , an H P L C method was used to follow the f o rma
t i on of chromophoric reaction products , phenols and glycosides (1). C o n 
centrations were calculated f rom peak heights after appropriate s tandard 
i za t i on . 

Glucose was determined by the glucose oxidase-peroxidase method . 
Cel lobiose ( l iberated enzymat i ca l ly f rom methylcel lotrioside) was deter
mined i n a coupled assay using cellobiose dehydrogenase f r om Sporotrichum 
thermophile (4). 

Difference spectrophotometry or fluorescence quenching techniques 
were used to measure the b i n d i n g of several chromophoric l igands to cel-
lu lo ly t i c enzymes (5). A d ia f i l t rat ion technique (forced-flow dialysis) was 
adapted to measure b ind ing isotherms and constants (6). E q u i l i b r i u m b i n d 
ing parameters of non-chromophoric l igands (cellooligosaccharides) were de
termined by displacement (competit ion) experiments (5) or by measuring 
the protein UV-absorbance difference spec trum (7). 

Results 

Detection of Cellulolytic Activities in Gels. Fluorogenic methy lumbel l i f e ry l 
derivatives of lactose and several cellodextrins were used to detect cellulases, 
after isoelectric focusing of crude or par t ia l ly purif ied preparations f r om 
Trichoderma sp. (8), Pénicillium pinophilum (9) and Clostridium thermo-
cellum endoglucanases cloned i n E. coli (10). T h e l iberat ion of the strongly 
fluorescing 4-methylumbell i ferone became readi ly vis ible after flooding the 
gel w i t h a buffered so lut ion of the appropriate substrate . T h e same tech
nique was also applicable for development of S D S - P A G E chromatograms. 

T h e results are summarized i n Tab le I. B o t h the lactoside and the 
cellobioside were substrates of C B H I (Tr. r., P. p.), E G I (Tr. r.) and of 
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E G C and E G D (C. t.). W h i l e C B H I and E G I f rom Tr. r . , showed very 
s imi lar specificities, they could be differentiated by add ing s m a l l amounts of 
cellobiose, a strongly competit ive inh ib i t o r of the cellobiohydrolase ( F i g . 1). 
T h e cellotrioside allowed detection of E G III act ivit ies i n the culture filtrate 
of Tr. r. i n spite of other act ivit ies being present; the add i t i on of s m a l l 
amounts of gluconolactone effectively suppressed glucosidase act iv i ty . 

Table I. Cont inuous Assays for Ce l lu l o ly t i c Enzymes 

E n z y m e 

Glycosides Trichoderma Clostridium 

( C h r o m o -
phore) C B H I C B H II E G I E G III E G A E G B E G C E G D 
( C N P / M e U m b ) 
Lactoside - f —
Lactoside — — - f — _ _ _ _ 

(+ G 2 ) 
Cel lobioside + - + - _ - + + 

Cel lotr ios ide — — — -f — + + — 

Activity Measurements in Solution. T h e 2'-chloro, 4 ' -n i t rophenyl / ? -D-
glycosides offer an attract ive alternative to classical reductometr ic methods. 
T h e substrate is sufficiently stable ( p H 5.5, 50°C) and the favorable absorp
t i on characteristics of the l iberated phenol ( p K = 5.5, £ M 9000 M ~ 1 c m " " 1 , 
p H 5.5; £M 16000 at p H 6.5) allow sensitive, continuous measurements. K i 
netic parameters for some of these substrates and enzymes were determined: 
Κ values were i n the m M range for the lactoside ( C B H I, E G I, E G D ) and 
were at least 10 times lower for the cellobioside; turnover numbers ranged 
f rom 1 ( C B H I, cellobioside) to 300 m i n " 1 ( E G D , cellobioside) (25°C) . 

Further differentiation was obtained using the chromophoric cel-
lool igodextrins and a rap id and sensitive H P L C analysis of the reaction 
products (1). Specific degradation patterns were obtained for several en
zymes such as those f rom Clostridium cloned in E. coli ( F i g . 2). 

A word of caut ion is appropriate , however. T h i s was because unspecific 
cleavage at the heterosidic bond of these substrates was sometimes noticed, 
and the specificity was therefore not always exactly reflected. 

Binding Experiments. Some of these chromophoric glycosides proved also 
to be valuable i n cases where no hydrolysis by the cellulases occurred. T h i s 
was shown i n the case where the 4-methylumbel l i feryl glucoside and cel
lobioside were not hydrolyzed by the C B H II f rom Trichoderma (see above) 
but could be used as reporter ligands i n a series of b i n d i n g experiments . 
T y p i c a l l y the fluorescence of the cellobioside was quenched i n the presence 
of C B H II and was restored by the add i t i on of excess amounts of non -
chromophoric l igands, i.e., cellobiose ( F i g . 3). T h u s association constants 
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Figure 1. A n a l y t i c a l isoelectric focusing of cellulases f rom Trichoderma ree-
sei. Detect ion of C B H I and E G I act ivit ies using M e U m b L a c , i n the ab
sence (A ) and presence (B) of 10 m M cellobiose. Lane 1, E G I; lane 2, E G I 
( iso-components); lane 3, C B H I ( p i 3.9 component) ; lane 4, E G I - C B H I 
m i x t u r e ) . Gels were flooded w i t h the fluorogenic substrate ( p H 5.0) and af
ter 5-10 m i n (room temperature) photographed (Po laro id 57, green filter) 
on a long wavelength U V - t r a n s i l l u m i n a t o r (8). 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



574 PLANT C E L L WALL POLYMERS 

i:<;.\ 

I 
1 

I:<;I> ι -
1 * 1 ! • 

Figure 2. Specificities of Endoglucanases ( E G A , E G B , E G C , E G D ) f rom 
Clostridium thermocellum cloned i n E. coli (10). T h e substrates ( M e U m b -
G l c n , η = 2-5, M e U m b L a c ) are depicted (symbols: Δ , / ? - l , 4 ga lactopyra-
nosy l ; Ο , /?-l>4 glucopyranosyl ; ·, 4 -methylumbel l i feryl ) and the arrows 
indicate scission points as determined by H P L C (1). 
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Figure 3. Quenching of the fluorescence spec t rum of M e U m b G 2 by C B H II 
f rom Trichoderma reesei (5). C u r v e A represents the M e U m b G 2 (2 μΜ) 
spec t rum i n the absence of C B H II. Curves B , C and D show the spectra 
after the add i t i on of several aliquots of 137.7 μΜ C B H II. S p e c t r u m D 
changes to Ε when so l id cellobiose ( ± 2 mg) is added. W h e n correct ion is 
made for d i l u t i o n , spec trum Ε is equivalent to spectrum A . Curves F a n d 
G represent buffer and prote in b lanks , respectively. Spectra were measured 
at p H 5.0 and 6.6°C. 
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and thermodynamic b i n d i n g parameters of non-chromophores were com
puted f rom displacement t i t ra t i ons , and a hypothet i ca l b i n d i n g scheme for 
C B H II was proposed (5). 

T h e b i n d i n g of chromophoric 1-thioglycosides f rom lactose or cellobiose 
to C B H I ( T r . r.) was followed by difference spectrophotometry of the l i g -
and , or by the d ia f i l t rat ion technique ( F i g . 4) . A l te rnat ive ly , per turbat i on 
of the prote in spectrum could be used i n the case of non-chromophoric 
l igands ( F i g . 5). 

A n Affinity C h r o m a t o g r a p h i c M e t h o d for the Puri f icat ion of 
Some Cel lulo lyt ic E n z y m e s 

A considerable affinity of some cel lulolyt ic enzymes (e.g., C B H I and C B H II 
f rom Tr. r. and the E G ' s f r om C. i.) for a r y l 1-0- and 1-S-cellobiosides 
was evidenced by the K m and Κ,· values (see above). T h i s contrasted w i t h 
the higher K , values (typical ly
f rom Tr. r . ) . 

C o u p l i n g of an a r y l 1-S-cellobioside to an affinity carrier was therefore 
expected to be useful i n the chromatographic fract ionation of "endo" and 
"exo" enzymes, e.g., f rom Tr. r. P r e l i m i n a r y tests indicated that C B H I 
and C B H II (prepurif ied by ion-exchange chromatography) were completely 
retained by the affinity support (4 ' -aminobenzyl 1-S-cellobioside coupled 
to Affigel-10 f rom B i o r a d ) . Desorpt ion was achieved dif ferentially by 0.1 M 
lactose (elutes C B H I) and 0 .01M cellobiose (elutes C B H I and C B H II). 
A t t e m p t s to elute the enzymes w i t h 1 M K C 1 , ethyleneglycol or glucose 
solutions were unsuccessful (11). 

T h u s a biospecific adsorbant was obta ined ; selective desorption should 
therefore permi t successive e lut ion of ce l lulo lyt ic enzymes. It was thus 
found that the method was very useful in the puri f i cat ion of the cel lobio
hydrolases f rom Tr. r . , s tar t ing f rom very crude culture f i ltrates. A d d i t i o n 
of glucose (0 .1M) or gluconolactone suppressed the act ion of glucosidases 
present, preventing deterioration of the co lumns. T h e capacities exceeded 
10 m g C B H I per m l gel (prepared w i t h C N B r activated Sepharose). 

S i m i l a r results were obtained w i t h crude cellulase preparations f rom 
Pénicillium pinophilum (12). T h e general app l i cab i l i ty of this biospecific 
chromatography is i l lustrated by the isolation of the E G D from C. c loned 
i n E. c. ( F i g . 6). 

S t r u c t u r a l - F u n c t i o n a l Investigations B a s e d o n P a r t i a l Proteolysis 
a n d P h y s i c a l Measurements 

T h e p r i m a r y structure of several ce l lulo lyt ic enzymes has been e lucidated 
and this research has been further encouraged by the successful c loning and 
expression of heterologuous genes i n rap id growing host microorganisms, 
such as yeasts and some bacter ia (e.g., 13,14). C o m p a r i s o n of the k n o w n 
amino acid sequences of several cellobiohydrolases and endoglucanases of 
Trichoderma reesei showed that a l l these enzymes shared a homologuous 
sequence of amino acids ( A ) separated f rom the cores of these enzymes by 
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Figure 4. Determinat i on of b i n d i n g constants of 2 ' , 4 ' - d in i t ropheny l l-S-β-
cellobioside for C B H II by d iaf i l trat ion (4 °C ) . 
(A ) T h e f i ltrate is collected i n fractions and the concentration of free l i g -

and (Lj) is determined spectrophotometr ical ly (313 n m , SM = 12000 
M ~ 1 c m " 1 ) . T h e l igand concentration i n the stock so lut ion is 200 μ Μ . 
T h e amount of bound l igand is computed from a b lank (curve I) a n d 
a b ind ing experiment (curve II) (6). 

(B) Scatchard plot : = nK — vK, ν is the degree of saturat ion as ca l 
culated f rom the amount of bound l igand and protein (170 μ Μ ) i n 
the dialysis cel l ; K, the association constant; n , the number of b i n d i n g 
sites. In this case η - 0.97 ± 0 . 0 6 and Κ = 2.7 ± 0 . 1 χ l O 5 ^ - 1 . 
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Figure 5. (A ) Protein-difference spectrum for the b ind ing of cellobiose onto 
C B H I (7 .6°C) . T h e baseline (a) was recorded (double beam spectropho
tometer) w i t h 0.720 m M cellobiose in the measuring cuvette and 0.720 m M 
sucrose i n the reference cuvette. T h e difference spectrum (b) was recorded 
after add i t i on of 9.3 μΜ C B H I to both cuvettes. 

(B) Linear ized t i t r a t i o n curve for the difference absorpt ion spec t rum 
occurr ing by b i n d i n g of cellobiose onto C B H I (29°C) (see above). E a c h 
cuvette contained 12.4 μΜ C B H I and was t i t rated (0-125 μ\ 5 m M sugar) 
w i t h either cellobiose or sucrose. T h e s u m of the s ignal changes at 290 n m 
and 294 n m (see A ) are used i n the ca lculat ion (5). T h e slope corresponds 
to Κ = (2.7 ± 0 . 1 ) 1 0 4 M ~ 1 (association constant of cellobiose for C B H I. 
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Figure 6. Af f in i ty chromatography of E G D from Clostridium thermocellum. 
Nucle ic ac id preparat ion , heat treatment and a m m o n i u m sulfate prec ip i ta 
t i o n (0-70%, 70-100%) were carried out as described (10). T h e final pre
c ip i tate ( ± 5 0 m g protein) , dissolved i n 50 m M s o d i u m acetate, p H 5.0, 
was appl ied (after centrifugation) on the affinity co lumn (2 χ 25 cm) (4'-
aminobenzy l l -thio- /?-cellobioside coupled to Sepharose 4 B ) (11). P r o t e i n 
was moni tored at 280 n m and the ac t iv i ty of the fractions (2 m l ) determined 
using 2 / - ch loro -4 ' -n i trophenyl ^-cellobioside ( p H 6.5, 25°C) as described i n 
the text . E l u t i o n w i t h 10 m M G 2 was started as ind icated . 
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heavi ly glycosylated, proline-serine r i ch domains ( B ) . These domains were 
either at the N-terminus ( C B H II and E G III) or at the C- terminus ( C B H I 
and E G I); the Β sequence was dupl icated (ΒΒ ' ) i n the case of C B H II . 
These results led us to some s t ruc tura l work i n an effort to elucidate the 
molecular organizat ion of the cellobiohydrolases of Tr. reesei. 

In an attempt to separate the domains f rom the cores, we used l i m i t e d 
degradation w i t h several proteases. C B H I (65 kda) and C B H II (58 kda) 
under native condit ions could only be cleaved successfully w i t h p a p a i n (15). 
T h e cores (56 and 45 kda) and termina l peptides (11 and 13 kda) were 
isolated by affinity chromatography (15,16) and the scission points were 
determined unequivocally. T h e effect on the act iv i ty of these enzymes was 
quite remarkable ( F i g . 7). T h e cores remained perfectly active towards so l 
uble substrates such as those described above. T h e y exhib i ted , however, a 
considerably decreased ac t iv i ty towards native (microcrystal l ine) cellulose. 
These effects could be a t t r ibute
were recognized as " b i n d i n
concentration of the intact enzymes on the cellulose surface. T h i s aspect 
is discussed further below. T h e tert iary structures of the intact C B H I 
and its core i n so lut ion were examined by smal l angle X - r a y scatter ing 
( S A X S ) analysis (17,18) . T h e molecular parameters derived for the core 
(R^ = 2.09 m m , O m a x = 6.5 nm) and for the intact C B H I (Rg = 4.27 n m , 
Dmax = 18 nm) indicated very different shapes for both enzymes. Mode ls 
constructed on the basis of these S A X S measurements showed a "tadpole 
s t ructure" for the intact enzyme and an isotropic e l l ipsoid for the core 
( F i g . 8). T h e extended, flexible t a i l part of the " tadpole" should thus be 
identif ied w i t h the C - t e r m i n a l peptide of C B H I. 

S A X S measurements w i t h C B H II indicated a very s imi lar ter t iary 
structure for both C B H I and C B H II , i n spite of a different d o m a i n ar 
rangement (to be publ ished) . Discrete differences i n the t a i l parts cou ld , 
however, be noticed. T h e m a x i m u m diameter of C B H II (21.5 nm) was 
higher t h a n i n C B H I; this might be due to dupl i cat ion of the glycosy
lated part i n the former case. T h u s , the funct ional dif ferentiation of these 
cellulases can be reflected by s t ruc tura l differences. 

T h e core-enzymes, prepared i n our laboratory, and containing the ac
tive centers, were successfully crystal l ized ( D r . Jones, U p p s a l a , c o m m u n i 
cated) and tert iary structures w i l l be described in the near future. C h e m i c a l 
modi f i cat ion studies on these enzymes are currently being undertaken i n our 
laboratory ; identi f icat ion of impor tant cata lyt i c residues and locat ion of the 
active centers w i l l lead to more funct ional in formation on these enzymes. 
Other cellulases such as some endoglucanases f rom Clostridium thermoceU 
lum ( E G A , E G B , E G D ) (10) and E n g A and E x g f rom Cellulomonas fimi 
(19) also contain sequences of conserved, terminal ly located and sometimes 
reiterated, amino acids. Some of these sequences are preceded by pro l ine-
serine r i ch domains . T h u s , a b is t ructura l -b i funct iona l organizat ion seems 
to be a rather common feature among cellulases, at least for E n g A and E x g 
f rom C. fimi and the enzymes f rom Trichoderma reesei. 
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Figure 7. Res idua l act ivit ies of papain-digested C B H I (open symbols) and 
C B H II (closed symbols) . T h e enzymes ( ± 1 8 0 μΜ) were incubated ( p H 5.0, 
25°C) w i t h 0.6 μΜ papa in (300:1) . A l iquo ts (50 μ\) were removed at t imes 
indicated to measure the Avicelase act ivit ies ( Δ , A) or to measure their 
act iv i t ies against a s m a l l , chromophoric substrate as described i n the text 
( C N P L i n the case of C B H I, - o - ; M e U m b G 3 i n the case of C B H I I , - · - ) . 
Res idua l act ivit ies are given as percent of the or ig ina l . 

C B H I 

Figure 8. M o d e l structure of intact C B H I as deduced f rom the results 
of s m a l l angle X - r a y scatter ing experiments (17). T h e arrow indicates the 
proteolyt ic scission site (papain) , d i v i d i n g the core-protein (left) f rom the 
" b i n d i n g d o m a i n " (r ight) . A , A - d o m a i n ; B , B - d o m a i n ; N , N- te rminus ; C , 
C - te rminus . 
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S t u d y of B i n d i n g a n d Synergism 

C h r o m o p h o r i c substrates were also used as tools i n the s tudy of the b i n d i n g 
of several cellulase components to their na tura l substrates (such as A v i c e l ) . 
T h i s is i l lustrated here i n the investigation of the synergy i n b i n d i n g of 
C B H I and C B H II f rom Trichoderma reesei onto A v i c e l . T h e enzymes 
were differentiated w i t h C N P L (see above), which was a substrate on ly for 
C B H I (core I) . T h u s , the amount of C B H II adsorbed when a m i x t u r e of 
bo th enzymes was added, either s imultaneously or sequentionally, to A v i c e l 
was calculated f rom the amount of C B H I bound (ac t iv i ty measurements 
w i t h C N P L ) subtracted f rom the values for t o ta l prote in b i n d i n g (280 n m 
absorbance reading) . T h e results obtained f rom these experiments are s u m 
mar ized as follows: 

• C B H I and C B H II possessed their own , dist inct adsorpt ion sites on 
A v i c e l , as evident f rom our previous s tudy (16). 

• F r o m adsorption-isotherm
C B H I bound (83 m g / g A v i c e l ) was somewhat higher t h a n for C B H II 
(64 m g / g A v i c e l ) . 

• T h e core-enzymes (15,16) showed reduced adsorpt ion capacities on 
A v i c e l of more than 50%, whereas the adsorptions on amorphous 
(H3P04-swo l l en ) cellulose were unaffected. T h i s emphasized the role 
of the " b i n d i n g domains" as described above. 

• T h e active center of C B H I (or Core I) d i d not seem to be impl i ca ted 
i n the adsorpt ion on A v i c e l since no influence of s m a l l , soluble l igands 
(e.g., cellobiose) was observed (16). T h e importance of an adjacent 
site for the b i n d i n g was, however, suspected because of i n h i b i t i o n of 
adsorpt ion by large molecular weight l igands such as x y l a n ( D P = 
20-25). 

• T h e active sites of C B H II (or Core II) , on the other h a n d , par t i c ipated 
i n the adsorpt ion phenomenon both onto (semi)crystal l ine (Av ice l ) and 
amorphous cellulose. 

• T h e hydro ly t i c act ivit ies of the intact enzymes were comparable , but 
C B H I was much more sensitive to product (cellobiose) i n h i b i t i o n . 
B o t h core enzymes exhibi ted a strongly reduced ac t iv i ty (50-90%) 
w h i c h was correlated w i t h the absence of the b i n d i n g d o m a i n and their 
consequent lower b i n d i n g capacity on A v i c e l . T h e act iv i t ies of C B H I 
and Core I on amorphous cellulose were, however, comparable . 

• T h e results of s imultaneous and sequentional adsorpt ion experiments 
w i t h C B H I, C B H II and their cores strongly indicated that the f o rma
t i on of a C B H I - C B H II complex in so lut ion was a prerequisite for the 
observed exo-exo synergy. T h i s complex presumably bound , at least 
part ia l ly , to sites normal ly occupied by C B H I. A l t h o u g h each compo
nent showed enhanced b i n d i n g i n the presence of the other ( F i g . 9), 
the increased hydro ly t i c act ivit ies of the synergetic m i x t u r e were at 
t r ibutab le to the C B H II component ( F i g . 9). It was also observed 
that the combinat ion of nat ive C B H II w i t h Core I gave the highest 
synergistic adsorption-hydrolysis effect. 
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Figure 9. (A ) Synergistic effect observed for the adsorption of C B H I / C B H 
II onto A v i c e l ( p H 5.0, 25°C) . In ordinate : the relative increase of adsorp
t ion (nmoles per m g Av i ce l ) for each component ((enzyme)ads., S) i n a m i x 
ture of C B H I and C B H II as compared to the adsorption of each enzyme 
present as single component ((enzyme)ads). S y n . effect = ( ( " η ^ ^ , ' 5 · 
T h e amount of A v i c e l is 30 m g / m l and the amount of enzyme varies be
tween 0-10 n m o l e s / m l for the experiments where only one component is 
added. In the synergistic mixtures , however, the t o ta l amount of enzyme is 
always 10 nmoles as shown i n the figure (lower and upper abscis). In the 
absence of synergy curves should coincide w i t h the abscis (ordinate value 

(B) Synergistic effect on the hydrolysis of A v i c e l by C B H I / C B H II 
( p H 5.0, 37°C) . C B H I and C B H II in different combinations (abscis) are 
m i x e d w i t h A v i c e l (30 m g / m l ) . T h e to ta l enzyme concentration is always 
10 μΜ and reducing sugars i n the supernatant measured after 45 m i n i n 
cubat ion . 

(C ) Synergistic effect observed for the adsorption of core I / C B H II 
onto A v i c e l . Same conditions as in ( A ) . 

(D) Synergist ic effect on the hydrolysis of A v i c e l by core I / C B H II. 
Same condit ions as in ( B ) . 
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• A n at tempt was made to correlate these results w i t h a s tudy of the m o 
b i l i t y of these enzymes on the surface of the A v i c e l partic les . C B H I (or 
its core) was labelled ( F I T C ) and fluorescence recovery of the enzyme 
adsorbed was followed after photobleaching (Dr . Y . Engelborghs, L e u -
ven, personal communicat ion) . N o significant recovery was observed 
(10-12 sec). A d d i t i o n s of soluble l igands (cellobiose) or a second " s y n 
ergist ic" enzyme ( C B H II) d i d not influence the s ignal . T h u s , surface 
diffusion of these enzymes was not demonstrated and neither could 
exchange between bound and free enzyme i n so lut ion be detected, 
a l though the act iv i ty of the modif ied enzyme ( F I T C ) , b o t h against 
A v i c e l and soluble substrates (e.g., C N P L ) , was unaffected. 

Conclusions 

T h e study of cellulases has progressed considerably i n the present decade. 
Recombinant D N A technique
s t r u c t u r a l studies have provided new insights. C r y s t a l l i z a t i o n of the first 
cellulases has succeeded recently and detailed s t ruc tura l in format ion may 
be expected soon. It is hoped that this w i l l give a further incentive to s tudy 
ing the intr icate reaction mechanism of these enzymes and their substrate 
interact ions (adsorptions) . T h e impor tant synergy phenomena certa inly 
need a more systematic approach and new techniques should be appl ied i n 
this area. 

O u r chromophoric substrates proved to be valuable i n the s tudy of 
several aspects of the enzymology of these cellulases. A r a p i d and specific 
method for puri f i cat ion (affinity chromatography) has been developed. F o l 
l owing our co l laborat ion w i t h several groups, new insights in to the d o m a i n 
arrangement and tert iary structures of two cellulases were obta ined . C o n t r i 
but ions to the e luc idat ion of the synergistic act ion (adsorption-hydrolysis) 
of these enzymes were achieved. 
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A b b r e v i a t i o n s a n d Symbols U s e d 

A : Α-domain (peptide) in C B H I ( C B H II) 
A v i c e l : microcrysta l l ine cellulose ( A m . Viscose Co . ) 
B ( B ' ) : B - d o m a i n i n C B H I ( B B ' i n C B H II) 
C B H I(II) : cellobiohydrolase I(II) ( E C 3.2.1.91) 
(Clostr. t.) : Clostridium thermocellum 
C M C : carboxymethylcel lulose 
C N P G 2 : 2 ' -chloro, 4 ' -n i t rophenyl /?-D-cellobioside 
C N P G 3 : 2 ' -chloro, 4 ' -n i t rophenyl /?-D-cel lotrioside 
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CNPL 

P. p. 
R. g. 
SAXS 
Tr. r. 

EG 
FITC 

MeUmb(Glc)2 

MeUmb(Glc)3 

2'-chloro, 4,-nitrophenyl /?-D-lactoside 
maximum diameter 
Escherichia coli 
endocellulase, endo l,4-/?-D-glucanase (EC 3.2.1.4) 
fluoresceine-isothiocyanaat 
cellobiose 
cellotriose 
hydroxyethylcellulose 
4'-methylumbelliferyl /?-D-lactoside 
4'-methylumbelliferyl /?-D-cellobioside 
4/-methylumbelliferyl /?-D-cellotrioside 
Pénicillium pinophilum 
radius of gyration 
small angle X-ray scattering 
Trichoderma
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Chapter 42 

Cellulases of Cellulomonas fimi 

The Enzymes and Their Interactions with Substrate 

D. G. Kilburn, N. R. Gilkes, R. C. Miller, Jr., and R. A. J. Warren 

Department of Microbiology, University of British Columbia, 300—6174 
University Boulevard, Vancouver, British Columbia V6T 1W5, Canada 

An exoglucanase
Cellulomonas fimi are glycoproteins which bind strongly 
to microcrystalline cellulose. Each protein comprises two 
functionally independent domains joined by a sequence of 
proline and threonine residues: a catalytic domain which 
does not bind to cellulose; and a cellulose-binding domain 
which is not enzymatically active. The cellulose-binding 
domain is at the N-terminus of the endoglucanase but at 
the C-terminus of the exoglucanase. A C. fimi protease 
cleaves both enzymes to release the independently func
tioning domains. The glycosyl groups on the proteins 
protect them from cleavage by the protease when they 
are bound to cellulose. 

Microorganisms use several types of extracel lular enzymes to degrade 
cellulose to glucose: exoglucanases (1 ,4- /? -D-glucan cellobiohydrolases, 
E .C.3 .2 .91) ; endoglucanases (endo- 1,4- /?-D-glucan glucanohydrolases, E . C . 
3.2.1.4); and , depending on the organism, cellobiases (/?-D-glucoside gluco-
hydrolases, E.C.3 .2 .1 .21) . In recent years, these enzymes have received 
considerable at tent ion because of their possible use i n the conversion of 
waste biomass, such as straw, sawdust and bagasse, to useful chemicals . 
A n outcome of this work has been the rea l izat ion that cellulases are of 
great interest in themselves, irrespective of their commerc ia l potent ia l (1). 

A given microorganism may produce one or more enzymes of each type. 
A n understanding of the role of each enzyme i n cellulose biodégradation re
quires their puri f i cat ion and character izat ion , and an analysis of the ways 
i n wh i ch they interact w i t h the substrate and w i t h each other. However, it 
is often quite difficult to determine the number and type of t ru ly different 
enzymes produced by an organism. M a n y cel lulo lyt ic microorganisms se
crete proteases, which may degrade some or a l l of the cellulases to smal ler , 

0097-6156/89/0399-0587$06.00/0 
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active species. Furthermore , cellulases f rom bo th procaryot ic and eucary-
ot ic microorganisms may be g lycosylated, and deglycosylat ion in vivo can 
give rise to apparently different forms of an enzyme. 

A wide ly used approach to resolve such problems is the c loning of the 
s t r u c t u r a l genes for cellulases (2). T h e nucleotide sequence of a gene can be 
used to predict the amino ac id sequence of the cellulase i t encodes, w h i c h i n 
t u r n can be used to make predict ions about the structure of the cellulase. 
A l l of this in format ion can be used to make comparisons between cellulases 
f rom a single organism and f r om different organisms. Express ion of a cloned 
gene i n an appropriate host gives intact enzyme uncontaminated w i t h other 
cellulases. If the native enzyme is g lycosylated, expression of its gene i n 
Eschericha coli gives the non-glycosylated f o r m of the enzyme. C o m p a r i s o n 
of this w i t h the intact , native enzyme w i l l reveal the effects of g lycosy lat ion . 

Cellulases of Cellulomonas

W h e n grown on cellulosic substrates, the bac ter ium Cellulomonas fimi (3) 
produces a complex array of cellulases, some of w h i c h are g lycosylated 
(4-6). Its cellulase profile varies w i t h both the nature of the substrate 
and w i t h culture age, possibly as a consequence of proteolysis and deg
lycosy lat ion (6). A n exoglucanase (Cex) and an endoglucanase ( C e n A ) 
b i n d to the substrate i n cultures grown w i t h A v i c e l , a microcrysta l l ine 
cellulose, and they can be recovered intact f rom the res idual A v i c e l i n 
such cultures (6). T h i s fac i l i tated their pur i f i cat ion to homogeneity by 
subsequent fast -prote in- l iquid-chromatography (7). B o t h were g lycopro
teins (6). B o t h enzymes hydro lyzed carboxymethylcel lulose ( C M C ) , a l 
though w i t h different kinetics (8); bo th released reducing sugar f r o m A v i 
cel; but on ly C e x hydro lyzed p-nitrophenylcel lobioside ( p N P C ) and 4-
methylumbel l i ferylce l lobios ide ( M U C ) . B o t h proteins were monomers of 
very s i m i l a r size: C e x contained 443 and C e n A 418 amino acids. 

E a c h prote in was composed of three discrete segments: a sequence of 
20 amino acids composed of only p r o l y l and threonyl residues, termed the 
P r o - T h r box, w h i c h was almost perfectly conserved; a sequence of about 100 
amino acids which was r i ch i n hydroxyamino acids, of low charge density, 
and 5 0 % conserved; and a sequence of about 300 amino acids w h i c h h a d a 
relat ively h igh charge density, but was not conserved (9). T h e order of the 
segments was reversed i n the two enzymes ( F i g . 1). 

C o m p a r i s o n of the N a t i v e a n d Recombinant F o r m s of C. fimi C e l 
lulases 

In s t ruc tura l terms, the only difference between native C e x and C e n A and 
the recombinant forms of the enzymes produced i n E. coli was that the 
former were g lycosylated. For s impl ic i ty , the g lycosylated forms are re
ferred to as g C e x and g C e n A , and the non-glycosylated forms as n g C e x 
and n g C e n A . 

G l y c o s y l a t i o n d i d not affect the substrate specificities of C e x and 
C e n A ; it had very l i t t l e effect on their cata lyt i c act iv i t ies ; and i t d i d not 
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affect their stabi l i t ies to heat and p H (10). B o t h forms of the enzymes 
bound to A v i c e l , w h i c h fac i l i tated their pur i f i cat ion f r o m E. coli (11,12) . 

C. fimi secreted a serine protease w h i c h was active against the ce l lu 
lases. In so lut ion , the g lycosylated forms of C e x and C e n A were cleaved 
m u c h more slowly t h a n the non-glycosylated forms, a n d the cleavage sites 
appeared different i n the two forms ( N . R . G i lkes , unpubl i shed observa
t ions) . However, when the enzymes were bound to A v i c e l , the glycosy
lated forms of C e x and C e n A were resistant to the protease, but the non -
glycosylated forms remained sensitive (10) ( F i g . 2). Therefore, one funct ion 
of g lycosylat ion was to protect C e x and C e n A against proteolysis , especial ly 
when b o u n d to cellulose. 

Interactions of C. fimi Cellulases w i t h Cellulose 

Cleavage of A v i c e l - b o u n d n g C e x and n g C e n A released ca ta ly t i ca l ly active 
fragments f rom the A v i c e
organized into two independently funct ion ing domains, a substrate -b ind ing 
d o m a i n and a cata lyt i c domain . T h i s was confirmed by analysis of the 
cleavage products released by the act ion of the protease on ngCex and ng 
C e n A i n so lut ion (12). B o t h enzymes were degraded to discrete fragments 
( F i g . 3). A n a l y s i s of the fragments showed that the p r i m a r y cleavage of 
n g C e x gave fragments of M r 30 k D a and 20 k D a ( F i g . 4). In each case, 
the large fragment retained cata lyt i c a c t i v i ty but d i d not b i n d to A v i c e l , 
whereas the smaller fragment was cata lyt i ca l ly inact ive but could b i n d to 
A v i c e l . T h e ac tua l site of cleavage i n bo th cases was at the carboxy l ter
minus of the P r o - T h r box ( F i g . 4.) 

It was quite clear that i n C e x and C e n A , the 5 0 % conserved regions 
that h a d low charge density, and were r i ch i n hydroxyamino acids, were 
the substrate -b ind ing domains. In each enzyme, the b i n d i n g d o m a i n was 
separated f r o m the cata lyt i c d o m a i n by a P r o - T h r box. Since the P r o - T h r 
box is quite s imi lar to the hinge region of I g A i immunog lobu l ins (13), i t 
is t e m p t i n g to speculate that the P r o - T h r box functions as a hinge also, 
thereby al lowing the cata lyt i c domain to move over the surface of a cellulose 
fibril i n spite of the enzyme be ing anchored at one end. Retent ion of their 
i n d i v i d u a l properties when separated by proteolysis showed quite c learly 
that the two domains functioned independently. T h i s was emphasized for 
the cata lyt i c domains by the properties of a fusion po lypept ide i n w h i c h the 
cata ly t i c d o m a i n , P r o - T h r box, and the first 32 amino acids of the substrate-
b i n d i n g d o m a i n of C e x were fused to most of the cata lyt i c domain of C e n A 
( F i g . 5). T h e fusion po lypept ide h a d both exoglucanase and endoglucanase 
ac t iv i ty (14). 

A l t h o u g h its two domains could funct ion independently, removal of the 
substrate -b ind ing domain of n g C e n A reduced enzymat i c ac t iv i ty against 
microcrysta l l ine cellulose but not against C M C or amorphous cellulose (12). 
T h i s suggested that the substrate -b inding domain played a c r i t i ca l role i n 
the hydrolys is of crystal l ine cellulose. 

T h e gene, cenB, for a second endoglucanase, C e n B , of C. fimi, was 
also cloned i n E. coli (11,15) . T h e po lypept ide expressed f rom cenB in 
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Figure 2. Z y m o g r a m of g C e n A (A-I ) and n g C e n A ( J - Q ) after incubat i on 
w i t h C. fimi protease. Cel lulases, bound to A v i c e l , were incubated w i t h 
protease or control buffer for 72 hr at 30° C , then centrifuged to give 
cellulose-bound ( A - E , J - N ) and supernatant ( F - I , O - Q ) fractions. Produc t s 
were separated on a S D S gel, replicated onto C M C - a g a r o s e and developed 
w i t h Congo red. A , J . buffer control (4°C incubat ion) ; B , F , K , 0 , protease; 
C , G , L , P , protease + P M S F contro l ; D , H , M , Q , buffer contro l ; Ε,Ι,Ν, buffer 
+ P M S F control . 
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Figure 3. T i m e course of proteolysis of n g C e n A and ngCex . 300 μg of ng 
C e n A (A ) or ngCex (B) dissolved i n 725 μΐ of phosphate buffer conta in ing 
1.5 units of crude C. fimi protease were incubated at 37°C. React ions were 
sampled at 0, 6, 24, 48, 96, and 144 h (lanes 1-6, respectively) , treated w i t h 
P M S F , and analyzed by S D S - P A G E (8% acry lamide) . C o n t r o l samples were 
incubated i n the absence of protease for 144 h (lane 7). A l l lanes were loaded 
w i t h sample equivalent to 2.8 /zg of i n i t i a l prote in . 
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E. coli had a M r of 110 kDa. It also could be bound to Avicel, but its 
structural relatedness to Cex and CenA has not yet been determined. A 
deletion mutant of cenB encoded a polypeptide of M r 70 kDa. The missing 
segment represented the carboxyl terminal 40 kDa or CenB. The 70 kDa 
fragment had enzymatic activity and it could still bind to substrate (11). 
The nature and function of the 40 kDa carboxyl terminus of CenB are being 
determined. 

Similarity of C. fimi Cellulases to Trichoderma reesei Cellulases 

Analysis of the genes for four cellulases of the basidiomycete T. reesei 
showed that these proteins had a bifunctional organization remarkably sim
ilar to that of Cex and CenA of C. fimi, and again with reversal of domain 
order in pairs of the four enzymes (16). 

The T. reesei enzymes could also be cleaved into separate domains by 
proteolysis, and this was discusse
P., this volume). Suffice i
lulases in C. fimi and T. reesei appear to have arisen by domain shuffling 
and that the enzymes they encode appear to interact with cellulose in a 
comparable manner, i.e., a catalytic domain is held on the substrate by a 
binding domain. Cellulases from the bacterium Clostridium thermocellum 
also contained sequences analogous to Pro-Thr boxes as well as highly con
served carboxyl terminal sequences (2,17,18). It remains to be seen if they 
have functional organizations similar to those of the C fimi and T. reesei 
enzymes. 
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Chapter 43 

β-Glucosidases: M e c h a n i s m and Inhibition 

Stephen G. Withers and Ian P. Street 

Department of Chemistry, University of British Columbia, Vancouver, 
British Columbia V6T 1Y6, Canada 

The generally accepted mechanism of action of glycosi
dases which hydrolys
of configuration
ble displacement. Initial general acid-catalyzed gener
ation of a glycosyl-enzyme intermediate is followed by 
its general base-catalyzed hydrolysis. Both the forma
tion and the hydrolysis of the glycosyl-enzyme can be 
considered to proceed via oxocarbonium ion-like transi
tion states. Destabilization of such transition states can 
be achieved by replacing the C-2 hydroxyl of the sub
strate by the more electronegative fluorine, thus slow
ing both steps. Simultaneous incorporation of an ex
cellent leaving group (fluoride or dinitrophenolate) as 
the aglycone permits the accumulation of the interme
diate which is sufficiently stable to be isolated. In
vestigation of such an intermediate generated on a β
-glucosidase, by means of 19F-NMR, allowed its iden
tification as an α-D-glucopyranosyl-enzyme. Activated 
2-deoxy-2-fluoroglycosides therefore act as mechanism
-based inactivators, thereby representing a new class of 
"suicide" inactivators for glycosidases. 

/?-Glucosidases play an impor tant role i n the degradation of cellulose by 
hydro lyz ing cellobiose to glucose. In this way, not only is the key metabo
l i te glucose produced, but also cellobiose, an inhib i tor of exoglucanases, is 
removed. A n understanding of the detailed chemical mechanism of act ion 
of this class of enzymes is therefore impor tant both i n terms of possible 
chemical , or genetic engineering approaches to generation of art i f i c ia l en
zymes and also i n the design of specific inhib i tors wh i ch could be valuable 
i n preventing cellulose degradation. 
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A l l glycosidases studied to date have been found to effect hydrolysis of 
the glycosidic l inkage by cleavage of the bond between the anomeric carbon 
and the glycosidic oxygen. However, two different stereochemical outcomes 
of such a hydro ly t i c mechanism are possible. T h e bond can be cleaved w i t h 
retention of anomeric configuration (by a " re ta in ing" glycosidase) (1-3), or 
w i t h inversion of configuration (by an " inver t ing " glycosidase) (1-3). M a n y 
examples of each type have been found. P r o b a b l y the most common class, 
and certainly the best defined mechanist ical ly , is that of the " r e t a i n i n g " 
glycosidases. T h e most generally accepted mechanism of act ion for such 
enzymes is shown i n F igure 1 for a " re ta in ing" /?-glucosidase, and involves 
an active site containing two mechanist ical ly impor tant residues; an ac id 
catalyst whose ident i ty i n different systems is thought to be a carboxy l 
group or tyrosine, and a nucleophile considered to be a carboxylate residue 
i n essentially a l l cases (see references 1-3 for reviews of glycosidase mecha
nisms) . B i n d i n g of the glycoside substrate is thought to be followed by pro
ton donat ion f r om the aci
thereby increasing the lab i l i ty of the glycosidic bond. B o n d heterolysis en
sues, generating a free (aglyconic) alcohol which departs, and a g lycosyl 
oxocarbon ium ion species stabi l ized by interact ion w i t h the carboxylate 
group. T h e t i m i n g of this "at tack" of the carboxylate group is probably 
such that the reaction has considerable Sjv2 character w i t h no true oxocar
b o n i u m ion intermediate , but rather just a t rans i t ion state w i t h substant ia l 
oxocarbon ium ion character. Such "pre-associat ion" of the nucleophile has 
also been suggested to be very common i n non-enzymic g lycosyl transfer 
reactions (4). T h u s the first step of the pathway involves the ac id-catalyzed 
format ion of a glycosyl-enzyme intermediate v i a an oxocarbon ium ion- l ike 
t rans i t i on state. C o m p l e t i o n of the process involves attack of water at the 
anomeric center, w i t h some general base cata lyt i c assistance generating, 
i n this case, /?-D-glucopyranose as product . T h i s second glycosyl transfer 
step, deglycosylation, w i l l presumably also occur v i a a t rans i t i on state w i t h 
substant ia l oxocarbon ium ion character. 

A l ternat ives to this mechanism, which differ i n some cases only re la 
t ively subtly , but i n other cases quite dramatica l ly , are not wel l supported , 
but include a possible mechanism invo lv ing an i n i t i a l endocycl ic C - 0 bond 
cleavage (5), and one invo lv ing a fu l l oxocarbonium ion intermediate . T h e 
case against such mechanisms is discussed i n some detai l elsewhere (2). 

T h e work described in this paper summarizes our recent attempts to 
provide substant ia l proof for the mechanism of F igure 1. T h i s was achieved 
by t rapp ing and iso lat ing the glycosyl-enzyme intermediate, thus proving 
its existence, and also by direct ly determining the stereochemistry of the 
l inkage of this sugar to the enzyme. Such studies, by their very nature , 
led to the generation of a new class of mechanism-based inact ivators of 
glycosidases. 

Results a n d Discussion 

Since b o t h format ion and hydrolysis of the glycosyl-enzyme proceed v i a 
oxocarbonium ion-l ike t rans i t ion states, i t seemed reasonable to assume, 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



43. W I T H E R S & S T R E E T β-Glucosidoses: Mechanism & Inhibition 599 

Figure 1. M e c h a n i s m of a " re ta in ing" /?-glucosidase. O R = the aglycone; 
N u = the enzyme's nucleophile; H A = the enzyme's acid catalyst . 
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i n l ine w i t h our model non-enzymic studies (6), that subst i tut ion of the 
sugar h y d r o x y l at C-2 by the more electronegative fluorine would result i n 
significant induct ive destabi l izat ion of the adjacent posit ive charge at the 
t rans i t i on state. T h i s should result i n decreased rates of g lycosyl -enzyme 
format ion and hydrolysis , thereby produc ing very slow substrates. Such i n 
deed was observed to be the case. However, the incorporat ion of a relat ively 
reactive leaving group (dinitrophenolate or fluoride) as the aglycone into 
such deactivated substrates might accelerate the rate of g lycosyl -enzyme 
format ion sufficiently, without affecting the rate of glycosyl -enzyme h y d r o l 
ysis, to permit accumulat ion and t rapp ing of the 2-deoxy-2-f luoro-glycosyl-
enzyme intermediate . T h i s could allow the structure and properties of such 
an intermediate to be investigated. 

Inactivation Studies. T h i s strategy was tested i n i t i a l l y on a /?-glucosidase 
isolated f rom Alcaligenes faecalis (7,8) and since cloned and expressed at 
h igh levels i n E. coli (9), henceforwar
In the i n i t i a l k inet ic characterizat io
substrates (highest Vmax and V m a a : / K m ) inc luded 2 ,4 -d ini trophenyl β-Ό-
glucopyranoside and /3-D-glucosyl fluoride. Therefore the most promis 
ing candidates for t rapp ing of a glycosyl-enzyme intermediate appeared to 
be 2,4-dinitrophenyl-2-deoxy-2-f luoro-^-D-glucopyranoside ( 2 F / ? D N P G l u ) 
and 2-deoxy-2-fluoro- /?-D-glucopyranosyl fluoride ( 2 F / ? G l u F ) . These two 
compounds were synthesized as described previously (10,11,12,13) and 
tested w i t h p A B G 5 /?-glucosidase for accumulat ion of an intermediate . 
Such testing was relat ively facile, as the accumulat ion of the intermediate 
resulted in an apparent t ime-dependent inact ivat ion of the enzyme. T h i s 
occurred because the free enzyme, capable of interact ing w i t h substrate, 
was converted into the relatively inert 2-fluoroglucosyl-enzyme in termed i 
ate. B o t h compounds were indeed found to be excellent t ime-dependent 
inact ivators (10,14), reacting according to the expected pseudo-first-order 
kinet ics , as shown for 2 F / ? D N P G l u i n F igure 2. T h e rate of inac t ivat ion 
was dependent upon the concentration of inact ivator , showing saturat ion 
kinetics as expected for a s imple inact ivator b ind ing non-covalently i n i t i a l l y 
w i t h a dissociation constant, and then inact ivat ing the enzyme w i t h a 
rate constant k{ according to the scheme below. 

Ki k 
Ε + Ιτ±Ε.Ι-=±Ε-Ι 

T h e fol lowing constants were determined: 2 F / ? D N P G l u , ki = 25 
m i n " 1 , Ki = 0.05 m M ; 2 F / ? G l u F , ki = 5.9 m i n " 1 , Α\· = 0.4 m M . 

Evidence for the Proposed Mechanism. A considerable effort was then ex
pended in prov ing the mode of inact ivat ion . Evidence that inact ivat ion 
occurred by b ind ing at the active site was given by the observation that the 
competit ive inh ib i tor isopropylthio- /? -D-glucopyranoside ( I P T G ) (Ki - 4 
m M ) provided the expected protection against inact ivat ion as shown in 
F igure 2c. Inact ivat ion of the enzyme was accompanied by the release of 
a "burs t " of aglycone (dinitrophenolate or fluoride) as required by such a 
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ι 2 · ι Time (min) * 
1/S (μΜ -1) 

Figure 2. Inact ivat ion of p A B G 5 /?-glucosidase w i t h 2 F / ? D N P G l u (structure 
shown) (a) /?-glucosidase incubated w i t h the fol lowing concentrations of 
2 F / ? D N P G l u and aliquots assayed against p -n i t rophenyl /?-glucopyranoside 
at the times shown: Ο = 0.5μΜ; CZ| = 1-ΟμΜ, φ = 2.0μΜ; 
• = 3 . 0 / i M ; A = 4 . 0 / i M ; Δ = 5 .0 / iM) . (b) Replot of first-order rate con
stants f rom 2a. (c) Protec t i on against inh ib i t i on given by isopropylthio 
/?-D-glucopyranoside ( I P T G ) . 
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mechanism. T h e "burs t " of d initrophenolate was measured spectrophoto-
metr i ca l ly (Figure 3), while the "burst " of fluoride was measured by both 
1 9 F - N M R and by a dye-binding assay (15). In both cases an essentially 
stoichiometric (0.93-1.0:1) reaction was observed w i t h release of one mole 
of aglycone per mole of enzyme inact ivated. In add i t i on to helping prove 
the mode of act ion of these inactivators this procedure provides a very con
venient and accurate way of measuring the concentration of active enzyme 
present at any t ime, s imply by per forming an "act ive site t i t r a t i o n " using 
2 F / ? D N P G l u . 

T h e formation of a 2-fluoroglucosyl-enzyme was demonstrated by 
means of 1 9 F - N M R . A d d i t i o n of 2 F / ? G l u F (1 .05mM) to a concentrated 
so lut ion of p A B G 5 /?-glucosidase (0 .73mM) i n 5 0 m M sod ium phosphate 
buffer, p H 6.8 i n a 5 m m N M R tube, inact ivated the enzyme very rapidly . 
T h e 1 9 F - N M R spectrum of this sample is shown in F igure 4. Peaks were 
assigned as follows: T h e peak at 121.4 p p m was due to inorganic fluoride re
leased upon inact ivat ion o
due to F - l and F - 2 , respectively, of the s m a l l excess of unreacted 2 F / ? G l u F 
remain ing . T h e relatively broad peak at 197.3 p p m , Δ ι / = 130Hz, was 
due to the 2-fluoroglucosyl-enzyme formed, b o t h the chemical shift and the 
l i n e w i d t h being consistent w i t h this assignment. Dia lys is of such a sample 
resulted i n removal of a l l signals except the broad resonance at 197.3 p p m , 
demonstrat ing that the sugar was indeed covalently l inked . 

Stereochemistry of the Intermediate. These experiments therefore demon
strated that a 2-fluoroglucosyl-enzyme had been trapped . It was then of 
interest to prove the stereochemistry of the linkage of this sugar residue 
to the enzyme. Unfortunate ly , the 1 9 F - N M R spectrum shown in F igure 
4 was of no use in this regard, since the 1 9 F - c h e m i c a l shift of 2-deoxy-
2-fluoro-glucose and its derivatives is relatively insensitive to the config
urat i on of the anomeric substituent (o> and /?-2-deoxy-2-fluoro-D-glucose 
differ i n 1 9 F chemical shift by only 0.18 p p m and their tetra-0-acetates 
by only 1.4 p p m ) . C o u p l i n g constants are not much more sensitive and 
would , in any case, be lost in the large na tura l l i n e w i d t h of the reso
nance. However, the chemical shifts of 2-deoxy-2-fluoro-D-mannose and 
its derivatives were shown previously to be very sensitive to anomeric con
figuration (16), e.g., o> and /?-2-deoxy-2-fluoro-D-mannose differ i n 1 9 F -
chemical shift by some 18.5 p p m . Since i t had been shown previously (8) 
that p A B G 5 /?-glucosidase exhibits considerable /?-mannosidase act iv i ty , it 
seemed that 2-deoxy-2-fluoro-/?-mannosyl fluoride ( 2 F / ? M a n F ) might be a 
good inact ivator of the enzyme. If so, this would allow the generation of a 
2- f luoro-mannosyl enzyme which could be investigated by 1 9 F - N M R . F i g 
ure 5 shows the result of such an investigation where 2 F / ? M a n F (1 .52mM) 
has been added to p A B G 5 /?-glucosidase (0 .74mM) i n 5 0 m M sod ium phos
phate buffer, p H 6.8, and placed i n a 5 m M N M R tube. T h e resonance at 
121.0 p p m was due to inorganic fluoride released upon inac t ivat i on , whereas 
resonances at 149.5 and 224.4 p p m corresponded to F - l and F - 2 , respec
tively, of the excess 2 F / ? M a n F employed. T h e broad peak at 201.0 p p m 
was due to the 2-f luoro-mannosyl-enzyme adduct . T h e chemical shift ob-
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2A4initroph«nol (nmole) 

Figure 3. Measurement of the "burst " of d initrophenolate released on re
act ion of 2 F / ? D N P G l u w i t h p A B G 5 /?-glucosidase. P l o t of quant i ty of 
2 ,4-dinitrophenol released (from absorbance at 400nm) versus quant i ty of 
enzyme treated. Solutions of different concentrations of /?-glucosidase i n 
5 0 m M s o d i u m phosphate buffer, p H 6.8 were incubated at 37°C i n a 1cm 
pathlength glass cuvette i n a spectrophotometer and the absorbance read
ing zeroed. A so lut ion of 2 F / ? D N P G l u (sufficient to provide twice the est i 
mated enzyme concentration) was added and the opt i ca l density at 400nm 
recorded. T h e quant i ty of d in i trophenol released was est imated using an 
ext inc t ion coefficient of l l , 3 0 0 M _ 1 c m - 1 . T h e quant i ty of enzyme was esti 
mated using an ext inct ion coefficient at 280nm of E° 1 % = 2 . 2 0 c m " 1 , i tself 
determined by a quant i tat ive amino acid analysis . 
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121.4 

120 140 160 180 200 
(δ ppm) 

Figure 4. P r o t o n decoupled 1 9 F - N M R spectrum of p A B G 5 /?-glucosidase 
inact ivated w i t h 2 F / ? G l u F (conditions as described in text) . T h i s spectrum 
was recorded on a 270 M H z B r u k e r / N i c o l e t instrument using gated proton 
decoupling (decoupler on dur ing acquis it ion only) and a 90° pulse angle 
w i t h a repet i t ion delay of 2s. A spectral w i d t h of 40,000 Hz was employed 
and signal accumulated over 10,000 transients. 
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Figure 5. P r o t o n decoupled 1 9 F - N M R spectrum of p A B G 5 /?-glucosidase 
inact ivated w i t h 2 F / ? M a n F (conditions as described in text) . Spec tra were 
recorded on a 270 M H z B r u k e r / N i c o l e t instrument using gated proton de
coupl ing (decoupler on dur ing acquisit ion only) and a 90° pulse angle w i t h 
a repet i t ion delay of 2s. A spectral w i d t h of 40,000 H z was employed and 
signal accumulated over 10,000 transients for the nat ive prote in and 30,000 
transients for the denatured protein in 8 M urea, (a) F u l l spec trum w i t h 
expansion below i t ; (b) Expans ion of spectrum of denatured /d ia lyzed en
zyme. 
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served was wel l w i t h i n the range expected for an α-linked 2-fluoro-mannose 
residue and some 16-20 p p m downfield of the region expected for a β-
l inkage. In l ight of the large chemical shift differences concerned, i t was 
unl ike ly that other factors affected the chemical shift signif icantly. H o w 
ever, as described below, other factors were also considered. Since the 
1 9 F - N M R chemical shifts of 2-deoxy-2-fluoro-glycosides and -g lycosyl es
ters are re lat ively insensitive to the chemical identities of the anomeric 
subst i tuent , i t was unl ikely that a large chemical shift resulted f rom the 
replacement of the fluorine substituent at C - l by the enzyme nucleophile 
so this was unl ike ly to be the source of the large shift , especially as no such 
large shift had been observed for the 2-fluoro-glucosyl enzyme. T h e b i n d 
ing of fluorinated ligands to macromolecules generally produces downfield 
shifts (17) which might confuse this interpretat ion . However, since such 
shifts are generally s m a l l , and because the chemical shift of the 2-deoxy-2-
fluoro-glucosyl-enzyme was i n the expected region, this seemed an unl ike ly 
cause for such a large shift
not the case, the 2-f luoro-mannosyl-enzyme adduct was d ia lyzed overnight 
against 8 M urea to denature i t , and the 1 9 F - N M R spectrum of the resultant 
unfolded prote in , in which the fluoromannose residue would be exposed to 
solvent, was obtained (see F igure 5b). W h i l e a very s m a l l (A6 = 1.6 ppm) 
upfield shift of the resonance was observed, the resonance remained well 
w i t h i n the region antic ipated for the α-linked sugar. It is of interest to 
note that resonances aris ing f rom excess 2 F / ? M a n F were removed by the 
dia lys is , but the h igh molecular weight 2-f luoromannosyl-enzyme species 
was retained. Resonances at 206.2 and 224.5 p p m arose f rom a - and β-2-
deoxy-2-f luoro-D-mannose which had hydrolyzed after denaturat ion of the 
enzyme. 

C o n c l u s i o n 

B y using 2-deoxy-2-fluoro-glycosides w i t h good leaving groups at the 
anomeric center i t was possible to trap the glycosyl -enzyme adduct long 
since postulated as an intermediate in glycosidase catalysis . Further , it 
was possible to unequivocal ly prove the stereochemistry of this species. 
T h i s therefore provides very strong support ive evidence for the mechanism 
of enzyme-catalyzed glycoside hydrolysis shown in F igure 1. T h e mecha
n i s m involves a covalent glycosyl enzyme intermediate which is formed and 
hydro lyzed via oxocarbon ium ion-l ike t rans i t i on states. T h e 2-deoxy-2-
fluoro-glycosides used in this work serve as good, specific mechanism-based 
inact ivators of glycosidases, and may have future appl i cat ion i n studies of 
oligosaccharide and polysaccharide degradation. 
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Chapter 44 

E n v i r o n m e n t a l Potential of the Trichoderma 
Exocel lular E n z y m e System 

J. M . Lynch 

AFRC Institute of Horticultural Research, Littlehampton, West Sussex 
BN17 6LP, England 

Trichoderma spp
(exo- and endo-β-1-4
hemicellulolytic (especially xylanase and β-xylosidase) 
complexes which are effective in degrading natural lig
nocelluloses such as straw. Nitrogen can be provided 
to the fungus by cooperative nitrogen-fixing anaerobic 
bacteria (Clostridium butyricum). The fungus also pro
duces a range of enzymes (chitinase, 1,3-β-D glucanase 
and proteases) with the capacity to degrade the cell walls 
of a wide range of fungal plant pathogens. No correlation 
has been obtained between field biocontrol effectiveness 
and lytic enzyme production by different strains; this is 
possibly because antibiotic metabolites are also involved 
in the action. A target is to produce Trichoderma strains 
with elevated levels of degradative and lytic exocellular 
enzymes which also produce antibiotics and grow rapidly 
in the soil and rhizosphere environments. 

Lignocelluloses are freely available i n the environment as residues f rom crop 
plants and trees and there has been a great effort in recent years to develop 
effective and economic processes for their u t i l i za t i on . However, outside the 
mushroom industry , few cost-effective options have been identif ied. T h i s 
led W o o d (1) and L y n c h (2) to echo the comments of Thaysen and B u n k e r 
(3) that the most effective route to ut i l ize dead vegetation is in the n a t u r a l 
processes of decay. There has been a tendency to develop cycl ic arguments 
where the energy derived f rom lignocellulose u t i l i z a t i o n , to produce alcohol 
for example , is merely recycled i n f a r m machinery to derive more l ignocel 
luloses w i t h no net energy ga in . 

Trichoderma species have a powerful set of well -characterized exoen-
zymes involved i n the cel lulolyt ic pathway: exo- /? - l ,4-glucanase which h y -
drolyzes amorphous and microcrysta l l ine cellulose; endo- /? - l ,4 -glucanase 

0097-6156/89/0399-0608$06.00/0 
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which hydrolyzes cellulose derivatives; and /?-glucosidase which hydrolyzes 
cellobiose derived f rom the glucanase act ion and cel lodextrins to glucose (1). 
X y l a n o l y t i c ac t iv i ty can also be present to hydrolyze hemicelluloses (het
erogeneous polymers of glucose, mannose, galactose, arabinose and xylose) . 
E v e n though there is no l ign ino lyt i c ac t iv i ty i n this genus, the preponder
ance of the polysaccharide components i n lignocellulose and the ind i ca t i on 
that much of the polysaccharide is not t ight ly bound to the l ign in and 
therefore re lat ively freely available i n non-woody plants (4) make Tricho
derma a good candidate for explor ing lignocellulose u t i l i z a t i o n . Eve le igh 
(5) has reviewed the biology and biochemistry of the genus; but other than 
its u t i l i t y i n prov id ing the source of commerc ia l cellulases, there has been 
l i t t l e i n d u s t r i a l exp lo i tat ion as yet. However, Trichoderma species, and the 
closely related Gliocladium species, have shown major potent ia l as bio logi 
cal control agents of p lant diseases (6) and a commerc ia l preparat ion of T. 
viride, B i n a b T , is produced i n Sweden as a biological control agent against 
the silver leaf disease of frui
In this mode i t is a mycoparasite , co i l ing around and penetrat ing the cell 
walls of plant pathogens, an act ion w h i c h , at least in part , must involve the 
release of l y t i c enzymes. 

T h e purpose of this article is to out l ine the role of these enzyme systems 
in the s o i l / p l a n t ecosystem and discuss how their useful characters might 
be elevated and exploited further. 

Lignocellulolysis 

One of the favored organisms for study of cellulolysis by Trichoderma is T. 
reesei. Consequently , many mutant strains which hyperproduce cellulase 
have been obtained by treatment w i t h ul travio let l ight , g a m m a i r rad ia t i on , 
the l inear accelerator, d i e thy l sulphate and N - m e t h y l - N ' - n i t r o - N - n i t r o s o -
guanidine (7). Whereas much of the study of T. reesei has been w i t h 
cellulose as substrate , i t is relevant to consider the other fractions of n a t u r a l 
l ignocelluloses: hemicellulose and holocellulose (the combined cellulose and 
hemicellulose fract ion) . 

W h e n the hyper-ce l lu lo lyt i c mutant T. reesei Q M 9 4 1 4 was grown on 
various substrates derived f rom wheat straw i n st irred batch culture , the 
highest specific growth rates were on holocellulose and the hemicellulose-
A defined by O ' D w y e r (8); i t grew poor ly on lignocellulose. B y contrast , 
T. harzianum I M I 275950 isolated f rom wheat straw grew better on l i g 
nocellulose (Table I) . Despite these differences, the enzyme yields of the 
ce l lulase /xylanase complexes d id not correlate w i t h growth rate. These ob
servations f rom this empir i ca l s tudy indicate that strains isolated or derived 
for growth on extracted substances may not necessarily be the most useful 
strains to exploit n a t u r a l substrates. 

W h e n suitable strains to exploit na tura l substrates are available, their 
exp lo i ta t i on of ce l lulo lyt ic substrates i n pure culture could be restricted by 
the end-products of cellulolysis (cellobiose and glucose) repressing enzyme 
synthesis or i n h i b i t i o n / i n a c t i v a t i o n of further enzymic ac t iv i ty ( F i g . 1). 
One of the simplest routes to relieve this difficulty was to use non-ce l lu lo lyt i c 
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Figure 1. Possible interactions between micro-organisms dur ing cellulose 
degradat ion. Source: Reproduced w i t h permission from Ref. 11. © 1985, L . 
A . H a r r i s o n . 
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Table I. G r o w t h of Trichoderma reesei Q M 9 4 1 4 (Tr) and T. harzianum 
IMI275950 (Th ) on wheat straw lignocellulose (l ignocell . ) or de
r ived cellulosic mater ials f rom straw (cell . , cellulose; h e m i c e l l - A , 
hemicel lulose-A; holocel l . , holocellulose) 

O r g a n i s m T r T r T r T r T h 

Substrate ce l l . hemice l l -A holocel l . l ignoce l l . l ignoce l l . 

Enzyme Yield (units χ 10 ~ 3 / g cellulosic substrate) 
C M ' - c e l l u l a s e 2.50 1.20 3.00 2.58 2.06 
F P 2 - c e l l u l a s e 0.26 0.08 0.40 0.30 0.20 
/?-glucosidase 0.06 0.06 0.04 0.06 0.06 
X y l a n ase 14.50 52.02 28.80 24.62 15.50 
/?-xylosidase 0.20 0.38 0.48 0.16 0.22 

0.029 0.085 0.086 0.016 0.025 

C u l t u r e s were grown i n a st irred batch fermenter, work ing volume 1 l i ter , 
using cellulose mater ia ls at 0 .5% w / v as carbon substrates. G r o w t h rate 
of cultures was determined by measuring the culture A T P concentration 
(aggregate of biomass and exocel lular A T P ) dur ing exponentia l growth (9). 

1 Carboxymethylce l lu lose . 
2 F i l t e r paper. 

Source: Reproduced w i t h permiss ion from Ref. 10. © 1986, D . M . G a u n t . 

or other ce l lulo lyt ic species of fungi or bacter ia to ut i l i ze the end-products , 
as presumably happens i n the n a t u r a l environment. However, rather than 
a l lowing the energy so generated i n cellulolysis to go to waste, we have 
considered routes whereby that energy could be usefully diverted to other 
n a t u r a l processes. One process i n soi l heavily restricted in nature by ava i l 
able energy is d initrogen fixation, because about 15 moles A T P is required 
in vitro for nitrogenase to reduce one mole of N2 to 2NH3. A conceptual 
scheme is out l ined i n F igure 2 where the cellulase comes f rom T. harzianum 
and Closindium butyricum is the anaerobic bacter ium prov id ing the source 
of nitrogenase. In an open system without forced aerat ion, anaerobic m i -
croenvironments w i l l occur such that there w i l l be aerobic /anaerobic inter
faces. T h e association between the organisms was promoted by the add i t i on 
of s m a l l amounts of a m m o n i u m - N (13) and the species involved could co
exist i n a range of oxygen atmospheres (14), possibly because the fungus 
was able to exclude oxygen f rom the anaerobe which is non-ce l lu lo lyt ic . 
W h e n C. butyricum was provided w i t h the cellulase enzyme f rom T. viride 
i t ind irec t ly metabol ized cellulose as a carbon source in the absence of a 
source of fixed nitrogen under anaerobic condit ions. 

In searching for means to enhance this in vitro act iv i ty , a range of fun
gal isolates were screened for cel lulolyt ic a c t iv i ty on straw. T h e tests used to 
assay ac t iv i ty inc luded clearing of cellulose agar (zone size measured), loss 
of weight f rom straw, colony r a d i a l extension rate on a water-soluble extract 
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of s traw and on internode sections of s traw, and penetrat ion rate into straw 
pieces (15). These in vitro tests identif ied useful ac t iv i ty and di f fusibi l i ty of 
the cel lulase/hemicel lulase enzyme complexes. In a l l tests Trichoderma spp. 
performed most favorably, w i t h Sordaria alcina and Fusarium spp. closely 
fo l lowing. T h e latter group of species were pathogenic to p lants and there
fore should be excluded f rom agr i cu l tura l environments , even though their 
ce l lulo lyt ic ac t iv i ty was potent ia l ly useful for u t i l i z a t i o n of p lant residues. 
T h e Trichoderma cellulase was active over a wide range of water potent ials 
( - 0 . 7 to - 7 M P a ) and its ac t iv i ty was greater at 20°C t h a n at 10°C (16). 
These properties w o u l d again be useful i f appl i cat ion i n the environment 
was to be contemplated . 

T h e Trichoderma spp. clearly formed an association w i t h C. bu-
tyncum, as d i d the Fusarium spp. and S. alcina, ind icated by the number 
of v iab le bac ter ia associating w i t h straw and the rate of degradation of this 
substrate (17). B y contrast , Pénicillium spp. were generally less effective. 

In order to further protec
which produces polysaccharides useful i n s tab i l i z ing soi l structures (18), 
was added to the Trichoderma/Clostridium consort ium (19) ( F i g . 3). W h e n 
wheat straw contained i n glass columns was treated w i t h this consort ium, 
and an N-free nutr ient feed suppl ied at a steady rate, a m a x i m u m Ν gain 
of 12 m g N g - 1 s traw was measured w i t h about 5 0 % of the substrate u t i 
l i zed . A d d e d to 3 m g N g " 1 n a t u r a l l y present i n the s traw, the Ν i n p u t 
totals 15 m g N . T h i s rate is a l i t t l e less than 18 m g N g " 1 o r ig ina l s traw 
w i t h about 2 5 % substrate u t i l i za t i on w h i c h has been measured w i t h studies 
using Cellulomonas sp. C S 1 - 1 as the cellulase-producer and Azospirillum 
brasilense sp. as the (aerobic) nitrogenase-producer (20). E v e n so, i f the 
figure could be extrapo lated to field condit ions, (e.g., straw from a wheat 
crop y i e ld ing about 7 t h a " 1 of grain) and a s imi lar amount of s traw, it 
would produce a to ta l Ν gain to soi l of 105 K g Ν h a - 1 . T h e funct ioning of 
the associative cel lulase/nitrogenase act ion w i l l be dependent on soil and 
environmenta l condit ions, and the potent ia l for inoculat ion w i l l depend on 
the level of n a t u r a l associations already exist ing in soils. We successfully 
inoculated T. harzianum onto straw i n soi l but failed to elevate the pop
ulat ions of C. butyricum/E. cloacae and gains of Ν over those occurr ing 
n a t u r a l l y (21). C o m m e r c i a l oppor tun i ty usual ly depends on the effective
ness of inocu la , even where useful n a t u r a l processes are operat ing opt imal ly . 
However, the environmental benefit of na tura l processes should be consid
ered i n more depth and fa rming processes reappraised where, for example , 
plant residues are destroyed by burn ing to s impl i fy soi l cu l t ivat ion practices. 

M y c o p a r a s i t i s m 

It has already been indicated that some Trichoderma and Fusarium spp. 
have comparable act ivit ies i n natura l substrate u t i l i z a t i o n . W h e n inoc
ulated onto plates of ma l t agar at 20°C, colonies of two species of T. 
harzianum had a r a d i a l extension rate of 20.1 and 26.1 m m d " 1 , whereas 
the m a x i m u m r a d i a l extension of the Fusarium spp. was 12.8 m m d"" 1 (F. 
culmorum) (22). However, Trichoderma or Fusarium could become d o m -
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Figure 2. Interactions between Clostridium butyricum and Trichoderma 
harzianum. V F A s = volati le fatty acids. Source: Reproduced w i t h permis 
sion f r om Ref. 12. © 1985, D . A . Vea l . 
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Figure 3. Schematic for the degradation of cellulosic substrates by a mic ro 
b i a l consort ium. 
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inant when spore suspensions of mixtures were inoculated together onto 
agar plates. E i t h e r fungus became dominant i f its spore concentrat ion i n 
the m i x t u r e was greater by one order of magnitude than that of the other 
species. T h e potent ia l therefore exists for these species to compete for nat 
ura l substrates i n the environment. T h i s potent ia l might be enhanced i f 
one of the species had other useful attr ibutes , i n add i t i on to a high capacity 
to degrade its substrates. 

A n "ant ib i o t i c " i n h i b i t i o n zone often appears around Trichoderma spp. 
interact ing w i t h other fungi . T h e genus contains many species wh i ch pro
duce secondary metabolites . C l a y d o n et ai (23) have identif ied an a n 
t ib io t i c f r om T. harzianum as a volat i le , 6 -n-pentyl -2H-pyran-2-one; this 
was recently shown to be an active ant ib iot i c f rom T. koningii (24). T h e 
volat i le appeared to be the factor responsible for the "coconut s m e l l " of 
some biocontrol-effective strains of T. harzianum (25). However, i n a P e t r i -
plate assay, i t can be difficult to be certain that antibiosis is involved. A s 
wel l as compet i t ive growth
and Trichoderma has been shown to produce 3-glucanase and chitinase 
(26-29). 

We observed the interact ion between T. harzianum and the pathogen 
Rhizoctonia solani by use of scanning electron microscopy and noticed the 
hyphae of the antagonist co i l ing around the hyphae of the pathogen and 
penetrat ing some of them. W h e n the antagonist was detached f rom the 
pathogen, scarr ing of the pathogen as well as h y p h a l penetrat ion occurred. 
T h i s phenomenon of mycoparas i t i sm must at least in part be responsible 
for the b iocontro l act ion . M y c o p a r a s i t i s m was only observed on tap water 
agar and not potato dextrose agar, ind i ca t ing that more readi ly available 
carbon sources may repress the need to use the carbon substrates con
ta ined i n cell walls . W h e n T. harzianum IMI275950 was applied at v a r i 
ous propagule numbers w i t h Pythium ultimum at various doses i n pots of 
p e a t / g r i t and lettuce grown i n each pot, the effectiveness of the antagonist 
again depended on i t be ing inoculated at a dominant concentration over the 
pathogen (Lumsden , R . D . , U S D A , Be l t sv i l l e , M D ; L y n c h , J . M . , A F R C 
Inst i tute of H o r t i c u l t u r a l Research, L i t t l e h a m p t o n , E n g l a n d ; unpubl ished 
data ) . 

W h e n T. harzianum IMI298372 was grown on cell walls of R. solani 
as carbon source, electrophoresis showed that a much more complex m i x 
ture of extracel lular proteins was formed when the antagonist was grown 
on glucose (28). W h i l e b o t h l , 3 - / ? - D glucanase and chitinase were induced , 
irrespective of whether glucose or cell walls were used as the carbon sub
strate, the t o ta l a c t i v i ty and specific a c t i v i ty depended on the substrate 
(Table II ) . 

T h e complex prote in profiles f rom the fungus grown on the pathogen 
cell walls were resolved i n part by using two-dimensional electrophoresis. 
T h i s gave a more accurate picture of the number of proteins induced. 

T h e profiles of major bands were s imi lar when T. harzianum was grown 
on cell walls of R. solani strains from anastomosis groups A G 2 and A G 4 , 
but for A G I the profile was different; this may reflect differences in the 
composi t ion or structure of cell walls between anastomosis groups (28,29) . 
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Table II. E n z y m e A c t i v i t y Induced in T. harzianum IMI298372 

1,3-/?-D-glucanase Ch i t inase 
A c t i v i t y A c t i v i t y 

G r o w t h Substrate at 5 g 1 1 T o t a l 1 Spec i f i c 2 T o t a l 3 Spec i f i c 2 

Glucose 36.7 0.573 0.412 0.0065 
C e l l walls of 

Rhizoctonia solani 26.7 0.111 1.132 0.0047 

1 / i m o l glucose released f rom l a m i n a r i n m i n " 1 

2 μπιοί products released m i n " 1 (μζ p r o t e i n ) " 1 

3 μπιοί N-acetylglucosamine released f rom ch i t in m i n " 1 

Source: Reproduced w i t h permission f rom Ref. 28. © Society for General 
Microbiology. 

In order to fractionate the extracel lular protein fract ion further, i t was 
analyzed by isoelectric focusing, fast protein l iqu id chromatography and 
chromatofocusing i n conjunct ion w i t h gel filtration and po lyacry lamide gel 
electrophoresis (29). G e l filtration revealed two peaks of protease ac t iv i ty at 
p H 4.0, corresponding to enzymes of molecular weights 65,000 and 23,000. 
W i t h chromatofocusing in the ranges p H 7-4 and p H 9-6, a large number 
of proteases were separated, some of which could be "satel l i tes" caused by 
a l terat ion i n charged amino acids. It should also be noted that some of the 
more prominent protein peaks d id not correspond to any peaks of enzyme 
ac t iv i ty s tudied . 

E l a d et al. (26) suggested that strains of Trichoderma spp. may be se
lected for their b iocontrol effectiveness by screening for l , 3 - / ? - D glucanase 
and chitinase act iv i t ies , w i t h ch i t in and glucan being perhaps the most 
obvious targets to attack i n the fungal pathogen cell walls . T h u s , t o ta l pro
te in profiles were obtained f rom a range of Trichoderma spp. (28) and no 
correlat ion between those patterns and biocontro l effectiveness against Rhi
zoctonia solani was established ( R i d o u t , C . J . ; C o l e y - S m i t h , J . R . ; L y n c h , 
J . M . , unpubl ished data) . Ch i t inase act iv i ty could easily be detected by as
saying the release of p -ni trophenyl -N-acety l - /J -D-g lucosa-manide ( p N N A G ) 
as wel l as the s tandard method of assaying release of N-acetyl -g lucosamine 
( N A G ) f rom c h i t i n (29). T h e assay using p N N A G had the advantage of 
be ing s imple , sensitive and reproducible . T h e ab i l i ty of the chitinase en
zyme to release N A G from c h i t i n was considerably reduced after part ia l ly 
pur i fy ing this enzyme by gel filtration. T h i s may be because other enzymes 
were also necessary to release N A G from chi t in and these enzymes were 
removed by pur i f i cat ion . T h e other enzymes could be proteases since these 
were induced i n considerable quantities by cell walls of R. solani. Indeed, 
cell walls of many fungi contain proteins (32,33) and so protease ac t iv i ty 
could be impor tant i n the b iocontrol act ion of fungi . There is a para l le l 
for this w i t h entomopathogenic fungi where Beauveria bassiana produces 
proteases wh i ch act i n concert w i t h chitinase i n the penetrat ion of insect 
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cuticles (34). O v e r a l l , however, i t has to be concluded that the role of ex-
oenzymes of Trichoderma i n the biocontrol act ion against p lant pathogenic 
fungi is quite unclear at present. 

C o n c l u d i n g R e m a r k s 

Trichoderma spp. produce a set of powerful diffusible exo-enzymes whi ch 
can degrade the carbohydrate fractions of lignocelluloses. T h e y also pro
duce, i n add i t i on to antibiot ics , a series of l y t i c enzymes whi ch enable them 
to compete more readi ly for available substrates as wel l as destroying many 
plant pathogens. Another property ascribed to this genus recently is the 
ab i l i ty to st imulate plant growth directly, possibly by the produc t i on of 
plant growth regulators (35-37). T h e fo l lowing questions therefore arise: 
(1) H o w i m p o r t a n t is the n a t u r a l act ion of Trichoderma spp. i n induc 
ing p lant residue decomposit ion and suppressing pathogens? and (2) Is it 
possible to elevate this act io
question is unclear becaus
the fungus i n soils is required. M o s t considerations have involved count ing 
viable propagules and we found that this has l i t t l e re lat ionship to fungal 
biomass present (Lumsden , R . D . , U S D A , Be l t sv i l l e , M D ; L y n c h , J . M . , 
W h i p p s , J . M . , C a r t e r , J . R , A F R C Inst i tute of H o r t i c u l t u r a l Research, 
L i t t l e h a m p t o n , E n g l a n d ; unpubl ished data) . T h e second question has been 
answered more posit ively because we have shown that i t has been possi 
ble to elevate the Trichoderma populat ion size in soi l at the expense of 
Fusarium by recovering straw f rom so i l , chopping i t into 1 c m lengths and 
determining the percentages of pieces g iv ing rise to growth of each fungus 
when incubated on plates of m a l t and V - 8 juice agars (21 and unpubl ished) . 

T h u s , the environmental potent ia l of Trichoderma may be consider
able. However, much needs to be done yet to determine the relative role 
of its enzymes and metabolites i n useful n a t u r a l processes, and its n a t u r a l 
popu la t i on biology. It should then be possible to isolate f rom nature , or 
to clone, a s t ra in wh i ch w i l l be h ighly effective at co loniz ing crop residues 
and the rhizosphere, helping to regulate plant growth and nutr i t i on whi le 
prov id ing crop protect ion value. T h e prospects for this step appear quite 
good as knowledge on the molecular biology of Trichoderma is advancing 
rapid ly , especially for T. reesei (7 ,38) . Genet ic m a n i p u l a t i o n is l ikely to be 
by p lasmid-mediated transformat ion . For example, the invertase of Sac-
charomyces cerevisiae has been cloned and expressed i n T. reesei C L 8 4 7 by 
protoplast transformation w i t h plasmids (7). 
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Chapter 45 

Biodegradation of the Hetero-1 ,4 -Linked Xylans 

Robert F. H. Dekker 

Commonwealth Scientific and Industrial Research Organisation, Division 
of Biotechnology, Private Bag 10, Clayton 3168, Victoria, Australia 

The heteroxylans occur in the plant cell wall of terres
trial plants, and  b t t  th  extent f 35%
depending upon
group of complex polysaccharides composed of a back
bone chain of 1,4-β-linked D-xylose residues to which 
are attached various appendages. These may be L
-arabinose; D-glucuronic acid; various short oligosaccha
ride chains consisting of D-xylose, L-arabinose, galac
tose and D-glucuronic acid; O-acetyl groups; feruloyl 
and p-coumaroyl esters linked via L-arabinose residues; 
and benzyl ether groups as occur in lignin-carbohydrate 
complexes. The heteroxylans constitute a renewable 
feedstock from which many chemicals could be derived. 
This requires hydrolysis, and fermentation or transfor
mation steps. While enzymes degrading the heteroxy
lan are known as xylanases, they also require the ad
ditional actions of β-xylosidases, α-arabinosidases, α
-glucuronidases and certain esterases for total hydrolysis. 
This chapter is concerned with their specificity in de
grading their substrate. The biodegradative pathways of 
the heteroxylans are also discussed. 

The hetero-l,4-linked xy lans (or heteroxylans) constitute a well -character
ized group of polysaccharides wh i ch f o rm the major components of the 
hemicel lulosic fractions of terrestr ial p lants (1-4). Softwoods are an excep
t i o n , where the heteroxylans can be present as a m i n o r component of the 
t o ta l hemicelluloses. T h e y have been isolated f rom grasses, legumes, ferns, 
softwoods and hardwoods, and collectively may constitute up to 3 5 % of 
the t o ta l dry weight of higher land plants (4). A s such the heteroxylans 
rank second to cellulose i n abundance as natura l l y occurr ing organic chem
icals i n the biosphere. T h e heteroxylans are closely associated w i t h other 
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hemicel lulosic polysaccharides, cellulose and l i gn in and are present i n bo th 
p r i m a r y and secondary layers of the plant cell w a l l . C e r t a i n heteroxylans 
are also found i n the cell walls of the aleurone layer (5) and endosperm 
(6) of cereal grains. T h e pentosan content (as arabinoxylan) has been re
ported to range f rom 5-9% i n wheat, 2 -3% i n wheat flour, 4 -13% i n germ 
and 20-35% i n b ran (7). Heteroxylans can therefore be botanica l ly cate
gorized as either non-endospermic, or endospermic (8). T h e heteroxylans 
f r om endospermic materials (caryopses) can be extracted under re lat ively 
m i l d condit ions (e.g., water or d i lute alkal i ) as these tissues are generally 
non-l ignif ied. L igni f ied tissues (e.g., grasses and woody p lants ) , however, 
require a del ignif ication step (e.g., acidified chlorine dioxide (9)), a n d the 
heteroxylans are extracted f rom the result ing holocellulose using either d i 
lute aqueous a lka l i (10) or D M S O (11). In their native state, i .e. , w i t h i n 
the plant cell w a l l , the heteroxylans are usual ly insoluble , but frequently 
show water so lubi l i ty after i so lat ion . 

C h e m i c a l S tructure of the Heteroxylans 

T h e classif ication of the heteroxylans is based upon chemical s t ructure . 
S t ruc tura l ly , the heteroxylans are / ? - l , 4 - l inked D-xy l opyranosy l ( X y i p ) 
polymers to wh i ch are usual ly attached monosaccharide or shor t - cha in 
oligosaccharides. These appendages consist m a i n l y of 1 ,3- l inked α-L-
arabinofuranosyl residues ( A r a f ) , (e.g., arabinoxylans , arabinoglucuronoxy-
lans) , or 1,2-l inked α-D-glucopyranosyl uronide residues ( G l c p A , e.g., g l u -
curonoxylans) , where the glucuronic acid residue may conta in an O - m e t h y l 
group at carbon 4. 0 - A c e t y l groups are also present as substituents on 
heteroxylans (2) and these are usual ly located on C -3 of the xylose residues 
but may also be present on C - 2 , or both (12-14). T h e degree of subst i tut i on 
is h i g h , e.g., i n some hardwood (e.g., b irch) and grass (Lolium sp.) het
eroxylans, every second xylose residue may be acetylated (2 ,12 ,15) , whi le 
i n beech leaves i t has been reported (16) that every xylose residue m a y be 
subst i tuted w i t h an O-acetyl subst i tuent . It should be emphasized that the 
O-acety l groups are readi ly removed when the heteroxylans are extracted 
w i t h a lka l i (saponified), and the isolated product can therefore be mis lead-
ing ly low i n O-ace ty l content. Other chemical groups may also be l inked 
to the heteroxylans. There is now evidence to suggest that l i gn in is co-
valently attached to heteroxylans and other p lant cell wa l l polysaccharides 
(17). T h i s evidence is derived f rom studies on the l ignin-carbohydrate com
plex ( L C C ) of various grasses and hardwoods which were found to conta in 
arabinose, xylose and glucuronic acid (and its 4 - 0 - m e t h y l derivative) as 
wel l as other sugars (18-20). There is s t i l l controversy, however, over the 
exact nature of the L C C bond despite evidence of the existence of ether 
(between arabinose and l ignin (21)) and ester (between glucuronic ac id and 
l ign in (22)) l inkages. M o r e recently, feruloyl and p-coumaroyl esters have 
been shown to be covalently attached to arabinoxylobiosides (23,24) . T h e 
feruloyl esters of these compounds were isolated f rom crude cellulase d i 
gests of barley straw (23), wheat (25) and Zea shoot (26) cell walls , barley 
aleurone layers (27) and bagasse L C C (24). T h e identi f icat ion of these com-
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pounds provides further evidence that phenolic substituents such as those 
const i tut ing l ign in are attached to the x y l a n cha in . 

T h e detailed chemistry of the hemicelluloses i n c l u d i n g the heteroxy
lans has been reviewed by A s p i n a l l (1 ,28) , T i m e l l (2-4) and W i l k i e (8). O n 
the basis of their sugar composit ion the heteroxylans are classified as a r a -
b inoxylans (found main ly i n endospermic tissue), arabinoglucuronoxylans 
(present i n grasses and softwood species) and acetylated g lucuronoxylans 
( in hardwoods) . There are reports of a homoxy lan occurr ing i n esparto 
grass (29) whi le galactoarabinoglucuronoxylans have been found i n b a m 
boo (30). Endospermic heteroxylans inc lud ing those derived f rom b r a n have 
been characterized as having h igh ly branched structures (31,32) . W h e a t 
and corn bran heteroxylans have been reported to carry at least one, and 
sometimes two, substituents per x y l o s y l residue of the x y l a n chain . These 
complex structures have been referred to as g lucuronoarabinoxylans (31). 

E n z y m e s D e g r a d i n g th

Enzymes which attack the heteroxylans are of two types. Those that h y -
drolyze the g lycan chain and its appendage groups are k n o w n as hydrolases 
[ E C 3.2.1.], whi le those enzymes that remove the ester groups are k n o w n as 
esterases [ E C 3.1.1.]. A l t h o u g h enzymes hydro lyz ing the O-acety l groups on 
heteroxylans have only been recently discovered (33), hydro ly t i c enzymes 
degrading the heteroxylans are well recognized, and have been the subject of 
several recent reviews (34-39). There are generally two k inds of hydrolases 
that degrade the heteroxylans. T h e first include the exo-glycosidases, w h i c h 
cleave monosaccharide and short side-chain oligosaccharide linkages, and 
are also involved i n hydro lyz ing the low M W end-products (e.g., oligosac
charides) released dur ing depolymerizat ion of the m a i n backbone chain . 
T h e second group of enzymes include the glycanases, or polysaccharide 
hydrolases, and these are responsible for attack on the po lymer backbone 
itself. T h e y are classified according to the nature of the polysaccharide 
chain they act upon . In the case of the heteroxylans, they are k n o w n as the 
l ,4 - / ? -D-xy lanases , or xylanases [ E C 3.2.1.8.]. O n l y one type of xy lanase , 
the endo-xylanase, has been identif ied whi ch attack internal xy los id ic l i n k 
ages of the heteroxylan chain causing mul t ip le scission that results i n a 
decreased D P of the substrate. Exo-enzymes such as those that attack cel
lulose have not yet been unequivocal ly identified for the xylanases. T h i s is 
i n spite of the fact that there have been reports of /?-xylosidases that can 
slowly attack x y l a n produc ing xylose (see (40)), and a novel exo-cellulase 
w h i c h also hydro lyzed x y l a n to xylobiose ( X y l 2 , (41)). However, even i f exo-
xylanases existed, they would only be expected to make a l i m i t e d attack on 
heteroxylans as their actions would be terminated at each branch po int en
countered. T h e t o ta l hydrolysis of the heteroxylan chain requires the endo-
xylanases act ing i n synergism w i t h the exo-glycosidases, wh i ch include the 
/?-xylosidases, α-arabinosidases, galactosidases and or-glucuronidases. 

Enzymes a t tack ing the non-glycosidic appendages of the heteroxy
lans include several recently discovered enzymes, i.e., acety l -xy lan esterase 
(42) and ferulic ac id esterase (33), which are specific for the hydro ly -

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



622 PLANT C E L L WALL POLYMERS 

sis of O-acety l and feruloyl groups, respectively. A n o t h e r newly discov
ered enzyme is α-glucuronidase (43) which specif ically hydrolyzes the 4 - 0 -
methylg lucuronic and glucuronic ac id substituents f rom the x y l a n cha in . 

M o d e of A c t i o n of the Xylanases 

In general, endo-1,4-/?-xylanases degrade heteroxylans by a t tack ing inter
n a l /3-xylosidic linkages of the x y l a n backbone chain resul t ing i n mul t ip l e 
scission. T h e sites attacked along the x y l a n chain and the frequency of bond 
cleavage is governed by the structure of the heteroxylan (i.e., i n the degree 
and frequency of s ide-chain substituents) , and by the number of subsites i n 
the active site of the enzyme whi ch affects the free energy of b i n d i n g to the 
g lycosyl residues (44). T h e degradation products ar is ing d u r i n g the early 
course of hydrolysis are xylooligosaccharides, some of m i x e d const i tut ion , 
i.e., usual ly containing arabinose a n d / o r g lucuronic acid or its 4 - O - m e t h y l 
derivative. T h e degree of
is usual ly > 4. A s hydrolysis proceeds these oligosaccharides are usual ly 
progressively converted to xylose and xylobiose; and i n some cases, the fi
n a l product may be xylobiose and xylotr iose but no xylose may be formed. 
A s is the case of most endo-xylanases, xylobiose is usual ly not further de
graded (34,37-40). T h e u l t imate size of the final end-product is determined 
by the specificity of the enzyme, and this i n t u r n , may be affected by the 
frequency and spacing of the monosaccharide, or s ide-chain subst ituents , on 
the x y l a n chain (40). T w o types of endo-xylanases are generally recognized 
and are classified according to whether arabinose is cleaved dur ing h y d r o l 
ysis (40). In a l l of the cases reported, the xylanase preparat ion was h igh ly 
purif ied as demonstrated by the usual cr i ter ia for homogeneity of proteins 
ind i ca t ing that the hydrolysis of arabinose was not due to a contaminat ing 
enzyme. T h e debranching xylanases removed arabinose f rom arabinoxylans 
and arabinoglucuronoxylans by c leaving 1 ,3 -a -L-arab ino furanosy l residues 
f rom the x y l a n backbone cha in . Another feature of some h ighly puri f ied 
endo-xylanases was that they showed transglycosylat ion act iv i ty , i.e., not 
only d i d these xylanases hydrolyze the x y l a n cha in , but they were also capa
ble of synthesiz ing oligosaccharides f rom the low M W hydrolysis products . 
A n example is a xylanase preparat ion isolated from Cryptococcus albidus 

In discussing the mode of act ion of the xylanases only selected fea
tures w i l l be discussed as there are numerous detailed reviews on this topic 
(34 ,37 ,38 ,40) . It is , however, impor tant to emphasize that most of the 
xylanases reported i n the l i terature display s imi lar act ion patterns when 
a t tack ing their substrates, whether they be x y l a n or xylool igosaccharides. 

T w o xylanases have been isolated (46) f rom the indus t r ia l l y i m p o r t a n t 
bac ter ium Clostridium acetobutylicum. T h i s organism has the ab i l i ty to fer
ment heteroxylans to acetone, n -butano l and ethanol . One of the xylanases 
isolated (i.e., of M W 65,000) hydrolyzed oat spelt x y l a n to oligosaccharides 
of D P 2-6 which were not further degraded (47). Xylohexaose ( X y l 6 ) was 
only s lowly degraded to xylotetraose ( X y U ) and X y l 2 , whi le X y l 4 , xy l open -
taose ( X y l 5 ) , xylotriose ( X y l 3 ) and X y l 2 were not degraded further. N o 
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xylose was produced. T h e act ion pattern of this enzyme suggested that i t 
required a substrate b i n d i n g site of at least 6-7 xylose residues for bond 
cleavage to occur as X y l e was the smallest xylool igosaccharide attacked. 
T h e other xylanase ( M W 29,000) was more t y p i c a l of endo-xylanases i n that 
it degraded x y l a n into m a i n l y X y l 2 and X y l 3 w i t h some xylose appear ing 
after 24 h hydrolys is (47). A thermophi l i c Clostridium sp. , v i z . Ci ster-
corarium, wh i ch produces ethanol (48), produced three xylanases. These 
were op t ima l ly active at 65°C and degraded x y l a n ( larchwood) y i e ld ing 
xylool igosacch arides of D P 2-3. Xyh and X y l 3 were not attacked, and a r a -
binose was not detected i n the x y l a n digests. T h i s bac ter ium also produced 
a ce l l -wal l bound enzyme(s) which acted preferentially on Xyh and X y l 3 to 
y i e ld xylose, and which was reported to also attack x y l a n s lowly l iberat ing 
xylose (48). A n akla lophi l i c Bacillus sp. has been isolated which produced 
xylanases when grown in alkal ine m e d i u m (49). T h i s b a c t e r i u m produced 
two xylanases: one was active at neutral p H (xylanase N ) , whi le the other 
showed act iv i ty at alkalin
lanase A ) . B o t h xylanases were op t ima l ly active at 70°C, and degraded 
x y l a n to ma in ly X y l 2 and X y l 3 . Xy lose was not produced i n the course of 
hydrolys is , nor were X y l 2 and X y l 3 attacked. X y l 4 was degraded to X y l 2 , 
X y l 3 and higher oligosaccharides, ind i ca t ing t ransxy losy lat ion act iv i ty . T h e 
alkal ine stable xylanase is of indus t r ia l interest because o f i ts s tab i l i ty at 
h igh p H . It could find appl i cat ion i n removing x y l a n f rom wood cellulose 
pulps for use i n the manufacture of rayon. 

T h e xylanases of yeasts have been studied in detai l by B i e l y and co
workers using Cryptococcus albidus as a model (35). T h e xylanase f rom 
C. albidus also possessed transglycosylat ion act iv i ty , and was capable of 
transferring xylose to cellobiose to f orm 6 ' - 0 - / ? -D -xy losy l compounds of 
cellobiose. These compounds could be degraded by the xylanase that was 
involved in their synthesis (50). In general, the act ion of yeast xylanases i n 
a t tack ing their substrates was s imi lar to that produced by certain bacter ia 
and fungi , and yielded main ly X y l 2 and X y l 3 as end-products (35). 

Xylanases produced by the actinomycete Streptomyces are wel l - cha
racterized (51). A xylanase produced by Streptomyces sp. s t ra in E-86 
yie lded some very interesting xylose oligosaccharides f rom corncob a r a b i -
noxy lan whi ch revealed the mode of act ion of the enzyme, and the nature 
of some of the side-group appendages to the x y l a n chain of corncob a r a -
b inoxy lan . T h e m a i n end-products of corncob arab inoxy lan hydrolysis by 
the Streptomyecete xylanase was X y l 2 and Xyh and some xylose, whi le the 
arabinoxylooligosaccharides consisted of two predominant types as shown 
below: 

Xylp-Xylp , Xylp-Xylp-Xyfp. & Xylp-Xytp , Xylp-Xylp-Xyfp . 
I I 9 I I 

Aral Araf Araf-Xylp Araf-Xylp 

One series of xylool igosaccharide hydrolysis products contained an a - 1 , 3 -
l inked L-arabinofuranosyl group on the non-reducing xylose residue, whi le 
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the other series of xylooligosaccharides l iberated contained an interposed L -
arabinose residue attached to the non-reducing xylose u n i t . T h e interposed 
arabinose was l inked to xylose v i a 1,3- and 2,1-bonds which were of the Gr
and ^-conf igurat ion , respectively. T h e product i on of these homologous se
ries of arabinoxylooligosaccharides demonstrated that the / ? - l , 4 - D - x y l o s i d e 
l inkage immediate ly to the left of the substituent group on the x y l a n chain 
was hydrolyzable by the xylanase, but the bond immediate ly to the right 
was resistant to hydrolysis (51). T w o other arabinoxylool igosaccharides 
were also produced by the Streptomyces xylanase, v i z . , 

xyip-xyip-xyip & Xylp-Xyip-Xyip , 
Araf Araf-Xyip 

which are inconsistent w i t h the predicted mode of act ion of this xylanase . 
However, the product ion o
curr ing by the xylanase a t tack ing the x y l a n chain where there are no sub
st i tuent groups. D u r i n g the early stages of hydrolysis X y l 4 to X y l 6 were 
produced w h i c h suggests that there were at least 7 contiguous xylose uni ts 
unbranched. Cleavage as indicated below would result in the produc t i on of 
these branched arabinoxylooligosaccharides. 

Jxy«pJxy«P^ytoJxyi^ 

Araf Araf-Xyip 

T h e iso lat ion of the above oligosaccharides also revealed that corncob a r a 
b inoxy lan contained side-chains of 2 -O-D-xy lopyranosy l -L -arab ino furano -
sides (51). 

T h e best characterized and most studied of the xylanases have 
been those of fungal or ig in and especially those f rom Aspergillus niger, 
Sporotrichum dimorphosporum, Ceratocystis paradoxa, Oxiporus sp. , 7Va-
metes hirsuta and some Trichoderma species (34,37). M o r e recently, there 
has been interest in employ ing xy lano ly t i c enzymes to remove xy lans f rom 
wood cellulose pulps for use i n the manufacture of rayon. Xylanases f rom 
Trichoderma harzianum (52), and the thermophi l i c fungus, Thermoascus 
aurantiacus (53) have been studied for this purpose. In general, mul t ip l e 
xylanases have been produced by the fungi , e.g., five f rom A. niger (54) and 
nine f r om S. dimorphosporum (55). W h i l e mul t ip le xylanases are probably 
the result of proteolyt ic cleavage fo l lowing their excretion in to the extrace l 
lu lar m e d i u m , there are also reports of isozymes occurr ing (54). 

Xylanases f rom A. niger w i t h unusual hydrolys is specificities were re
cently reported (54), and five xylanases were isolated and puri f ied. X y 
lanase 1 attacked soluble larchwood arabinoglucuronoxylan and xylose 
oligosaccharides of D P > 3, to main ly X y l 2 and xylose, but was inac 
tive towards an insoluble x y l a n fraction (larchwood) prepared by disso lv ing 
the aforementioned x y l a n i n water and separating the undissolved fract ion 
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(56). Xylanases 2 and 3, considered isoenzymes, degraded both soluble 
and insoluble xy lans derived f rom larchwood at sites near arabinose sub
stituents on the x y l a n chain , and yielded m a i n l y X y l 3 and X y U w i t h lesser 
amounts of X y l 2 but no xylose. Xy lanase 4 showed none of the affinity of 
xylanases 2 and 3 for branch points , but was h ighly active towards l inear 
xylooligosaccharides and more active on soluble than insoluble xy lans . F i 
nal ly , xylanase 5 attacked soluble x y l a n , but attacked insoluble x y l a n on ly 
i f the arabinose branches were removed. N o arabinose was l iberated by 
any of the five A. niger xylanases. Insoluble x y l a n was also capable of be
ing hydrolyzed by two xylanases of T. harzianum (57). A l ight scatter ing 
method was used to moni tor hydrolysis , and both enzymes were found to 
completely solubil ize the substrate w i t h i n 0.5 h . 

E n z y m a t i c hydrolysis of a 4 -O-methy lg lucuronoxy lan f rom larchwood 
and oat spelt arabinoglucuronoxylan by a xylanase f rom Polyporus tulip-
iferae produced an arra
containing either L-arabinos
groups (58). T h e substituent groups were located on the non-reducing end 
of the xy^o l igosacchar ide cha in . S imi lar oligosaccharides were observed by 
others and these have been described in reference 34. Four ol igosaccha
rides were identif ied as ( 4 - 0 - M e ) - G l c p A - X y l n (n being 3 and 4) for the 
acidic xylooligosaccharides, and A r a f - X y l n (n be ing 2 and 3) for the a r a -
binoxy^ol igosaccharides . A new arabinoxy^ol igosaccharide was identif ied 
f rom enzymic digests of spear grass (Heteropogon contortus) hemicellulose Β 
(branched x y l a n ) , and was produced by a xylanase f rom Cephalosporium 
sacchari (59). Its structure was confirmed by permethylat ion analysis and 
by specific enzymic hydrolysis to be 4 3 - a - L - A r a f - / ? - D - X y l 4 . T h e xylanase 
f rom C. sacchari wh i ch is an arabinose-debranching enzyme, hydro lyzed 
A r a f - X y U to A r a f - X y l 3 , wh i ch was further hydrolyzed to arabinose, X y l 2 

and xylose. F i n a l l y , xylooligosaccharides conta in ing O-acety l groups have 
been isolated f rom Schizophyllum commune xylanase hydrolyzates of b i r ch 
(steamed) acetylated x y l a n (42). Some of these oligosaccharides were iden
tified as carry ing several O-acety l groups. 

Specificities of Xylanases 

T h e specificity of a xylanase preparation may be determined f rom the iso
l a t i o n and character izat ion of oligosaccharides formed f rom x y l a n h y d r o l 
ysis. W h i l e the oligosaccharides released were m a i n l y dependent on the 
specif icity of the xylanase, the complex structure of the heteroxylan also 
determines the extent of hydrolys is and the site of cleavage. T w o types of 
xylooligosaccharides are usual ly produced: acidic ( from glucuronoxylans) 
and neutra l ( from arabino- and arabinoglucurono-xylans) . T h e specif icity 
of the act ion of several purif ied xylanases on various heteroxylans is shown 
below: 

-xyiî xyip-xyipjxytp4xy«p-
Araf 
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e.g., Ceratocysiis paradoxa (60), Sporotrichum dimorphosporum (61), Poly-
porus tulipiferae (58); 

-Xytp^xyp-xy«p|xyip4xyip-(Xyip)34xyip^Xyip-XyipJxytp 
Araf Araf-Xyip 

e.g. Streptomyces sp. E-86 (51); 

-Xy«p^xyip-xyip-xyip|xyfp4xyip-
Araf 

e.g. Cephalosporium sacchari (59); 

-Xylp^XylpJXylp-XylpfXyl
' Λ — — Araf 

e.g. Aspergillus niger van T i e g h e m (62); 

-xyipjxyip-xyfpjxyipteyi-

GfcpA 

e.g. Trichoderma viride (63); 

-xy«pjxyip-xy«p-xy«p|xyip+xy«p-

GlcpA 

e.g. Aspergillus sp. (63), Oxiporus (63), Polyporus tulipiferae (58), Porta 
sp. (64) and Sporotrichum dimorphosporum (61). 
(— , hydrolyzable l ,4 - / ? -xy los id ic bonds; — • , bonds resistant to h y d r o l 
ysis; j , major cleavage sites by the xylanase; and j , minor cleavage sites). 

Biodégradation o f the Heteroxylans 

T w o pathways can be envisaged by which microb ia l xylanases attack the 
heteroxylans: (i) the endo-xylanases attack unbranched, or relatively m o d 
erately branched regions of the heteroxylan chain to y ie ld an array of x y 
looligosaccharides, some of mixed const i tut ion and containing either a r a 
binose, g lucuronic ac id , O-acety l or other substituent groups. These are 
then further degraded by act ion of the endo-xylanases or exo-glycosidases; 
or (i i) the actions of certain exo-glycosidases (i.e., the a -L-arabinos idases , 
α-glucuronidases, /?-xylosidases and galactosidases) and esterases (e.g., O -
acety lxy lan esterase, ferulic acid esterase) could precede the xylanases i n 
a t tack ing the x y l a n cha in , thereby removing side-chain substituents and 
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opening, or exposing, the backbone xylan chain. This mode of action would 
allow the xylan chain to be more easily attacked by the xylanases, reduc
ing steric hindrance by the side-chain groups. An exception to this would 
be the action of the debranching xylanases which are capable of removing 
the arabinose substituents. The ultimate end-products of the synergistic 
actions of these enzymes are xylose, arabinose, glucuronic acid and acetic 
acid, with some galactose and phenolic acids or benzyl compounds also 
being formed. 

There is evidence that /?-xylosidases enhance the rate and extent 
of hydrolysis of heteroxylans by xylanases (65,66). This synergism re
sembles that between cellulase and /?-glucosidase in cellulose hydrolysis 
(67). Synergism was also observed between xylanase, /?-xylosidase and a-
glucuronidase in degrading beechwood (Fagus sylvatica) xylan (43). Thus, 
α-glucuronidase plays an important role in the complete hydrolysis of glu-
curonoxylans. Similarly,
drolysis of arabinoxylan
lanase and /?-xylosidase (68). Likewise, acetylxylan esterases acted coop
eratively with xylanases in degrading birch {Betula verrucosa) acetylated 
xylan (69). Xylanase alone released small quantities of xylooligosaccha
rides, some of which contained O-acetyl groups (69). When an acetylxylan 
esterase was added to a xylanase digest of acetylated xylan, the majority 
of the oligosaccharides produced were non-acetylated, and hydrolysis was 
accompanied by an increase in the rate and amount of xylose equivalents 
released. A similar increase in the rate and extent of acetic acid released 
was also observed. The esterase appeared to show preference for the low 
MW acetylated xylooligosaccharides rather than for the highly acetylated 
polysaccharide (69). 
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Chapter 46 

T h e Xylanolytic E n z y m e System of Trichoderma 
reesei 
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The xylanolytic
a well-known produce
satile and well suited for the total hydrolysis of differ
ent xylans. It consists of two major, specific and sev
eral non-specific xylanases, at least one β-xylosidase, 
α-arabinosidase and α-glucuronidase and at least two 
acetyl esterases. The hydrolysis of polymeric xylans 
starts by the action of endoxylanases. The side-group
-cleaving enzymes have their highest activities towards 
soluble, short xylo-oligosaccharides, and make the sub
stituted oligosaccharides again accessible for xylanases 
and β-xylosidase. 

X y l a n is an essential constituent of hardwoods, softwoods, and annual 
plants . In enzymat ic processing of l ignocellulosic biomass, xy lano ly t i c en
zymes may be used either ind iv idua l ly , i n selected mixtures for specific 
effects on only the x y l a n component of the raw mater ia l , or i n mixtures 
w i t h ce l lulo lyt ic , pect ino lyt i c or amylo lyt i c enzymes. 

X y l a n s are heteropolysaccharides; accordingly, xy lano ly t i c enzymes i n 
clude different types of endo- and exo-glycosidases: l ,4 - / ? -D-xylanase ( E C 
3.2.1.8), /?-xylosidase ( E C 3.2.1.37), α-arabinosidase ( E C 3.2.1.55) and a -
glucuronidase. In add i t i on to these, some acetyl esterases are considered 
xy lano ly t i c because of their ab i l i ty to deacetylate xy lans . O f the xy lano ly t i c 
enzymes, endo- l ,4- /? -D-xylanases have been most extensively studied as re
viewed recently (1-3). Endoxylanases are by definit ion depolymeriz ing en
zymes, w i t h highest act ivit ies towards long chain xylo-ol igosaccharides or 
polysaccharides. T h e hydrolysis of the /?- l ,4- l inkages of xy lans is completed 
by the act ion of /?-xylosidases, which generally have highest act ivit ies w i t h 
xylobiose as substrate (4-6). 

M u l t i p l e xylanases and /?-xylosidases have been observed i n different 
microorganisms, e.g., of the genera Streptomyces (7), Aspergillus (8), and 
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Trichoderma (9-10). M u c h less is known about the concurrent produc t i on 
of the enzymes which cleave substituent groups of the x y l a n po lymer . T h e 
presence of acetyl x y l a n esterases (11,12) and α-glucuronidases (13-15) i n 
xy lano ly t i c enzyme systems has on ly recently been po inted out . A l t h o u g h 
α-arabinosidases have m a i n l y been studied as arabinan-degrading enzymes 
(16), they have also been shown to release arabinose f rom xy lans (17). 

W h i l e Trichoderma reesei is best known as an efficient producer o f 
cel lulo lyt ic enzymes, i t has also been reported to produce xylanase and 
/?-xylosidase (18-20). T w o xylanases and a /?-xylosidase have been p u r i 
fied f r om T. reesei (10), and two xylanases (21,22) and a /?-xylosidase (5) 
f rom T. viride. We have previously shown that T. reesei produces a l l the 
enzymes needed for complete hydrolysis of native subst i tuted xy lans (23). 
One xylanase (24), a /?-xylosidase (25), an a-arabinosidase (26), and an 
acetyl esterase (27) of T. reesei have so far been puri f ied. In this chapter, 
the mode of act ion of these enzymes i n the hydrolys is of different xy lans is 
discussed. 

Mater ia ls a n d M e t h o d s 

Source of Enzymes. C u l t u r e filtrates of T. reesei strains V T T - D - 7 9 1 2 5 and 
R u t C-30 were used as s tar t ing mater ia l for puri f i cat ion of the i n d i v i d u a l 
enzymes and also as crude enzyme preparations i n the hydrolysis exper i 
ments. C u l t i v a t i o n s were carried out i n a laboratory fermentor at 30°C for 
4d on med ia containing Solka floe cellulose (James R iver C o r p . , New H a m p 
shire, U S A ) , or glucose and dist i l ler ' s spent gra in ( A l k o , L t d . , Koskenkorva , 
F i n l a n d ) . 

Enzyme Activity Assays. Xy lanase was assayed using 1% beechwood x y l a n 
(prepared according to the method of Ebr ingerova et ai (28)) as sub
strate as described previously (25). /?-Xylosidase was assayed using 5 m M 
p-nitrophenyl - / ? -D-xylopyranoside as substrate (25), and a-arabinosidase 
was assayed using 10 m M p-ni trophenyl -a -L-arabinofuranos ide (26). a -
Glucuronidase was assayed using 2 % 4-O-methyl -g lucuronosyl -xylobiose as 
substrate (13), and acetyl esterase was assayed using 1 m M a - n a p h t h y l 
acetate (27). 

Enzyme Purification. T h e puri f i cat ion of the xy lano ly t i c enzymes began 
w i t h adsorption on a cat ion exchanger (CM-Sepharose F F ) at p H 4.0. T h e 
final puri f i cat ion was accomplished by another i on exchange step as de
scribed previously for xylanase (24), /?-xylosidase (25), a-arabinosidase (26) 
and acetyl esterase (27). 

Hydrolysis Experiments. T h e substrate i n the hydrolysis experiments 
inc luded alkal i -extracted beechwood 4 -O-methy lg lucuronoxy lan , D M S O -
extracted acetylated beechwood 4 -O-methylg lucuronoxy lan , a lkal i -extracted 
wheat straw arabinoxy lan and acetylated or deacetylated xylo-ol igomers 
f rom steaming of b irchwood (24). Deacetylat ion was carried out by i n c u 
bat ing the freeze-dried xylo-ol igomers i n a m m o n i a vapor overnight. Sub 
strate concentration was 10 g l " 1 , temperature 45° and hydrolysis t ime 24 
h . 
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Analyses. T h e mono- and disaccharides were analyzed by H P L C (26). G e l 
chromatographic analysis of the xylo-ol igomers was performed i n Fractogel 
T S K H W - 5 0 (S) (Merck , F R G ) and Bioge l P 4 minus 400 mesh ( B i o - R a d , 
U S A ) co lumns (23). Acet i c ac id was analyzed enzymat i ca l ly (Boehringer 
Test C o m b i n a t i o n 148 261). 

Results a n d Discussion 

T h e culture filtrates of T. reesei contained a large number of both ce l lu 
lo lyt i c and hemicel lulo lyt ic enzymes, which could be par t ia l l y separated by 
chromatofocussing ( F i g . 1). O f the cel lulolyt ic enzymes, several endoglu-
canases and two cellobiohydrolases have already been isolated and charac
terized (30). Some of the endoglucanases isolated are nonspecific and have 
xylanase ac t iv i ty (31). T h e two major xylanase ( X y l ) peaks i n F igure 1 
corresponded to pl -values of above 7.5 and 5.5. W h e n the former enzyme 
was further purif ied (24)
(Table I) . Previously , the presence of at least three electrophoretical ly dif 
ferent xylanases i n T. reesei culture filtrates was reported, w i t h the most 
acidic one shown to have broad substrate specificity (10). T h i s is i n agree
ment w i t h the reported occurrence of three xylanases ( p i > 7, p i 5.1, p i 
4.5) i n T. reesei (32). T h e results of this study, together w i t h those of 
others (10,20,31-33) suggest that the enzyme system of T. reesei contains 
two major , specific endoxylanases, w i t h isoelectric points of 8.5-9 and 5-5.5, 
and m a n y non-specific endoglycanases w i t h more acidic p l -values and both 
1,4-/?-glucanase and l ,4- /?-xylanase act ivit ies . 

Table I. X y l a n o l y t i c Enzymes Isolated f rom Trichoderma reesei 

E n z y m e 
M W 
(kDa) P i * p H - O p t i m u m Reference 

X y l a n a s e 20 ~ 9 5.3 24 
/? -Xylosidase 100 4.7 4.0 25 
a -Arab inos idase 53 7.5 4.0 26 
A c e t y l esterase 45 6.8 5.5 27 

a F r o m S D S - P A G E . 
b F r o m chromatofocussing. 

T h e /?-xylosidase of T. reesei was a rather large, probably d imeric 
enzyme and , l ike most other /?-xylosidases, had an acidic p i -va lue (Table I) . 
A /?-xylosidase purif ied earlier f rom T. viride w i t h a molecular weight of 101 
k D a also had an isoelectric point p i 4.45 (5). In add i t i on to p -n i t ropheny l -
/?-xylopyranoside and xylo-oligosaccharides, the /?-xylosidase of T. reesei 
also showed act iv i ty w i t h p-nitrophenyl -a-arabinofuranoside as substrate, 
but d i d not hydrolyze arab inan or release arabinose f rom arab inoxy lan . T h e 
purif ied α-arabinosidase, however, was capable of effecting both the latter 
hydrolyses (26, Tab le II). T h e isoelectric point of the α-arabinosidase of T. 
reesei was p i 7.5 and its molecular weight 53 k D a (Table I) . 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



46. P O U T A N E N & P U L S Trichoderma Xylanolytic Enzyme System 633 

pH 8 
Xyl, Ara, BQ 

CBH II Xyl, EQ 

salt elutlon 

Elution volume 

Figure 1. Fractionation of proteins in the culture filtrate of Trichoderma reesei 
according to their pi values: Xyl, xylanase; Ara, arabinosidase; AE, acetyl esterase; 
βΧ, /?-xylosidase; aG, α-glucuronidase; fiG, /?-glucosidase; CBH, 
cellobiohydrolase; EG, endoglucanase. Chromatofocusing was performed in a 
PBE-94 anion exchange resin (Pharmacia) with a pH-gradient created by 
ampholyte buffers (Pharmacia). Solid line, A ^ ; dotted line, pH. (Reproduced 
with permission from ref. 24. Copyright 1988.) 
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Table II . T h e effect of α-arabinosidase on the hydrolys is of wheat straw 
arab inoxy lan . Substrate concentration 10 g l " 1 , i n i t i a l p H 4, t e m 
perature 45° C , hydrolys is t ime 24 h 

E n z y m e A c t i v i t i e s Hydro lys i s P r o d u c t s 
( n k a t / g substrate) (% of substrate) 

X y l a n a s e 0 / ? -Xylos idase e a - Arab inos idase" Xy lose Arab inose 

25000 0 0 4 0 
25000 160 0 37 0 
25000 160 1400 43 4 
25000 160 14000 56 7 
25000* 160* 1300* 56 7 
a Pur i f i ed enzymes of T. reesei. 
b A c t i v i t i e s of crude T.

T h e hydrolysis products of three different xy lans by the 20 k D a x y 
lanase of T. reesei varied according to the nature and degree o f subs t i tu t i on 
of the substrate ( F i g . 2a-c). T h e role of acetyl groups i n the accessibil ity of 
beechwood x y l a n was evident ( F i g . 2a and 2b): T h e acetylated substrate 
was more soluble i n water, more uni formly attacked by the enzyme and 
yielded a wider range of hydrolysis products ( F i g . 2a). O n the other h a n d , 
the hydrolyzate of the non-acetylated 4 -O-methyl -g lucuronosyl -subst i tuted 
beech x y l a n contained some insoluble residue (not vis ible i n the chro-
matogram) and large soluble oligomers, which were eluted i n the vo id vo l 
ume ( X n ) ( F i g . 2b). Xy lob iose and subst i tuted oligomers were the m a i n so l 
uble hydrolysis products . T h e presence of 4 -0 -methy lg lucurono -subst i tuted 
xylo-oligosaccharides was verified by anion exchange chromatography (14) 
(results not shown). T h e hydrolyzate of arab inoxy lan resembled that of g l u 
curonoxylan ( F i g . 2c). T h e accumulat ion of 4 -O-methyl -g lucuronosy l - and 
arabinosy l subst i tuted xylo-oligosaccharides has also been reported when 
using xylanases f rom other sources (34,35). 

T h e role of arabinosyl substituents and the need for α-arabinosidase 
i n the product ion of xylose f rom arab inoxy lan was also deduced f rom the 
results i n Table II . W h e n the purif ied 20 k D a xylanase and /?-xylosidase 
were used in the hydrolys is , the xylose y ie ld was only 6 6 % of that produced 
by the whole culture filtrate at the same act iv i ty levels, and no arabinose 
was produced. A d d i t i o n of α-arabinosidase increased the yields of both 
xylose and arabinose. 

T h e hydrolys is of acetylated xylo-ol igomers f rom the steaming extract 
of b irchwood using an enzyme m i x t u r e containing only xylanase and β-
xylosidase was very l imi ted (Table III) . C h e m i c a l deacetylat ion showed 
that the substrate specificities of xylanase and /?-xylosidase w i t h respect 
to substrate D P overlapped, and that /3-xylosidase also hydrolyzed longer 
oligosaccharides than xylobiose to xylose. T h e add i t i on of acetyl esterase 
to the hydrolysis o f acetylated xylo-ol igomers enhanced xylose produc t i on 
(Table III) , but deacetylation was s t i l l incomplete (the acetyl content of 
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Figure 2. Hydro lys i s products of beechwood O-acety lg lucuronoxylan ( F i g . 
2a), beechwood g lucuronoxylan ( F i g . 2b), and wheat straw arab inoxy lan 
( F i g . 2c), as analyzed by gel permeation chromatography. T h e hydro lys is 
was carried out at p H 5 at 45°C for 24 h using 10.000 nkat of the 20 k D a 
xylanase of T. reesei. X = xylose; X 2 = xylobiose; XMGA = 4 - O - m e t h y l -
g lucuronosyl subst i tuted xylo-oligosaccharides; X n = xylo-ol igosaccharides 
D P > 20. 
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substrate A was 10% of the dry weight) . T h i s phenomenon is being further 
s tudied . It is possible that the purif ied esterase specif ically removed acetic 
ac id f rom only one posit ion on the xylopyranose r ing (unpubl ished results) . 

Tab le I II . Hydro lys i s of acetylated (A ) and chemical ly deacetylated (B ) 
xylo-ol igomers i n the steaming extract of b irchwood by puri f ied enzymes of 
T. reesei. Substrate concentration 10 g l ~ \ i n i t i a l p H 5, temperature 45°C, 
hydrolysis t ime 24 h 

E n z y m e A c t i v i t i e s Hydro lys i s Produc t s 
(nkat g " 1 ) (% of dry weight) 

/ ? -Xy lo - A c e t y l X y l o Ace t i c 
Substrate Xy lanase sidase Esterase Xy lose biose A c i d 

A 5000 
Β 5000 — 
A — 500 — 7 < 1 0.7 
Β — 500 — 21 < 1 — 

A 5000 500 — 9 0 0.9 
A 5000 500 500 18 < 1 3.3 
Β 5000 500 — 33 0 — 

Synerg ism between the different xy lano ly t i c enzymes was further 
demonstrated when a par t ia l l y purif ied enzyme preparat ion was used as 
a source of xylanase ac t iv i ty (Table I V ) . T h i s preparat ion , separated f r om 
T. reesei culture f i l trate by gel chromatography (10), contained both the 20 
k D a xylanase , another glycanase w i t h h igh laminarinase and low xylanase 
act iv i ty , and a hi therto unidenti f ied esterase. W h e n supplemented w i t h 
/?-xylosidase, the xylanases and esterase o f this preparat ion released about 
ha l f of the xylose and acetic ac id of the substrate (Table I V ) . W h e n p u r i 
fied acetyl esterase was added, the yields of xylose and acetic ac id increased 
further about 1.6-fold. 

Because the α-glucuronidase of T. reesei has not yet been puri f ied , 
a culture f i l trate of Agaricus bisporus, w i t h h igh α-glucuronidase ac t i v i ty 
(14) was used to complete the synergism. T h e add i t i on of α-glucuronidase 
cleaved off 4 -O-methylg lucuronic acid and made the oligomers accessible 
for /?-xylosidase and esterases. U s i n g this m i x t u r e , the xylose y i e ld was 
increased to the same value as that obtained w i t h the whole culture filtrate. 

Conclusions 

T h e xy lano ly t i c enzyme system of T. reesei consists of several endoxy-
lanases, at least three different exoglycosidases and at least two acetyl es
terases. These enzymes contr ibute to the hydrolysis of plant cell walls i n 
many of the applications of cel lulolyt ic T. reesei enzyme preparations. A 
schematic figure of the suggested hydrolysis mechanism of xy lans by the 
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Table I V . E n z y m a t i c Hydro lys i s of the H i g h - M o l e c u l a r Frac t i on of Steamed 
Bir chwood X y l a n . T h e substrate was fract ionated by u l t r a f i l t r a 
t i on prior to hydrolysis to remove impur i t i es and the 1-5 D P 
oligosaccharides. Substrate concentration 10 g l " 1 , i n i t i a l p H 5, 
temperature 45°C, hydrolysis t ime 24 h 

E n z y m e A c t i v i t i e s Hydro lys i s Produc t s 
( n k a t / g substrate) (% of substrate) 

X y l a n a s e " 
β-Xylo-
sidase* 

A c e t y l 
Esterase* 

α-Glucuro
nidase Xy lose 

Ace t i c 
A c i d 

12000 0 0 0 6 4.5 
0 500 0 0 6 0.5 
0 0 500 0 0 1.2 
0 0 

12000 500 
12000 500 500 0 42 9.4 
12000 500 500 3 0 c 53 11.5 
15000 e" 5 0 0 a 5 0 0 a 2 0 a 53 12.1 
α P a r t l y purif ied preparat ion fract ionated f r om T. reesei culture filtrate 

by gel chromatography (10). 
6 Pure enzymes of T. reesei. 
c Agaricus bisporus culture filtrate. 
d T. reesei culture filtrate. 

enzymes of T. reesei is shown i n F igure 3. T h e hydrolysis starts by the 
act ion of endoxylanases, which decreases the average D P of the substrate. 
T h e side-group-cleaving enzymes have their highest a c t i v i t y towards so l 
uble, short xylo-ol igosaccharides, and the hydrolysis is completed by the 
synergistic act ion of b o t h side-group and backbone-cleaving enzymes. 

In add i t i on to cel lulolyt ic and xy lano ly t i c enzymes the hydrolases pro 
duced by T. reesei have also been reported to include mannanase, pec t i -
nase, amyloglucosidase and protease (36,37). T h e present and potent ia l 
appl icat ions of T. reesei enzymes include t o ta l hydrolysis of l ignocel lulosic 
mater ials to glucose a n d / o r xylose, s t imula t i on of germinat ion i n m a l t 
i n g , more complete saccharif ication of cereals i n gra in alcohol p roduc t i on 
and improvement of the storage properties and digest ib i l i ty of silage feed. 
In these appl icat ions synergism is needed not only between the i n d i v i d 
u a l xy lano ly t i c or cel lulo lyt ic enzymes to hydrolyze x y l a n or cellulose, but 
probably also between different enzyme groups for successive hydrolysis of 
the plant cell wa l l m a t r i x . Due to its versati l i ty, T. reesei is an excellent 
source o f enzymes i n these cases. In applications where selective hydro lys is 
is required, however, the enzyme spectrum should be ta i lored for a par 
t i cu lar purpose. T h i s could be achieved by adjust ing enzyme produc t i on 
condit ions, by fract ionat ing the enzymes or by molecular c loning . 
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Figure 3. Tentat ive hydrolysis mechanism of different xy lans by the x y 
lanolyt i c enzymes of T. reesei. 
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Chapter 47 

Product ion and Purif ication of Xylanases 

David J . Senior, Paul R. Mayers, and John N. Saddler 

Biotechnology and Chemistry Department, Forintek Canada Corporation, 
800 Montreal Road, Ottawa, Ontario K1G 3Z5, Canada 

Various groups have recently indicated that xylanase en
zymes can be use
it is essential tha  enzyme
ity and have a high specific activity. Strategies followed 
to produce xylanases without contaminating cellulase ac
tivity include selective inactivation of the cellulase by 
heat and heavy metals and cloning of the xylanase gene 
into a cellulase-free host. We have shown that xylanase 
production by Trichoderma harzanium can be enhanced 
by selection of a suitable hemicellulase-rich growth sub
strate. A purified xylanase could be obtained by subse
quent ultrafiltration and ion exchange treatment of the 
culture filtrate. Xylanase treatment of pulps could sig
nificantly decrease the xylan content while leaving the 
cellulose intact. 

Xylanase product ion has been reported to occur i n a wide spec t rum of 
organisms. A l t h o u g h absent i n vertebrate animals , xylanases are produced 
i n m a n y forms of bacter ia , fungi and yeasts, crustaceans, algae and plant 
seeds. C u r r e n t interest i n xylanases has been focused p r i m a r i l y on the 
enzymes produced by fungi and bacteria and , to a lesser extent, yeasts. 
T h e h igh yields and relative ease of product ion have made these systems 
the most promis ing for future commerc ia l i zat ion . 

One of the major expenses incurred i n the appl i cat ion of enzymes for 
bioconversion processes is the cost of enzyme product ion (1). T h e t o ta l cost 
of product ion includes the cost of fermentative product ion as wel l as d o w n 
stream processing requirements. B o t h of these factors must be op t imized 
and integrated for m a x i m u m cost-effectiveness. 

Several different approaches have been followed to produce xylanases. 
Highest levels of extracel lular xylanases have been produced i n yeast a n d 
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fungal systems using x y l a n induc ing growth substrates. In comparison, bac
ter ia l and cloned systems have produced moderate quantit ies of cellulase-
free xylanases. 

T w o broad areas of appl icat ion for xy lano ly t i c enzymes have been iden
tified (1). T h e first involves the use of xylanases w i t h other hydro ly t i c 
enzymes i n the bioconversion of wastes such as those f rom the forest and 
agr i cu l tura l industries , and i n the c lar i f icat ion and l iqui f icat ion of juices , 
vegetables and fruits . For these purposes, the enzyme preparations need 
only to be filtered and concentrated as essentially no further pur i f i cat ion is 
required. Several specific examples of appl icat ions invo lv ing crude xylanase 
preparations include: bioconversion of cellulosic mater ia ls for subsequent 
fermentat ion (2); hydrolysis of pu lp waste l iquors; and wood extractives 
to monomeric sugars for subsequent product ion of single cell prote in (3-5). 
Xy lose produced by the act ion of xylanases can be used for subsequent pro 
duct ion of higher value compounds such as ethanol (6), xylulose (7) and 
x y l o n i c acid (8-9). 

T h e second area of app l i cat ion involves the use of cellulase-free x y 
lanases for removal of hemicellulose f rom pulps (10-20) and plant fibres 
(21). It is essential that these xylanase preparations are free of c ontami 
nat ing cellulase act iv i ty or damage to the cellulose fibres and consequently 
the product qual i ty w i l l result. 

Here we examine the recent progress wh i ch has been made i n the pro 
duct ion and puri f i cat ion of xylanases. 

X y l a n a s e P r o d u c t i o n by Yeasts 

B i e l y et ai (22) have shown that xylanase product ion can be induced 
by use of appropriate substrates i n the yeast Cryptococcus albidus. W o o d 
xy lans and x y l a n oligomers were found to increase extracel lular xylanase 
produc t i on by two orders of magnitude when the yeast was grown on these 
mater ia ls rather t h a n on a s imple glucose m e d i u m . Xylob iose was identif ied 
as the only xylool igomer whi ch was not degraded extrace l lu lar ly and i t 
was concluded that xylobiose is either a na tura l inducer of xylanase or its 
immediate precursor. Other xylopyranosides have also been investigated for 
their xylanase induc ing potent ia l i n this yeast. Methyl - / ? -D-xy lopyranos ide 
induced xylanase product ion at levels comparable to that obtained after 
growth on x y l a n (23). Moroso l i et al. (24) demonstrated that the induc t i on 
effect was manifested at the t ranscr ipt ional level i n this organism. Y a s u i 
et ai obtained a 15-20 fo ld greater increase i n xylanase product ion using 
methyl - / ? -D-xylopyranoside than when x y l a n was used as an inducer i n 
Cryptococcus flavus (25). Leathers et al. (26) showed that xylose, xylobiose 
and arabinose were inducers of xylanases in Aureobasidium pullulans. 

For xylanase appl icat ions which require xylanases of h igh select ivity 
(e.g., b iopulp ing ) , any contaminat ing cellulases can be detr imenta l to the 
treatments. T h e const i tut ive levels of cellulases in yeasts is generally very 
low i n re lat ion to xylanase levels thus ind i ca t ing yeast xylanase preparations 
are promis ing for the selective hydrolysis of xy lans . However, extracel lular 
yeast xylanases are typ ica l ly produced in the order of 1 uni t per m i l l i l i t r e 
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of culture filtrate, wh i ch is very low for cost-effective produc t i on . Recently, 
Leathers has reported the overproduct ion of a cellulase-free xylanase of very 
h igh specific ac t iv i ty f rom a colour variant s t ra in of A. pullulans (27). T h e 
level of extracel lular xylanase i n the culture filtrate was 373 I U / m L w h i c h 
is comparable to the most proli f ic xy lanase-producing fungal strains so far 
identi f ied. 

X y l a n a s e P r o d u c t i o n by C l o n e d Systems 

A n o t h e r al ternat ive for product ion of cellulase-free xylanase preparations 
has been to clone the xylanase genes f rom xylanase produc ing bacter ia . 
One xylanase produc ing s t r a i n , Bacillus subtilis P A P 1 1 5 , was chosen as 
a xylanase gene donor because of its relatively h igh level of extracel lu lar 
xylanase product ion (0.9 I U / m L culture filtrate) and the thorough char
acter izat ion of the enzyme (28). T h e gene was successfully inserted into 
Escherichia coli (WA802)
t ia l l y characterized. O n l y 2 5 % of the or ig ina l extracel lular xylanase ac t iv i ty 
was recovered and this was local ized w i t h i n the cells (29). T h e same gene 
was inserted into E. coli J M I 0 5 and the new clones produced more x y 
lanase t h a n the or ig ina l Bacillus (10). U n l i k e the first clone, about ha l f of 
the xylanase ac t iv i ty was found extrace l lu lar ly and yields were increased 
signif icantly. 

S i m i l a r approaches to c loning of bacter ial xylanases have been used 
for genes f rom Clostridium acetobutylicum (30), Bacillus polymyxa (31), 
Bacteroides succinogenes (32), Clostridium thermocellum (33) and Pseu
domonas fluorescens subsp. cellulosa (34). In each case the xylanases were 
predominant ly located intrace l lu lar ly and the levels of xylanases produced 
f rom cloned systems were, i n general, very low i n comparison to yeast and 
fungal systems. A comparison of the product ion yields and extent of ex
trace l lu lar product ion for various cloned xylanase genes is found i n Tab le 
I. U n l i k e most other cloned systems, the xylanase preparat ion f rom B. suc
cinogenes was contaminated w i t h cellulase act iv i ty . 

H o n d a et al. have reported a xylanase gene f rom an a lkalophi l i c Bacil
lus sp. C I 2 5 i n E. coli (35-36). A b o u t 8 0 % of the xylanase ac t iv i ty was 
secreted into the extracel lular m e d i u m and the ac t iv i ty was s l ight ly higher 
than that produced by the or ig ina l Bacillus (approximately 0.6 I U / m L ) . 
A xylanase was produced f rom a xylanase gene cloned f rom alkalophi l i c 
Aeromonas sp. 212 at a level about 80 fold higher than i n the or ig ina l 
bac ter ium. Unfortunate ly , none of the enzyme was secreted extrace l lu lar ly 
(37). H a m m a m o t o and Hor ikoshi have recently succeeded i n the construc
t i on of a secretion vector containing the xylanase gene f r o m alkalophi l i c 
Bacillus sp. C 1 2 5 , which was then cloned into E. coli (38). Transformants 
whi ch carried these genes secreted a significant amount of extracel lu lar x y 
lanase i n comparison to clones wh i ch d id not contain the secretion vector. 
It has been suggested that the secretion of the xylanase is directed by the 
characteristics of the protein itself. Future work may identify improvements 
to secretory sequences which w i l l increase the extracel lular quantit ies of x y 
lanases f rom cloned systems. 
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Table I. Xylanases f rom C l o n e d Systems 

E n z y m e Y i e l d % 
X y l a n a s e Gene Source ( I U / m l ) E x t r a c e l l u l a r Reference 

Aeromonas sp. 212 1.63 0 (37) 
Bacillus polymyxa 0.037 <10 (31) 
Bacillus subtilis 0.5 0 (29) 
Bacillus subiilus 2.2 50 (10) 
Bacillus sp. C125 0.75 >70 (35-36) 
Bacillus sp. C125 0.7 50 (38) 

(secretion vector) 
(38) 

Clostridium 64 0 (30) 
acetobutylicum 

(30) 

Clostridium 11.2 — (33) 
thermocellum 

(33) 

Streptomyces lividans 

A l t h o u g h most cloned xylanases are t o ta l ly free f r om cellulase contam
i n a t i o n , the recovery yields remain i n general relatively low when compared 
to fungal systems. M o r e effort i n the areas of improved xylanase produc t i on 
yields and secretion m a y make the bacter ial systems appear more promis ing 
for biotechnological appl icat ions . Recent ly an extracel lular , cellulase-free 
xylanase enzyme was prepared by homologous c loning of a xylanase gene 
f r o m Streptomyces lividans into a xylanase-cellulase-negative mutant of S. 
lividans (39). A considerable overproduct ion of this enzyme (up to 1200 
I U / m L i n the culture f i ltrate) has also been demonstrated when grown on 
x y l a n or hemicel lulose-rich substrates (40). 

F u n g a l X y l a n a s e P r o d u c t i o n 

T h e use of f i lamentous fungi for product ion of xylanases was i n i t i a l l y at 
tract ive because the enzymes are released extrace l lu lar ly thus e l i m i n a t i n g 
the need for cell lysis procedures. In add i t i on , xylanase levels i n fungal c u l 
ture filtrates are typ i ca l ly i n much higher concentrations t h a n f r om yeasts 
and bacter ia . M a n y examples of xylanases produced f rom fungi are l isted 
i n the review by Dekker (41). 

It has been proposed that the product ion of xylanases and cellulases is 
under separate regulatory control i n some filamentous fungi (1). H r m o v a et 
ai (42) reached a s imi lar conclusion after mon i to r ing the da i ly produc t i on 
of these enzymes i n Trichoderma reesei Q M 9414. X y l a n a s e and cellulase 
act iv i t ies followed independent product ion profiles d u r i n g fungal growth. 
T h e same effect has been observed i n batch cultures o f T. harzianum. W e 
have observed peak xylanase ac t iv i ty on the t h i r d day of growth whereas 
the cellulase a c t i v i ty peaked after day five or s ix (unpubl ished) . 

There are many recent examples of xylanase induc t i on i n fungi grown 
on m e d i a containing x y l a n , hemicel lulose-rich mater ia l and low molecular 
weight carbohydrates (42-66). It has generally been observed that higher 
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levels of xylanase are induced i n systems conta in ing higher x y l a n concen
trat ions i n the growth m e d i u m . A comparison of xylanase and cellulase 
product i on f rom various fungi is shown in Tab le I I . M o s t cultures grown on 
x y l a n yielded higher levels of xylanase than when grown on s imi lar concen
trat ions of cellulose. W i t h the exception of Schizophyllum commune (45), 
the highest product ion of xylanases by various species has been the result 
of growth on x y l a n . A l t h o u g h attempts have been made to standardize 
xylanase assays (67), some of the var iat ion in enzyme act iv i t ies reported 
must be a t t r ibuted to variations i n assay procedures among workers. 

U s i n g a xylan-free cellulose f rom Acetobacter xylinum as a growth sub
strate, H r m o v a et al. demonstrated that s m a l l levels of const i tut ive ly pro
duced xylanase could be at t r ibuted to cellulase ac t iv i ty i n T. reesei Q M 9 4 1 4 
(42). A s the concentration of x y l a n in the m e d i u m was increased, higher 
xylanase product ion resulted. U s i n g a series of steam treated aspen wood 
samples, we have observed that the rat io of xylanase to cellulase a c t i v i 
ties produced on these material
rat io of x y l a n to cellulose in the m e d i u m (measured as x y l a n to g lucan r a 
tio) (F igure 1). Determinat ion of these ratios for A v i c e l , So lka Floe and 
oat spelts x y l a n largely supported this re lat ionship. Some deviat ion en
countered between these growth substrates was l ikely due to variat ions i n 
composit ion and accessibil ity of the substrate. 

It is therefore apparent that w i t h Trichoderma fungal systems, m a x 
i m a l levels of xylanases can be achieved by growing the cells i n x y l a n 
containing media . T h e induct ion of xylanases in fungi grown on x y l a n 
m e d i u m , however, cannot be realized i n a l l fungi w i t h equivalent success. 
U n l i k e the level of xylanases induced in most fungi , the xylanase ac t iv i ty 
produced f rom S. commune grown on cellulose was unusual ly h igh (See 
Table II ) . B i e l y et al. (68) and Mackenzie and B i l ous (69) have observed 
markedly higher product ion of xylanase in S. commune when grown on 
cellulose rather than on x y l a n . 

T h e high cost of using purif ied xy lans as substrates for xylanase induc 
t ion are prohibi t ive for large-scale xylanase produc t i on . A s an alternative , 
many groups have investigated the effectiveness of other hemicel lulose-r ich 
materials for this purpose. Examples of these include: agr i cu l tura l wastes 
such as straws (2,45,47,50, 52,56,57,70,71), bran (47,56,57,60), sugar cane 
bagasse (57,61), corn cob and oak dust (70); pu lp (2,45,52); pu lp m i l l waste 
(3) and steam treated wood (53,59). 

A l t e r n a t i v e methods for more cost-effective xylanase produc t i on i n 
fungi include the development of catabol ite derepressed mutants , ce l lu 
lase negative mutants , genetically engineered strains and high-xylanase-
produc ing const i tut ive mutants . T h e latter case could afford h igh xylanase 
yields using soluble sugars as growth substrates which are b o t h inexpensive 
and easy to handle i n conventional fermentation equipment . 

T h e vast ma jor i ty of xylanases that have been produced are quite labi le 
above 45-50°C. It wou ld be of great advantage to employ xylanases w h i c h 
retain a high specific ac t iv i ty above this temperature range. 

A number of thermostable xylanases have been prepared to vary ing 
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Figure 1. Induct ion of xylanases i n Trichoderma harzianum. T h e ratios of 
xylanase to endocellulase act iv i t ies were determined i n the culture filtrates 
of T. harzianum grown on steam treated aspenwood. A s p e n chips were 
steam treated f rom 20 to 240 s at 240°C to produce a series of samples 
w i t h a variable content of x y l a n and cellulose. T h e specific content o f these 
carbohydrates were expressed as the rat io o f x y l a n to g lucan . E n z y m e ac
t iv i t ies were determined on culture filtrates of 300 m L batch cultures of 
T. harzianum grown on these wood samples at a l oad ing of 1% ( w / v ) as 
described by Saddler and Mes-Hartree (66). E n z y m e act iv i t ies were also de
termined i n culture filtrates o f T. harzianum grown on A v i c e l , So lka F loe 
and oat spelts x y l a n . 
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Table II . Quant i ta t i ve C o m p a r i s o n of Xy lanase A c t i v i t i e s 0 i n Var ious 
Stra ins of F u n g i 

Incu
bat ion X y l a n a s e C e l l u l a s e 6 

T i m e A c t i v i t y A c t i v i t y 
Source Substrate (Days) ( I U / m l ) ( I U / m l ) Ref . 

Agaricus Xylan(beechwood) 14 0.22 d 43 
bisporus 0.25% 

Aspergillus W h e a t bran 3 % 4 12 — 44 
awamori 

Aspergillus Xylan( larchwood) 1% 4.8 60 
niger 

Aspergillus W h e a t b ran 5% 14 36.2 — 57 
ochraceus k x y l a

Chaetomium Xylan( larchwood) 1% 1 9.5 
cellulolyticum 

Schizophyllum A v i c e l 4% 11 1244 65 45 
commune Xylan( larchwood) 1% 11 1.3 — 68 

Solka Floe 1% 11 44.6 — 68 
Thermonospora X y l a n ( o a t spelt) 1% 2-4 7.5 — 62 
fusca 
T. curvata X y l a n ( o a t spelt) 1% 2-4 8.8 — 62 
T. chromogena X y l a n ( o a t spelt) 1% 2-4 1.3 — 62 
Trichoderma Xylan( larchwood) 1% 6 450 0.3 59 
harzianum E58 Solka Floe 1% 6 434 2.7 59 

Trichoderma X y l a n 1% 12 17 — 49 
longibrachiatum 

Trichoderma Solka F loe 6% 4.6 130 — 44 
reesei Q M 9 4 1 4 M C C C 1% 12 1.76 1.08 42 

Xylan(beechwood) 1% ι 12 4.43 0.05 42 
Xy lan ( larchwood) 1% 5 22 0.12 51 
Xy lan ( larchwood) 1% 5 1.2-1.6 — 61 
Xy lan( larchwood) 1% 6 3.1 — 68 
Solka Floe 1% 6 1.5 — 68 

T. reesei Solka Floe 1% 7 2.7 10.3 50 
Q M 9 1 2 3 X y l a n 1% 7 6.7 9.7 50 
T. reesei Xylan( larchwood) 1% 5 22 0.12 51 
R U T 3 0 
T. reesei C 3 0 Solka Floe 1% 6 30 4.5 59 

X y l a n 1% 6 230 0.4 59 

a A c t i v i t i e s determined i n the culture filtrates. 
b Cel lulase ac t iv i ty determined as ac t iv i ty on filter paper. 
c M C C = Microc rys ta l l ine cellulose. 
d N o t determined. 
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degrees of p u r i t y using t rad i t i ona l puri f icat ion techniques (72-81). A com
parison of thermostable xylanase product ion i n the culture filtrates f r om 
several sources is shown i n Tab le III . One xylanase f rom Clostridium ster-
corarium demonstrated a half-l i fe of 90 minutes at 81°C (73). T h e yields 
of thermostable xylanases i n culture filtrates f rom various organisms have 
been generally quite low al though levels up to 500 I U / m L have been ob
served w i t h Thermoascus aurantiacus grown on x y l a n m e d i u m (74,75). 

Table III . C o m p a r i s o n of Thermostable Xylanases f rom Various Sources 

Hal f -L i f e Xy lanase 
at 80° C P r o d u c t i o n 

Xy lanase Source (min) ( I U / m l ) Reference 

Bacillus stearothermophilus 10-30 0.1 (72) 
Clostridium stercorariuma A 
C stercorarium Β 
C. stercorarium C 8 — (73) 
Thermoascus aurantiacus 54 500 (74) 
Sporotrichum sp. 8 0.92 (77) 
Humicola lanuginosa 15 — (78) 
Talaromyces byssochlamydoides — 1.7 (79) 
Thielavia terrestris — 18.5 (76) 

a Hal f - l i fe determined at 81°C. 

Puri f icat ion of Xylanases : Focus o n A p p l i c a t i o n 

T h e use of xylanases i n the preparat ion of h igh-pur i ty cellulosic mater ia ls 
requires that the enzyme preparations be free of any cellulase contamina 
t i on . Treatments of pulps w i t h xylanase preparations containing cellulases 
have resulted in damage to cellulose fibres as revealed by a drop i n pu lp 
viscosities (12,14,17). S imi lar pulp treatments in which cellulase-free x y 
lanases were used resulted in increases in pulp viscosities (10,18,19). W e 
have shown recently that an apparent increase in the degree of po lymer i za 
t ion of cellulose treated w i t h a cellulase-free xylanase is l ikely due to the 
selective removal of x y l a n , leaving an enriched cellulose residue (20). 

Several methods to prepare h igh -pur i ty xylanases for potent ia l indus 
t r i a l appl icat ions have focused on e l iminat ing the cellulase contaminat ion 
instead of pur i fy ing the xylanase components. T h i s appears to be a very 
effective approach as it precludes the need for very expensive b iochemi 
cal procedures and focuses, rather, on a l i m i t e d number of s imple steps to 
e l iminate cellulase act iv i ty . Since the remain ing mater ials i n the enzyme 
preparat ion are essentially inert w i t h respect to the cellulose, their presence 
may often be ignored. 

T h e preparat ion of xylanases f rom cloned systems has permi t ted pro 
duct ion of cellulase-free xylanases. T h e xylanases produced f rom cloned 
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systems are largely intracel lular and therefore must be released by d isrup
t ion of the cel lular membranes (10,29-31,33,34). In a d d i t i o n , enzyme yields 
i n bacter ial culture filtrates were generally much lower than those obta ined 
using fungal systems. However, bacterial systems do offer the advantage 
that they require much shorter incubat ion periods for enzyme produc t i on . 
T h e recent development of a genetically engineered s tra in of Streptomyces 
lividans that produces an extremely high y ie ld of extracel lular , cellulase-
free xylanase enzyme is l ikely to have a significant impact on the large-scale 
product ion of xylanases (40). 

U s i n g the high-xylanase produc ing filamentous fungus Trichoderma 
harzianum E 5 8 , T a n et al. have developed a procedure for the bulk p u 
r i f icat ion of a cellulase-free endoxylanase of h igh specific a c t iv i ty (82,83). 
T y p i c a l l y 7 χ 10 6 units of xylanase ac t iv i ty can be obta ined f rom a 17 L 
culture using a combinat ion of u l t ra f i l t ra t ion and ion exchange techniques. 
G i b s o n and M c C l e a r y hav
large-scale xylanase product io

Selective inact ivat ion of cellulase act ivit ies is another method whi ch 
has been appl ied to fungal culture filtrates to produce cellulase-free x y 
lanase preparations. Cel lulase inact ivat ion of a crude enzymat i c complex 
was achieved by B a r n o u d et al. (15) using a 1 m M mercuric chloride so lu 
t i o n . In the presence of this su l fhydry l b i n d i n g meta l , complete inac t ivat i on 
of endocellulases was observed whereas the xylanases retained 8 0 % of their 
act iv i ty . 

M a n y examples of the puri f icat ion of xylanase enzymes to homogene
i t y can be found in the reviews of Dekker and Richards (85), W o o d w a r d 
(86) and R e i l l y (87). Other xylanases which have been prepared recently to 
very h igh p u r i t y using t rad i t i ona l b iochemical techniques include xylanases 
f rom: Sporotrichum dimorphosporum (88); Streptomyces sp. (71); Tricho
derma harzianum (5,55); Clostridium acetobutylicum (30,89); mesophi l ic 
fungal s tra in Y - 9 4 (80); Aspergillus niger (90-92); and several thermostable 
xylanases discussed above. 

A n o t h e r method which may become a useful technique for selective 
inact ivat ion of cellulases i n enzyme mixtures is the use of selective heat 
inac t ivat ion . W h i l e establ ishing the thermostabi l i ty properties of crude x y 
lanases f rom a fungal s tra in Y - 9 4 , M i t s u i s h i et al. (80) observed differential 
heat labi l i t ies of the cellulase and xylanase act ivit ies i n the culture filtrate. 
Af ter an incubat ion period of 20 minutes at 65°C, the xylanase ac t iv i ty 
was reduced by 5-10% whereas the Avicelase and /?-glucosidase act iv i t ies 
were reduced by 100% and 60%, respectively. We have observed a s imi lar 
temperature dependency of xylanase and cellulase act iv i t ies i n T. auranti-
acus. A s indicated i n F igure 2, treatment of the culture filtrate at 70°C 
for 20 minutes resulted in less than a 5% loss in xylanase a c t i v i t y whereas 
cellulase act ivit ies were reduced by 40-50%. A s imi lar effect has also been 
observed for the xylanases and cellulase enzymes produced in culture fil
trates f rom T. harzianum (93). Further work in the area of heat treatments 
may improve the effectiveness of cellulase inac t ivat ion . Since the cellulase 
act iv i t ies of some enzyme preparations can be more rap id ly inact ivated on 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



650 PLANT C E L L WALL POLYMERS 

6000 Γ 

Ε 
3 
~ 40001-

υ 
< 
Φ 

CO 
c <0 

2000 h 

Χ 

Incubation Time (min) 

Figure 2. Heat inact ivat ion profile of the xylanase in the culture filtrate f rom 
Thermoascus aurantiacus. Xy lanase enzyme was prepared as described by 
T a n et al. (74). Xy lanase and endocellulase act ivit ies were determined after 
the enzyme was incubated for the specified t ime at 70°C. A l i q u o t s were 
removed and assayed at 50°C by the method described by Y u et al. (75). 
A c t i v i t i e s were expressed as a percentage of the control stored at 4 ° C . 
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heating than the xylanase activities, it is possible that heat treatments may 
become a viable method for rapid and inexpensive purification of xylanases. 
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amounts in cell walls of tropical 

grasses, 142 
identification, 142 
structure, 142-143 

0-[5-0-(rrans-/?-Coumaroyl)-a-L-
arabinofuranosyl]-(l-3)-0-/?-D-
xylopyranosyl-(l-4)-D-xylopyranose, 
structure, 71-72 

Covalently linked hydroxycinnamic acids, 
function, 68 

Cross linkages in cell wall, 
establishment, 11 

Cross-polarization magic-angle spinning 
(CPMAS) 

determination of polymer dynamics, 217 
experimental procedure, 216—217 
isolation of Wopolyesters, 216 
molecular structure studies, 228 
quantitation carbon types, 217 
spectra for suberin, 223,225/ 
spectrum for cutin, 217,219/ 
structural studies of solid polymers and 

biopolymers, 214 
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Cutin 
chemical shifts, 217,218/ 
composition of carbon types, 220,223/ 
CPMAS spectrum, 217,219/ 
cross-polarization dynamics, 227-228 
cutin-wax interactions, 223,224/ 
depolymerization residue, 220,222£223 
determination of dynamics, 214 
features of molecular structure, 227 
function, 399 
isolation, 216 
molecular model, 220,221/ 
schematic representation, 214, 215/ 
spin-relaxation times, 217,220/ 
structural characterization, 216 

Cutinase 
effect of acetate on production
effect of cutin addition on 

induction, 402,405/ 
effect of glucose on production, 400 
effect of growth conditions on synthesis 

by Fusarium solani, 407 
function, 399-400 
kinetics of specific activity, 402,406/ 
pathogenesis, 407 
regulation, 400 
separated 35S-labeled extracellular 

protein from cutin induction 
medium, 402,407,408/ 

specific activity vs. sole carbon source 
in growth medium, 400,401/ 

specific activity vs. two carbon 
sources, 400,401/ 

time course of production, 402,404/ 
Cutinase-defective mutant of Fusarium solani 

effect of cutin addition on 
induction, 402,405/ 

kinetics of specific activity, 402,406/ 
pathogenesis, 407 
properties, 400-409 
selection procedure, 400,402,403/ 
separated 3 5 S-labeled extracellular 

protein from cutin induction 
medium, 402,407,408/ 

time course of production, 402,404/ 

D 

D A H P synthase isozyme, differential 
properties, 92/ 

Defense in bark tissues 
cell wall alterations in 

gymnosperms, 350-354 
cell wall alterations in woody 

angiosperms, 353 

Defense in bark tissues—Continued 
fungal hyphae in bark, 353354/ 
necrophylactic periderm, 351-353,354/ 
responses in nonwoody perennial 

plants, 353,355^57/ 
structural responses, 350-351,352/* 

Defense in living wood 
cell wall alterations in preexisting 

xylem, 356,358 
tissue barriers formed de 

novo, 355-356^57/ 
Degradation, xyloglucan, 24,26-27 
Degree of esterification, effect on calcium 

activity, 326 
Degree of neutralization, effect on calcium 

activity, 325-326327/ 

Dehydrodiferulic acid 
amounts released from cell walls by 

cellulase treatments, 138,140 
covalent linkage to cell wall 

polysaccharides, 140 
formation, 140 

Dehydrogenation polymer 
aromatic ring cleavage by lignin 

peroxidase, 513,514-516/ 
degradation products, 514,516/ 
gel filtration, 513,515/ 
preparation of lignins, 513,514/ 

Dehydrogenase polymerization, 
description, 483,484/ 

Dehydrogenase polymerization of 
monolignols 

effect of carbohydrate, 155,156/ 
effect of pH, 156-157 

Depolymerization residue, 
cutin, 220,222 ,̂223 

Deposition, xyloglucan, 24,26/ 
Deposition of polysaccharides 

composition of radioactivity in neutral 
sugars, 49,53f 

distribution through cell wall, 49,52f 
effect of amount of sugars during tracheid 

maturation, 49,50-51/ 
factors influencing control, 8 
influencing factors, 48 
pioneering work, 48 
processes during cell wall formation, 49 

Dicots, composition of cell wall, 18 
Didehydroferulic acid 

formation, 80-81 
structure, 77-78 

Digalloylglucose, biosynthesis, 115-117 
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Digestibility, influencing factors, 137 
4,4'-Dihydroxytruxillic acid 

identification, 142 
structure, 77-78 

Dimeric lignin models 
reduction, 456 
structures, 456-457 

Dimeric phenolic acid constituents of cell 
walls 

amount in plant cell wall, 142 
asymmetrical splitting, 142,143/ 
effect of sunlight, 142 
identification, 142 
symmetrical splitting, 142,143/ 

Dimeric phenylpropanoids, occurrence in 
plant cell wall, 77-78 

3,4-Dimethoxypropen-2-ol, structure
Disease resistance, requirement

in perennial plant tissues, 347 
Dityrosine, structure, 42,43/ 
D N A content, effect on acid-precipitaWe 

polymeric lignin production, 530,533/ 
Double-labeling technique, analysis of 

structure and reactions of 
lignin, 151-158 

Driselase, activity, 39 

Elicitation of lignification 
chitin, 375 
gene-specific effect of elicitor, 375-376 
inhibition of polygalacturonic acid, 376 
purification of elicitor, 375 

Elicitor 
definition, 375 
gene-specific effect, 375-376 
lignification, 363-364 
purification, 375 
symptoms caused in leaves, 376 

Elicitor of lignification, chitin, 364-365 
Ellagitannins 

biosynthesis, 118 
structure, 108,109/ 

Endoglucanase(s) 
degradation of cellulose to glucose, 587 
specific degradation patterns, 572,574/ 

Endo-1,4-/9-glucanase 
effects of xyloglucan 

oligosaccharides on activity, 29 
function, 608-609 
xyloglucan hydrolysis, 24-26 

Endomembrane theory, description, 69 

Endospermic heteroxylans, extraction, 620 
Endoxylanases, description, 630 
Environmental potential, Trichoderma 

exocellular enzyme system, 608 
Enzymatic glucosylation, mechanism, 124 
Enzymatic O-methylation, mechanism, 123-124 
Enzymatic reaction involving 

phenylpropanoids in plant cell walls 
0-glucosidases, 80 
hydroxycinnamic acid transferases, 82-85 
peroxidases, 80-83 

Enzyme(s) 
analysis, 208 
binding to proteins for polysaccharide 

synthesis, 7—8 
degradation of heteroxylans, 621-622 

action of hydroxyl radicals on wood cell 
walls, 448,451-45^ 

carbonyl group labeling, 445,451-452^ 
diffusion of fungal 

glycohydrolases, 446,447/448,449 
diffusion of lignin peroxidase, 448,450/ 
immunocytochemical controls, 446 
immunocytochemical labeling, 445-446 
labeling with anti-crude enzyme 

mixture, 446,447/448,445/ 
labeling with anti-ligninase, 448,450/ 
plant material, 445 
preparation of antisera, 445 
tissue preparation for electron 

microscopy, 445 
Enzyme organization, problems with analysis 

in vivo, 95 
Enzymic hydrolysis, analysis, 571 
4-0-Ethylguaiacylglycerol-/9-guaiacyl 

ether, reactions, 522,524/ 
Exoglucanases, degradation of cellulose to 

glucose, 587 
Exo-1,4-0-gIucanase, function, 608 
Extensins, basic, description, 34 
Extracellular feruloylation, evidence, 41-42 
E / Z photoisomerization, phenylpropanoids, 79 

F 

Ferulic acid 
inhibition of synthetic substrates, 197,199 
oxidation of salts from tobacco 

plants, 194,195/ 
siting in wall polysaccharides, 39 
structure, 71-72,194,196/ 
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[l- 1 3C]Ferulic acid, incorporation 
into root tissue, 171,174/,175 

[2-13C]Ferulic acid, incorporation 
into root tissue, 175,176/,177 

[3-13C]Ferulic acid, incorporation 
into root tissue, 177,178/,179 

0-[5-0-/rûny-Feruloyl-ût-L-arabinofuranosyl]-
(1—3)-0-/?-D-xylanopyranosyl-
(l-4)-D-xylopyranose, structure, 
71-72,140-141 

Feruloylation of the matrix polysaccharides, 
hypothetical mechanisms, 83-84,85/ 

Fescue, lignification, 184,185/186 
Flavan-3-ol groups, structure, 562,563/ 
Flavonoid(s) 

biosynthetic origin, 123 
detoxification of reactive hydroxy

groups, 123 
distribution in plant kingdom, 123 
enzymatic O-methylation, 123 
polymethylated, See Polymethylated 

flavonoids 
significance of accumulation, 134 

Flavonoid synthesis in Chrysosplenium 
americanum, regulation, 131-132 

0-Fluoroferulic acid 
inhibition of commercial synthetic 

substrates, 197,199 
oxidation of salts from tobacco plants, 

194,195/ 
structure, 194,1%/ 

Folin phenol, spectrophotometry 
analysis, 546 

Forages of Gramineae 
effect of aromatic binding on animal 

nutrition, 182 
production, 182 

Freeze-fracture studies, terminal 
complexes, 257 

Fucosyltransferase, fucosylation of 
xyloglucan, 23 

Fungal degradation, condensed 
tannins, 562,563/ 

Fungal isolates, cellulolytic activity on 
straw, 611-612 

Fungal xylanase production 
activities in strains of fungi, 645,647/ 
advantages, 644 
methods for cost-effective production, 645 
ratio of xylanase to cellulase 

activities, 645,646/ 
thermostable enzyme preparation, 645,648/ 

Fungi, model for recognition by 
wheat, 365,366/367-368 

Fungi invasion, response by cell wall 
alterations, 361 

Fungi recognition 
model, 365,366/367-368 
signals, 367 

Fusarium solani 
production of isozymes of cutinase, 400 
properties of cutinase-defective 

mutant, 401-409 

Galacturonic acid, occurrence in pectin, 301 
Gallic acid 

biosynthesis, 110-111,112^ 

biosynthesis, 108-118 
degradation by tannase, 560-561 
structure, 108,109f 

Gallotannin biosynthesis, 
enzymology, 108-118 

Galloyl coenzyme A thioester 
chemical synthesis, 111,112/ 
U V spectrum, 111,114/ 

Gels, detection of cellulolytic 
activities, 571,572/,573 

(l-4)-0-D-Glucan chains, 
conformation in cc ,ulose 
submicrofibrils, 293,296 

(l-3)-0-Glucan synthase 
advantages of purification using 

3-[(3-chloroamidopropyl)dimethyl-
ammonio]-l-propanesulfonate, 253,255 

affinity labeling with UDP-
pyridoxal, 252/ 

antibody generation, 250 
chemical modification, 249-250 
electrophoresis, 249 
electrophoretic 

analysis, 250,251/254/ 
immunoprecipitation, 250,252/ 
inhibition by UDP-pyridoxal, 252,253/ 
partial purification from red beet 

storage tissue, 248-249 
phosphorylation, 250,253,254/ 
preparation of fractions, 249 
problems with purification, 249 

j0-Glucogallin 
biosynthesis, 111-114 
galloyl exchange with glucose, 115 

Glucomannan synthesis, influencing 
factors, 4,6/ 
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Glucose 
determination, 572 
effect on acid-precipitable polymeric 

lignin production, 530,531/ 
effect on cutinase production, 400 

Glucose oxidase, lignin catabolism, 473 
/î-Glucosidase(s) 

function, 609 
hydrolysis of glycosidic linkage, 598 
mechanism of action of retaining 

enzyme, 598,599/ 
reactions involving phenylpropanoids in 

plant cell walls, 80 
role in cellulose degradation, 597 

0-Glucosidase mechanism 
effect of substitution of sugar hydroxyl 

at C-2, 598,600 
formation of 2-fluoroglucosyl 

enzyme, 602,604/ 
inactivation studies, 600,601/ 
measurement of burst of 

dinitrophenolate, 600,602,603/ 
pathway, 598,599/ 
stereochemistry of 

intermediate, 602,605/ 606 
Glucosylation 

kinetics, 129,131 
partially methylated flavonols, 128-134 

Glucosyltransferase 
function, 248 
properties, 129,131* 

2'-0-Glucosyltransferase, immunological 
evidence, 129*,130/ 

2 ' -5 ' -O-Glucosyltransferase, 
purification, 128-129,130/* 

Glucuroxylan, hydrolysis 
products, 634,635/ 

Glycohydrolases, 
diffusion, 446,447/,448,449f 

Glycoproteins, examples in cell wall, 11-12 
Glyoxal oxidase, lignin catabolism, 473 
Graminaceous lignins 

experimental procedure, 183-184 
lignification of fescue, 184,185/186 
lignification of maize 

internodes, 186-187*,188/189 
variations, 183 

Gramineae, importance of lignification for 
induced resistance mechanisms, 371 

Grass cell walls, alkaline hydrolysis, 122 
Gravity, effect on lignin synthesis, 203-213 
Growing plant cell wall, working model, 33-44 
Growth measurements, mung bean 

hypocotyls, 313 

H 

Heat conduction calorimeters, measurement of 
heats of aerobic metabolism, 544 

Heat conduction calorimetry, batch 
mixing, 546,547/548,549/ 

Heteroxylans 
biodégradation, 626-627 
categories, 620 
chemical structure, 620-621 
mode of action of xylanases, 622-625 
occurrence of hemicellulosic fractions of 

terrestrial plants, 619-620 
specificities of xylanases, 625-626 
types of enzymes used in 

degradation, 621-622 
Hexokinases, protein binding, 7 

Higher galloylated glucose derivatives, 
formation, 116 

Hydrogen peroxide generating system, 
secondary metabolic pathway, 421 

Hydrolyzable tannins 
description, 108,559 
microbial degradation, 560,561*,562 
structure, 559,563/ 

a-Hydroxyacetosyringone, signal 
compounds from tobacco tissues, 384 

Hydroxycinnamic acid(s) 
attachment to structural cell wall 

polymers, 81,82/* 
binding to cell wall polymers, 70-71 
chemical nature of ester linkages, 71 
common acids in plant cell walls, 70* 
esterification, 122 
function, 68 
histochemical survey, 69 
phenyl ether bond linkages, 71,74 
structure, 386,387/ 
visualization, 70 

Hydroxycinnamic acid transferases, 
evidence, 83-84,85/ 

5-Hydroxyferulic acid, activity, 386,389 
p-Hydroxyphenyl-guaiacyl-type 

dehydrogenative polymer, condensed 
structures, 157*,158/ 

Hydroxyl radicals, action on wood cell 
walls, 448,451-452/* 

Immunogold labeling, poststaining 
procedure, 427 
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Indulin ATR, See Kraft lignin 
Infection-induced lignification in wheat 

chemical and physical evidence for 
presence at wounds, 362 

chitin as elicitor, 364-365 
defense mechanism in unwounded leaves, 363 
defense mechanism in wounded leaves, 362 
elicitors, 363-364 
importance as general resistance 

mechanism, 362 
inhibition, 368 
model for fungi 

recognition, 365,366/367-368 
specificity of induction, 363 
wheat germ agglutinin as receptor, 365 

Inhibition of cell wall peroxidases 
anion-exchange chromatogram

peroxidases, 197,198/ 
experimental procedures, 195 
Lineweaver-Burk plots, 197,200-201/ 
oxidation of salts from ferulic and 

/9-fluoroferulic acids, 194,195/ 
oxidative activities of cell wall 

isozymes, 195,196/197 
Intact cytosolic pathway 

demonstration approaches, 93 
evidence, 91-92,93/ 

Intracellular feruloylation reactions, 
evidence, 39,40/41 

Iron m*50-tetra-(2,6-dichlon>-3-
sulfonatophenyl)porphyrin chloride 

biomimetic catalysis of lignins, 520 
catalyzed reactions, 522,524/ 
structure, 520-521 

Z-Isoconiferin, structure, 74,76 
Isodi tyrosine 

factors influencing formation in cell 
wall, 43-44 

structure, 42,43/ 
Z-Isosyringin, structure, 74-76 
Isozyme expression 

manipulation by environmental 
treatments, 99,102/,103/,105 

physiological manipulation, 104/105 

Κ 

Kraft lignin, bacterial degradation, 529-543 

L 

Laccase 
activity determination, 473 

Laccase—Continued 
aromatic ring cleavage of phenolic β-ΟΑ 

model compounds, 493,497-498/ 
catalysis of side-chain cleavage of β·\ 

and β-Ο-4 model compounds, 487 
catalysis reactions, 482 
depolymerization of lignin, 426 
effect of antiserum on enzyme 

activity, 428,429/ 
production and isolation, 473 
production of antibodies, 428 
specificity of antibodies, 441 

Laccase antiserum, effect on enzyme 
activity, 428,429/ 

Left-handed helical cellulose microfibril 
bundled cellulose micro

image of submicrofibril, 286,287-288/ 
computer-generated optical diffraction 

patterns, 280-281 
effect of Tinopal, 281, 283-284/286 
evidence, 290,293,2% 
gel deposited during normal 

growth, 281,282/ 
material preparation, 279-280 
micrographs, 280 
submicrofibril model, 281,285/286 

Leucoanthocyanidin, structure, 562,563/ 
Lignification 

active induction as defense 
mechanism, 370-371 

causal factor in resistance, 373-375 
effect on defense mechanisms in 

plants, 348-349 
elicitation, 375-376,377/ 
evidence for participation in resistance 

reactions, 371-372 
modes of action as resistance 

mechanism, 371 
response to disease, 361 
wheat-stem rust system, 372 
See also Infection-induced lignification 

in wheat 
Lignification of fescue 

acetyl bromide lignin contents, 184,185/ 
differences from maize internode 

lignification, 189-190 
lignin monomer composition, 184,185/,186 
sulfuric acid lignin contents, 184,185/ 

Lignification of maize internodes 
acetyl bromide lignin contents, 186/ 
differences from fescue 

lignification, 189-190 
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Lignification of maize internodes—Continued 
G C chromatogram of thioacidolysis 

products, 187,188f 
monomeric composition of lignin in parietal 

residue, 186,187/,189 
monomeric composition of lignin in 

saponification residue, 186,1871,189 
sulfuric acid lignin contents, 186/ 

Lignification of tracheids 
densitometer traces of U V 

photonegatives, 54,55/ 
incorporation of tritiated 

phenylalanine, 54,55/56 
investigation methods, 49 
mechanism, 56 
transmission electron microscopy, 54 
types of lignin deposition 

processes, 49,54 
Lignification of young plant seedlings 

control experiments, 207 
effect of microgravity on lignin 

content, 212-213 
enzyme analysis, 208 
flight activities, 204,207 
flight hardware, 204,205-206/ 
lignin analysis, 207-208 
lignin content vs. gravity 

environment, 208,209-210/ 
lignin content vs. seedling type, 210/ 
peroxidase activity, 211/ 
phenylalanine ammonia-lyase activity, 211/ 
postflight activities, 207 
preflight activities, 204 
protein analysis, 208 
schematic representation of plant growth 

chambers, 204,206/ 
schematic representation of plant growth 

unit, 204,205/ 
Lignin 

analysis, 207-208 
analysis of structure and reactions by 

double-labeling technique, 151-158 
approaches for structure elucidation, 148 
biosynthesis with cell organelle, 63,64/ 
classification, 170 
constituent of cell wall, 2 
description, 77,503,519 
formation, 81,83,170,172 
mechanical barrier against pathogenic 

invasion, 370 
mechanisms of biodégradation, 519 
metabolism, 465 
problems with structure 

elucidation, 148-149,170 

Ijgnin—Continued 
roles in cell walls, 169 
specific labeling in plant tissue, 149 
structure, 77 

β-Ο-4 Lignin substructure model dimers 
degradation by lignin 

peroxidase, 504,506,507-51C/ 
degradation by white-rot fungi, 504,505/ 
derivation of methyl group of methyl 

oxalate, 506,508/* 
(0-O-4)-(/0-O-4) Lignin substructure model 

trimer, aromatic ring cleavage by lignin 
peroxidase, 506,511,512/" 

Lignin biodégradation 
cell disruption, 461 
cell growth, 461 

substituent, 458-459,460/ 
effect of metabolism of aromatic fragments 

on degradation, 458,461 
history of research, 454-455 
hypothetical scheme by ligninolytic 

cultures, 467,468/ 
metabolism of lignin, 465,467,468/469 
metabolism of monomeric lignin 

models, 464-465,466/ 
microbes, 482 
oxidation, 456 
oxidative process, 455 
partial purification of reductases, 461 
physiological and biochemical 

relationships with veratryl alcohol 
biosynthesis, 421-422 

problem with Ca-carbonyl compound 
formation, 467,469 

quinone reduction, 455,462,463/ 
quinone-hydroquinone formation, 456,458 
reductase activity measurement, 462 
reduction, 455-457 
reduction experiments, 461 
relative absorbance of culture 

supernatant, 462,463/ 
relative reduction rates, 462,464/ 
research on lignin peroxidases, 455 
role of oxidative enzymes, 477,480/ 
study approaches, 503 

Lignin biodegradation-veratryl alcohol 
biosynthesis, physiological and 
biochemical relationships, 421-422 

Lignin biosynthesis studies 
changes to macromolecules during 

delignification, 154,155/ 
degree of ring substitution, 151-154 
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Lignin biosynthesis studies—Continued 
dehydrogenase polymerization of 

monolignols, 155,156/,157 
factors influencing degree of 

substitution, 153,154* 
/?-hydroxyphenyl-guaiacyl type 

dehydrogenase polymer, 157/,158/ 
retention of methoxyl groups during 

formation, 154 
retention of propanoid side chains during 

formation, 153-154 
use of double-labeled guaiacyl lignin 

precursors, 151/ 
Lignin catabolism, enzymes, 472-473 
Lignin degradation 

biomimetic studies, 519-527 
mechanisms by lignin peroxidas

laccase of white-rot fungi, 482-50
reactions, 503 

Lignin formation 
phenylalanine ammonia-lyase activity 

required, 9-10 
polymerization of building units, 10-11 
reduction of building units, 10 
role of glucosides, 10 

Lignin formation in xylem cell walls, 
dehydrogenative polymerization, 
483,484/ 

Lignin model compounds, microbial 
calorimetric analysis, 554,556/ 

Lignin monomer polymerization, role of 
peroxidases, 193 

Lignin peroxidase 
aromatic ring cleavage of artificial 

lignin, 493,499,500/ 
aromatic ring cleavage of dehydrogenation 

polymer, 511,513,514-516/ 
aromatic ring cleavage of (0-O-4)-(0-O-4) 

lignin substructure model 
trimer, 506,511,512/ 

aromatic ring cleavage of nonphenolic 
0-O-4 lignin substructure model 
compounds and veratryl alcohol, 493 

catalysis of side-chain cleavage reactions 
of β-l and β-Ο-4 lignin model 
compounds, 483-489 

catalysis reactions, 482-483 
degradation of lignin, 426 
degradation of β-Ο-4 lignin substructure 

model dimers, 504,506-510/ 
diffusion, 448,450/ 
lignin catabolism, 472 
reactions, 455 
specificity of antibodies, 441 

Lignin precursors 
control of synthesis by phenylalanine 

ammonia-lyase, 8-9 
hydroxylation, 9 
methylation, 9-10 

Lignin structure in situ in vascular plant 
cell walls 

biosynthesis, 170-171 
incorporation of [l-1 3C]ferulic 

acid, 171,174/175 
incorporation of [2-13C]ferulic 

acid, 175,176/177 
incorporation of [3-13C]ferulic 

acid, 177,178/179 
solid-state 1 3 C NMR spectroscopy of intact 

plant tissue, 171,173 

role, 519 
synthesis, 519 

Ligninolytic enzyme, discovery, 454-455 
Lignocellulolysis 

growth of Trichoderma on ligno
cellulose, 609,611/ 

interactions between Clostridium and 
Trichoderma, 611,613/ 

interactions between microorganisms during 
cellulose degradation, 609,610/611 

schematic representation for degradation 
of cellulosic substrates by microbial 
consortium, 612,613/ 

Lignocellulose(s), effective and economic 
utilization, 608 

Lignocellulose-degrading enzymes, 
ultrastructural localization, 426 

Lignocellulosic materials, role of secondary 
metabolism in biodégradation, 412-423 

Linear terminal complexes 
development in selected green 

algae, 263,265-266/ 
elongated type, 263,266/ 
factors influencing movement in plasma 

membrane, 263 
localization, 271,274/275 
nascent type, 263,266/ 
time course of length, 263,265/ 

Lipid 
formation, 12 
transport to cell wall, 12 

Living wood, disease resistance, 355-358 

M 

Macromolecular lignin, 160-167 
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Maize in tern odes, lignification, 
186-187/,188/,189 

Major structural polymers of cell wall 
acidic polysaccharides, 34 
basic extensins, 34 
diagram of principal 

components, 34,35/,36 
microfibrillar cellulose, 34 
neutral hemicelluloses, 34 

Manganese peroxidase, lignin catabolism, 472 
Metabolism of xyloglucan 

degradation, 24,26-27 
deposition, 24,26/ 
structural function, 24 

O-Methylation, kinetics, 128 
4-O-Methylglucuronoxylan, enzymatic 

hydrolysis, 625 
O-Methyltransferases 

activity during lignin biosynthesis, 372 
properties, 126/,128 
purification, 126,127/ 
substrate specificity, 126,128 

Microautoradiography 
differentiating xylem, 162-165 
distribution of silver grains, 163,166/ 
experimental procedure, 161-162 

Microbial calorimetric analysis 
advantages, 545 
bacterial growth and adaptation, 545-546 
bacterial synthesis of enzymes, 545 
batch mixing, 546,547/548,549/ 
calibration of heat generation from 

o-cresol, 554,555/ 
concentration ranges, 545 
controlling factors, 551 
detectability of lignin- and 

cellulose-derived fragments, 545 
lignin model compounds, 554,556/ 
methods, 545,547/ 
microbial stripping, 545 
spectrophotometric analysis, 546 
standardization plots, 548,550/551 
stripping, 546 
stripping efficiency, 551,552/553/ 
stripping specificity, 551,552f,553 
use of Pseudomonas putida A T C C 

11172, 548,550/551 
Microbial degradation of ca tech in, 564 
Microbial degradation of condensed tannins 

562-564 
Microbial degradation of hydroryzable 

tannins, 560-561 
Microbial degradation of tannins, 

process, 559-564 

Microfibril orientation 
freeze-fracture replica, 274/275 
in aplanospore, 271,274/275 
microtubule-independent 

control, 271,274/275 
Microfibrillar cellulose, description, 34 
Mode of action of xylanases 

degradation products, 622 
sites, 622 

Molecular genetics, cellulose 
biosynthesis, 242-243 

Molecular model, cutin, 220,221/ 
Molecular weight of xyloglucan, influencing 

factors, 20 
Monocot(s), composition of cell wall, 18-19 
Monocot arabinoxylans, hydrolysis 

activity, 386,388/ 
structural features for activity, 389 
structure, 386,387/ 

^-Monolignols, biosynthesis, 170-171,172/ 
Z-Monolignols 

formation and role in beech bark, 74,77 
role in lignin formation, 83 
structures, 74-76 

Monolignols and monolignol glucosides 
formation and role in beech bark, 74,77 
proposed mechanism of monolignol transport 

into cell wall, 74,75/ 
structures, 74,76 

Monomeric aromatic compounds, aromatic ring 
cleavage by white-rot basidio-
mycetes, 513 

Monomeric lignin models, 
metabolism, 464-465,466/ 

Monomeric phenylpropanoids 
hydroxycinnamic acids, 69-74 
monolignols and monolignol 

glucosides, 74,75/76-77 
Multiple-substituted phenolic acid esters, 

biosynthesis, 115,116/ 
Mung bean hypocotyls 

composition of pectin fractions extracted 
from cell walls, 314,316/ 

factors influencing cell growth 
potential, 318-322 

growth gradient, 314,315/ 
growth measurements, 313 

Mycoparasitism 
antibiotic inhibition zone around 

Trichoderma species, 614 
enzyme activity induced in 

Trichoderma, 614,615/ 
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Mycoparasitism—Continued 
fractionation of extracellular protein 

fraction, 615 
occurrence, 614 
protein profiles from fungus grown on 

pathogen cell walls, 614—615 
role of exoenzymes of Trichoderma in 

biocontrol action against plant 
pathogenic fungi, 612 

selection of Trichoderma for biocontrol 
effectiveness, 615 

Trichoderma and Fusarium activities in 
natural substrate utilization, 
612,614 

Ν 

Necrotrophic fungi, prevention by ring of 
lignified cells at wound margins, 371 

Neutral hemicelluloses, description, 34 
Nitrogen recycling, with phenylalanine 

ammonia-lyase, 419 
Nonendospermic heteroxylans, extraction, 620 
Nonwoody perennial plants, defense 

responses, 353,355,357/ 

Oligogalacturonates, preparation, 325 
Oxidation in lignin biodégradation, radical 

cation mechanism, 456 
Oxidative coupling of phenolic side chains 

in cell wall, evidence of 
specificity, 42-44 

Oxidative enzymes from lignin-degrading 
fungus Pleurotus sajor-caju 

elution profile showing resolution of 
enzyme activity peaks, 474,476/ 

enzyme assays, 473-474 
enzyme production and isolation, 473 
enzyme properties, 474* 
relative oxidation rates of aromatic 

alcohols, 477,478/ 
relative oxidation rates of 

methoxyl-substituted benzyl 
alcohols, 477/ 

role in lignin biodégradation, 477,480/ 
time course of ligninolytic 

activity, 474,475/ 

Oxidative phenolic coupling in cell wall, 
consequences and requirements, 38 

Partially methylated flavonols, 128-134 
Pea xyloglucan, structure, 19,22/ 
Pectin(s) 

commercial uses, 301 
composition, 300 
control of primary cell wall 

extensibility, 312 
cross-linking mechanism in presence of 

calcium, 330/ 331 
description, 324 

effect of calcium content on molecular 
weight, 326, 328/, 331 

effect of calcium content on chemical 
structure, 324-331 

effect of carboxyl group distribution on 
calcium activity, 326 

effect of degree of esterification on 
calcium activity, 326 

effect of enzymes and pH on behavior, 324 
gel formation, 301 
hydrolysis products, 122-123 
methylation analysis, 301 
model of chemical structure of tobacco 

compound, 301,302/303 
model of helical portions of pectin 

chain, 303 
occurrence in tobacco lamina, 301 
occurrence of rhamnogalacturonans, 301-303 
role in cell growth, 300-301 
prediction of electrostatic 

properties, 325 
preparation, 325 
procedure for obtaining images of 

epidermal cell surfaces, 304 
role of degree of neutralization on 

calcium activity, 325-326,327/ 
role of degree of polymerization on 

calcium activity, 325-326,327/ 
structural characterization, 301 
structural roles, 324 
See also Citrus pectin, Tobacco pectin 

Pentagalloylglucose, formation from 
0-glucogallin, 113-117 

Perennial plant tissues 
constitutive structural defenses, 349-350 
structural defense mechanisms, 347-349 
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Periderms, definition, 349 
Peroxidase(s) 

activity determination, 208 
Peroxidase(s)—Continued 

activity in seedlings, 211* 
inhibition, 194-201 
reactions involving phenylpropanoids in 

plant cell walls, 80-83 
role in lignin monomer polymerization, 193 

pH, effect on dehydrogenative polymerization 
of monolignols, 156-157 

Phanerochaete chrysosporium, wood cell wall 
degradation, 443-452 

Phenolic acids 
activity, 386,388/ 
amounts released from graminaceous cell 

walls by treatment with NaOH
relationships with 

biodegradability, 140,142 
structure of compounds released from 

graminaceous cell walls by NaOH 
treatment, 138,139/ 

Phenolic aldehydes 
amounts released from graminaceous cell 

walls by treatment with NaOH, 138* 
covalent linkage to cell wall 

polysaccharides, 140 
relationships with 

biodegradability, 140,142 
structure of compounds released from 

graminaceous cell walls by NaOH 
treatment, 138,139/ 

Phenolic cross-linking in cell walls 
biological effectiveness, 33-34 
specificity of reactions, 38-42 

Phenylalanine ammonia-lyase 
activity determination, 208 
activity during lignin 

biosynthesis, 372-373 
activity in seedlings, 211* 
activity in white-rot fungus, 418* 
control of lignin precursor synthesis, 8-9 
induction of activity of growth factors, 9 
inhibition by aminooxyacetic acid, 374 
inhibition by (l-amino-2-phenylethyl)-

phosphonic acid, 372 
nitrogen recycling, 419 
role in phenylalanine conversion to 

secondary metabolites, 412-413,414/ 
L-Phenylalanine biosynthesis, 

alternative enzymatic 
routing, 96,97-98/99 

Phenylalanine—cinnamate pathway 
biochemical significance, 418-419 

Phenylalanine-cinnamate pathway— 
Continued 

comparison in brown-rot and white-rot 
fungi, 413-418 

Phenylpropanoid(s), reactions in plant cell 
walls, 79-85 

Phenylpropanoid biosynthesis, relationship 
with enzyme changes, 89 

Phenylpropanoid(s) in plant cell walls 
classification, 69-78 
function, 68 
metabolism, 68—85 

Phenylpyruvate route, phenylalanine 
biosynthesis, 96,97/99 

Photochemical coupling, phenylpropanoids, 79 
Photochemical reactions of phenylpropanoids 

photochemical coupling, 79 
?\ant—Agrobacterium tumefaciens 

interactions, signal compounds, 384 
Plant cell wall(s) 

components, 137 
factors influencing biodegradability, 137 
presence of phenolic side chains, 33 
principal structure components, 203 

Plant cell wall constituents, importance in 
understanding relationship with wall 
biodégradation, 137 

Plant polyesters, solid-state NMR studies of 
molecular structure and 
dynamics, 214-228 

Plastidic chorismate mutase, inhibition, 91 
Pleurotus sajor-caju, properties, 473 
Poly B-411 

decolorization, 526/527 
electrochemical oxidation, 525,526/ 
structure, 520 
use as lignin model, 525 

Porygalacturonic acid 
preparation, 325 
suppression of elicitor-induced 

lignification response in wheat 
leaves, 376 

Polymeric phenylpropanoids, occurrence in 
plant cell wall, 77 

Polymethylated flavonoids 
detoxification of reactive hydroxyl 

groups, 123 
distribution in plant kingdom, 123 
pathway for enzymatic synthesis, 124,125/ 

Polysaccharides 
binding protein and enzyme complex, 7-8 
biosynthesis with organelle, 57,60,61-62/* 
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Polysaccharides—Continued 
composition in cell wall, 2-3 
control of synthesis and deposition, 2-8 
deposition, 48-53 
deposition of wall polysaccharides, 8 
glucomannan synthesis, 4,6/,7 
influence of side branch incorporation on 

main chain synthesis, 3 
meristematic cell, 4,5/ 
role of synthases, 3 
secondary wall from bean cells, 4,5/ 
synthesis, 3-4,5/ 

Prephenate aminotransferase, activity, 95-96 
Primary cell wall 

assembly of xyloglucan—microfibril 
framework, 36,37/38 

consequences and requirement
phenolic coupling, 38 

major structural polymers, 34,35/36 
requirement for growth, 38 

Primary cell walls of growing tissues in 
higher plants, composition, 18 

Protein (s) 
analysis, 208 
binding to enzymes for polysaccharide 

synthesis, 7—8 
examples in cell wall, 11-12 

Protohemin 
biomimetic catalysis of lignins, 520 
structure, 520-521 

Protolignin 
factors influencing properties, 160-161 
selective labeling of specific structural 

unit, 149-150 
specific labeling, 150 

Protolignin structure determination 
administration of precursor, 161-162 
biogenesis in woody 

angiosperms, 162-165 
biogenesis in woody gymnosperms, 163 
causes of heterogeneity, 166,168 
preparation of microautoradiogram, 162 
radioactive precursors for 

microautoradiography, 161 
schematic representation of cell wall 

component deposition, 166,167/ 
selectivity of labeling, 162 

Q 

Quinone(s) 
reduction, 462,463/ 
relative reduction rates, 462,464/ 

Quinone-hydroquinone formation, lignin 
biodégradation, 456,458 

Quinone reduction, step in lignin 
biodégradation, 455 

R 

Reduction in lignin biodégradation 
scheme, 455-456 
structures, 456-457 

Resistance reactions, evidence for 
participation of lignification, 371-372 

Rhizobiaceae 
for microbial pathogen, 383 
initial interaction with plants, 383 

wall polymers, 333-343 
isolation of cell walls from 

different parts, 334 
Ruminant digestibility of plant material, 

chemical treatments, 182-183 

S 

Salts from tobacco plants, 
oxidation, 194,195/ 

Secondary metabolites 
production by brown-rot fungus, 413,416/ 
role in biodégradation of lignocellulosic 

materials, 412 
Shikimate dehydrogenase, activity, 96 
Shikimate route, phenylalanine 

biosyntheses, 96,98/99 
Side-chain cleavage reactions of lignin 

model compounds 
catalyzed by laccase, 487,490-492 
catalyzed by lignin peroxidase, 483,485-489 

Solid-state 1 3 C NMR spectroscopy of 
intact plant tissue 

incorporation of [l-1 3C]ferulic 
acid, 171,174/175 

incorporation of [2-13C]ferulic 
acid, 175,176/177 

incorporation of [3-13C]ferulic 
acid, 177,178/179 

lignin structure analysis, 171,173 
Specific fusion efficiency, 

2'-0-glucosyltransferase, 129/ 
Specific labeling, protolignin, 150 
Specificities of xylanases 

action on heteroxylans, 625-626 
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Specificities of xylanases—Continued 
determination, 625 

Specificity in oxidative coupling of 
phenolic side chains in cell wall 

orientation of coupling in protein-bound 
tyrosine residues, 42,43 

role of isoperoxidase, 44 
role of neighboring polysaccharide 

molecules in orientation 
determination, 44 

role of pH, 44 
Specificity of phenolic cross-linking 

reactions in cell wall 
background, 38 
evidence for intracellular feruloylation 

reactions, 39,40/,41 
possible extracellular feruloylation

41-42 
siting of ferulic acid in wall 

polysaccharides, 39 
Spin-relaxation times 

cutin, 217,220* 
suberin, 226,227* 

Streptomyces 
action on lignocellulose, 529 
denaturation of stationary-phase 

extracellular enzymes, 534* 
Stripping, procedure, 546 
Stripping efficiency, microbial calorimetric 

analysis, 551,552/,553* 
Stripping specificity, microbial 

calorimetric analysis, 551,552/,553 
Structural defense mechanisms in plants 

effect of cell wall alterations, 348-349 
induced defenses, 348 

Structural function, xyloglucan, 24 
Structure, xyloglucan, 19-20,22/ 
Structure-activity relationships, virulence-

inducing phenolics, 389-390 
Suberin s 

carbon types, 223,226* 
CPMAS spectra for suberized cell 

walls, 223,225/ 
cross-polarization dynamics, 227-228 
description, 77 
features of molecular structure, 227 
formation, 81,83,170,172 
function, 68 
role, 169,214 
schematic representation, 214,215/ 
spin-relaxation time, 226,227* 
structure, 77 

Substrate specificity, O-methyl-
transferases, 126,128 

Subunit identification studies, 
(l,3)-0-glucan synthase, 248-255 

Sulfuric acid lignin, contents in 
fescue, 184,185* 

Synergism, cellulolytic 
enzymes, 582,583/584 

Synthases, role in polysaccharide synthesis 
in cell wall, 3-4,5/ 

Synthesis of polysaccharides, role of 
synthases, 3-4,5/ 

Synthetic iron meio-tetraphenylporphyrin 
biomimetic catalysis of lignins, 519-520 
structure, 519,521 

£-Syringin, structure, 74-76 

Tannase 
degradation of gallic acid, 561-562 
degradation of gallotannins, 560—561 
microbial degradation of hydrolyzable 

tannins, 560,561*,562 
Tannins 

classifications, 559 
current investigations, 564-565 
description, 559 
inhibition of microorganisms, 560 
microbial degradation of condensed 

tannins, 562,563/564 
microbial degradation of hydrolyzable 

tannins, 560,561*,562 
structure, 559,563/ 

Terminal complex(es) 
consolidation of linear terminal 

complexes, 235 
consolidation of rosette/globule terminal 

complexes, 235 
definition, 257 
discoveries from freeze-fracture 

studies, 257 
evolutionary significance of 

types, 257-258 
evolutionary trend from algae to higher 

plants, 258,262-263,264/ 
examples, 233 
factors controlling orientation, 258 
fixed vs. mobile sites of cellulose 

biosynthesis, 234 
in Acetobacter xylinum, 233-234 
linear, See Linear terminal complexes 
location in green algae, 258,262* 
plasma membrane insertion, 236 
role in cellulose synthesis, 233 

In Plant Cell Wall Polymers; Lewis, N., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



674 PLANT C E L L WALL POLYMERS 

Terminal complex hypothesis, 
description, 232-233 

Thermostable xylanases, preparation from 
various sources, 645,648/ 

Tobacco pectin 
gel formation, 303-304 
micrographs of gel, 307,308/ 
preparation, 303 
samples for noncutinized lower epidermal 

cell surfaces, 304,305-306/307 
See also Pectin(s) 

Tobacco primary cell wall 
bundled cellulose micro

fibrils, 290,294-295/ 
sample preparation, 279-280 

Tracheids, lignification, 49,54,55/56 
Transformation efficiency, effec

acetosyringone, 385 
Transmission electron microscopy (TEM) 

localization of proteins and molecules 
with tissue sections, 427-441 

structural characterization and 
visualization of pectin, 303-310 

tracheid lignification, 54 
Trichoderma, environmental potential, 616 
Trichoderma exocellular enzyme system, 

environmental potential, 606-616 
Trichoderma reesei 

cellulases, 595 
production of xylanase and 

/?-xylosidase, 631 
xylanolytic enzyme system, 631-638 

Trichoderma species 
enzymes involved in cellulolytic 

pathway, 608-609 
ligninolytic activity, 609 
lignocellulorysis, 609-613 
mycoparasitism, 612,614-616 
use as biological control of agents of 

plant diseases, 609 
xylanolytic activity, 609 

1,3,6-Trigalloylglucose, 
structure, 559,563/ 

Triple-stranded left-handed helical 
cellulose microfibril 

bundled cellulose microfibrils of tobacco 
leaves, 290,294-295/ 

model with three left-handed helical 
submicrofibrils, 290,292/* 

negatively stained microfibril, 286,289/ 
self-assembly of microfibril on cell 

exterior, 290,291/ 
Tyrosine, structure, 42,43/ 

U 

Ultrastructural localization of 
lignocellulose-degrading enzymes 

antibody production, 428 
detection of cross-reactive 

material, 429,434/ 
effect of immunoglobulin G on 

labeling, 429,433/ 
effect of laccase antisera on 

labeling, 436,440/ 
effect of plant phytochrome antisera on 

labeling, 436,439/* 
growth of Coriolus versicolor on wood, 426 
immunogold labeling, 427-428 
labeling in decayed beech 

heartwood, 436,438/ 
labeling on hyphal wall, 429,435/436 
laccase labeling site for beech 

heartwood, 429,432-433/ 
laccase labeling site for malt 

agar, 429,430-431/ 
location within cell wall and mucilage of 

hyphae of Coriolus 
versicolor, 436,441 

organism, 426 
T E M , 428 

V 

Valonia ventricosa, immunofluorescence 
micrographs of 
microtubules, 271,272-273/ 

Vegetable tannins, classifications, 108 
Veratraldehyde 

product of lignin peroxidase catalyzed 
oxidation of veratryl alcohol, 464-465 

relative reduction rates, 462,464/ 
Veratryl alcohol 

oxidation in aqueous solution vs. pH, 520 
oxidation procedure, 520 
oxidation yields, 522/ 
structure, 71,73 

Veratryl alcohol biosynthesis, physiological 
and biochemical relationships with 
lignin biodégradation, 421-422 

Veratryl alcohol metabolism, 
scheme, 465,466/ 

Veratryl alcohol oxidases 
activity determination, 473-474 
enzyme properties, 474/ 
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Veratryl alcohol oxidation, 
products, 458,460/ 

Veratryl alcohol synthesis-lignin 
degradation in white-rot fungi 

aromatic ring and Ca-Cfi bond 
cleavage, 419,420/421 

hydrogen peroxide generating system, 421 
Vesicle fusion at membrane surface, factors 

influencing control, 8 
vir gene expression, examination, 385-386 
vir inducers, isolation, 394-395 
vir induction assay, description, 395-3% 
vir A gene product, location, 385 
Virulence genes, role in tumorogenesis, 384 
Virulence-inducing phenolics detected by 

Agrobacterium tumefaciens 
activity, 387,388/ 
bacterial strains, 394 
chemical specificity, 383 
GC, 3% 
induction assay, 395-3% 
isolation of limited host range 

inducers, 394-395 
limitations of host range, 390 
limited host range signal 

compounds, 390-391 
plant materials, 394 
structural features required for 

activity, 389 
structure-activity relationships, 383 
structure of epicatechin-

gallate, 392,393/ 
structures, 386,387/ 
wide host range signal compounds, 391 

W 

Wall polysaccharides, deposition, 8 
Water, constituent of cell wall, 2 
Wheat, model for recognition of 

fungi, 365,366/367-368 
Wheat germ agglutinin, receptor for chitin 

oligomers, 365 
Wheat-stem rust system 

effect of radioactive phenolic 
precursors, 373 

fungal growth inhibition, 373 
hypothetical scheme of events leading to 

race-cultivar specific resistance or 
susceptibility, 376,377/ 

lignification, 372-373 
White-rot basidiomycetes 

aromatic ring cleavage, 513 

White-rot basidiomycetes—Continued 
identification of aromatic ring 

cleavage products of lignin 
substructure models, 503-504 

White-rot fungi 
correlation between veratryl alcohol 

synthesis and lignin degradation, 419 
degradation of β-Ο-4 lignin substructure 

model dimers, 504,505/ 
phenylalanine ammonia-lyase activity, 418* 
phenylalanine-cinnamate 

pathway, 416,417/418 
role in biodégradation of woody 

materials, 472 
Wood cell wall degradation by Phanerochaete 

chrysosporium 

peroxidases, 445 
patterns, 427 
types, 443,444/ 

Woody perennials, importance of disease 
resistance, 346-347 

X 

Xylan, occurrence, 630 
Xylanase(s) 

approaches for production, 641-642 
areas of application, 642 
bioconversion of wastes, 642 
biodégradation of heteroxylans, 626—627 
enzymatic hydrolysis, 625 
isolation from Bacillus species, 623 
isolation from Clostridium 

acetobutylicum, 622-623 
isolation from Cryptococcus albidus, 623 
isolation from fungi, 624-625 
isolation from Streptomyces, 623-624 
major expense in application, 641 
occurrence in microorganisms, 630-631 
production in organisms, 641 
properties, 632* 
removal of hemicellulose from pulps and 

plant fibers, 642 
specificities, 625-626 

Xylanase enzymes 
examples of purification to 

homogeneity, 649 
heat inactivation profile, 649,650/651 

Xylanase production by cloned systems, 643-644 
Xylanase production by fungi, 644—645,647* 
Xylanase production by yeasts, 642-643 
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Xylanase purification, focus on 
application, 648-649,650/,651 

Xylanolytic enzyme(s), 630 
Xylanolytic enzyme system of Trichoderma 

reesei 
analyses, 632 
enzyme purification, 631 
enzymes activity assays, 631 
hydrolysis experiments, 631 
hydrolysis of arabinoxylan, 632,634* 
hydrolysis of high molecular weight 

fraction of steamed xylan, 636,637* 
hydrolysis of xylo oligomers, 634,636* 
hydrolysis products, 634,635/ 
properties, 632* 
protein fractionation, 632,633/ 
source of enzymes, 631 
tentative hydrolysis 

mechanism, 636-637,638/ 
Xylem, cell wall alterations as 

defense, 356,358 
Xylo oligomers, hydrolysis, 634,636* 
Xyloglucan 

degradation, 24,26-27 
deposition, 24,26* 
elution profile, 21,22/ 
factors influencing molecular weight, 20 
hydrogen bonding, 23 
hydrolysis, 19-20 
localization in cell walls, 23-24,25/ 
metabolism, 24-27 
occurrence in dicot cell walls, 18 
occurrence in monocot cell walls, 18-19 
solubility, 23 

Xyloglucan—Continued 
structural function, 24 
structure, 19,22/ 
synthesis by Golgi membranes, 20 
synthesis of glucose-xylose backbone, 20 

Xyloglucan backbone 
additions, 21,23,25/ 
biosynthesis, 20-21,22/ 
incorporation of fucose, 21,23,25/ 

Xyloglucan-microfibril framework, assembly 
to cell wall, 36,37/38 

Xyloglucan subunits as oligosaccharins 
effect on endo-l,4-/?-glucanase 

activity, 29 
growth-inhibitory action, 28* 
regulatory effects of plant 

enhancement of hydrolysis of heteroxylans 
by xylanases, 627 

hydrolysis of 0-1,4 linkages, 630 
0-Xylosidase(s)—Continued 

occurrence in microorganisms, 630-631 
properties, 632/" 

Yeast, xylanase production, 642—643 
Yeast extract, effect on acid-precipitable 

polymeric lignin production, 530,532/ 
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