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ABSTRACT 

A s tudy o f  t he compos ition of the primary cell  wal l  o f  P inus 

radi ata has been undertaken . 

1 .  Preliminary work with hypocotyl tis sue showed that 

hemice l luloses  o f  hypocotyl con s i s te d  of  a xylan 

( probab ly ( 4 -0-methylglucurono ) xylan ) and a xyloglucan . 

Ac i dic sugars examined , showed that galac turonic acid was 

the mai n  componen t , and that 4 -0-MeGlcA was pre sent . 

2 .  Cel l wal l s  were prepared from callus t i s sue e i the r by 

wet s ieving in 8 0 %  ethanol ( Batch l) or by disruption i n  

a French Pres sure ce l l  and washing with aqueou s  potas s ium 

p ho sphate bu ffer ; ( Batch 2 ) . 

Each batch was submi tted to a series of  extrac tions with 

d i f feren t  reagents in order to inve s tigate the mode o f  

bonding o f  polyme r s  within the wal l s .  The polys accharide 

and prote in components of each fraction were s tudied by 

mono sacchar ide and amino acid analy s i s . 

Fractions o f  Batch 1 we re a s s ayed for l ignin and se lec ted 

fractions from both batche s we re studied by me thylation 

ana lys i s . 

3 .  The re s ults  of  inve s t igations led to the fol lowing ma j o r  

c on c lu s ion s . The non-ce llulosic components recognised 

i n  the wal l preparations we re : 

a )  A ( l+ 3 ) - l inked galactan and an arabino - 3 , 6 - galac tan 

which were largely extrac table from the ce l l  wal l s  

by hot water and may b e  only loosely bound i n  the 

cel l wal l . 

b )  The pectic components consi sting o f ;  

i ) pectin , a galacturonate polyme r containing a 

l inear {1+ 4 ) -galac turonan back bone interspersed 

with branched rhamnose re s idue s, 

i i ) branched ( 1+ 5 ) -arabinan and 

i i i )  l inear ( 1+ 4 ) -galactan , 
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which occurred toge the r in cell  wal l  f ractions and 

were not a l l  extrac te d  by c l a s s ical extrac tants ( such 

as hot aqueous EDTA ) , some be ing t ightly bound in  the 

cellulo s i c  res idue a fter a lkali  extraction . 

c )  A fucogalactoxylog lucan some o f  which was extrac ted by 

water or EDTA , but the ma j or i ty was extracted by 

subsequent treatment with e i ther alkali or in part by 

a strong chaotrop ic reagent ( 6 M GTC ) . Thus the 

fucogalactoxylogluc an was probably bound in the cell  

wa ll by  s trong hydrogen bonding . Some other bonding 

may be invo lved in  the GTC-re s i stant frac tion� 

d )  A branched xylan wh i ch was removed by GTC and alkal i ,  

the larger level be ing removed by GTC . 

e )  A galactoglucomannan , identi fied only by 4 - l inked 

manno se re s idue s in  hot water extrac t s  and s trong 

alkal i fractions . 

f )  Hydroxypro l ine -conta ining prote in whi c h  was extrac ted 

from the cell  wal l  by a varie ty of  reagents but 

hydroxypro l ine-rich prote in remains t i ghly bound after 

alkali extract ion . 

g )  Lignin which was tentative ly identified i n  the cell  

wal l . I t  appeared l ike ly that cro s s - l ink ing wi th 

lignin would be re s pons ible for the non-extractabi l i ty 

of  some polysaccharides and prote in from the wa l l s . A 

mild aci d  chlori te treatment fol lowed by a lkal i 

extraction removed mo s t  o f  the re s i dual pectic 

components, xylan and protein from the wal l s . 

A bas i s  has been laid for the further inve s ti gation o f  the 

wal l  struc ture and i solation of polysaccharide s .  
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CHAPTER 1 

I NTRODUCT I ON 

1.1 PLANT CELL WALLSJ MERIT FOR STUDY 

1. 

The p lant ce l l  wa l l  is  re garded a s  a growing , cons tantly 

changi ng , c ompos i te materia l ,  c ons i s ti ng of a di spers ed pha s e  

of microfibri l s , wi thin a c omplex continuous matrix o f  

es s entially po lymeric material . I n  h igher plants, ce l lulose 

exi s t s  as e lementary fibri ls vi s ib le wi th nega tive s taining , 

s everal  microns in leng th and approximate ly 3 5A0 i n  diameter , 

which from X-ray cry s t a l  lattice dimens ions should correspond 

to a re latively sma l l  number o f  g luco s e  chains in an associated 

arrangement , not c learly e lucidated ( l ) . 

The c e l l  wa l l  imposes shape on the pro toplas t and de termi nes 

expans ion of  the ce l l , yet knowle dge of the s truc ture and 

mo lecu lar mechanism beh ind thi s  func tion is limited ( 2 ,  3 ) . 

Tho ugh the unders tanding of  the mo lecular nature of  matrix 

polys accharides has progressed , organi s a tion and func tion o f  

constituents i n  the 3-Dimens iona l s truc ture i s  uncertain ( 1 ,  2 ,  

3 ,  4, 5 ) , and investigations o f  bonding betwee n wa l l  ligni n ,  

pro tein and polysaccharides i s  g rowing i n  importance ( 2 ,  6 ,  7 ) . 

Eluc idati on o f  the s truc ture of  the primary ce l l  wa l l  i n  

par ticu lar , remains a central ly impor tant s tep towards under­

s ta nding elongation , cessa tion of e longation and di f ferentiation 

of the ce l l . Knowledge concerni ng the mechanism of the auxi n  

induced respons e ,  the nature o f  the bonds undergoi ng chang e , 

and po lymers invo lved in " s tre tching " must enhance an under­

s ta nding of  growth and development proces ses . Hence the 

primary p lant ce ll  wal l  has bee n , a nd i s  s ti l l , the ob j ec t  o f  

extens ive degradative s tudy ( 2 ,  6 ,  8, 5 6 , 6 4 , 6 7 ) . 

Secondly , wa l l  po lysaccharide c ompo s i tion is  important 

economica l ly in as ses s ing nutr i t ive va lue of  various forage 

cro ps , towards unders tanding ripening of  frui ts , and chemical  

indus trial u ses , such as pulping for paper produc tion . 



2. 

Interce llular adhe s ion , a funct ion of the primary wa l l  

import ant in the pu lp ing proce s s , h as been studied by 

Kibb l ewh ite et  al (168, 169). Much is  known of  wood and b ark 

polys a ccharides ( mainly thos e of  gymnosperms and some woody 

angiosperms)  , yet re lat ive ly noth ing on gymnosperm pr imary 

ce ll walls . 

The p roce s s  of d i f ferenti ation of  c a l lus tissue i s  important 

in the fore st industry , s ince the parenchymatous t i s s ue can 

be used to study the changes that occur , in wood formation 

from the cambium ,  in mature tree s . Trache id length and wood 

quality i s  dependent on the growth and cessation of e longation 

of the pr imary cells  o f  the camb ium . Therefore the pr imary 

wal l s tructure , the po lymers , and po lymer cros s - l inking wh i ch 

may a ffect growth and e longat ion , are important in pr oviding 

a bas i s  for improving wood qua l i ty through environment a l  and 

hormone regulat ion . The turnover of s ugars in active ly 

growing need le s and shoots i s  als o important in govern ing 

growth . This cannot be ful ly unders tood unti l  the po ly­

s acch ar ide s of the pr imary wall and their turnover h ave also 

been we ll characteri sed . 

Alber she im (9) has s urveyed the pr incipal features of  pr imary 

ce l l  wal ls , exp laining how ce l lulose f ibres may be l inked to 

each other by low mo lecu lar weight matrix hemice l lu lo s i c  

polys acchar ide s .  I n  th i s  way ce l lulose fibres may b e  

indirectly linked together b y  cova lent and non-covalent bonds 

( probab ly hydrogen bond s )  resulting in a rigid network . H i s  

recent model (8, 9) though wide ly accepted for the pr imary 

wa l l  is di sputed by some workers (2, 3 ) . 

An a l ternat ive view expressed by Ree s  and Wight ( 4 3 ) , and 

Knee ( 4 5 ) , is that " non- covalent bonds are cruci al to the 

overall s trength and texture , because the wal ls can in principle 

be comp lete ly di sper sed wi thout breaking cova lent bonds " .  

Add it ional compounds s uch as pentose -bound ferulic  acid , may 

also be pre sent ( 1 1 )  as  we l l  as proteins (12) and many act ive 

enz yme s capab le of metab o l i s ing ce l l  wa ll constituen ts (13). 



1.2 WALL ONTOGENY 

3. 

Early e lectron microscope s tudi es s howed (26) that ,  in  

metaphase of  ce l l  divi s ion , par ts o f  the endoplasmic re ti culum 

penetrate the m i totic spindle of  t he equa tor producing a mesh 

of tubules  and ves icle s , fus ing in te lophase to produce the 

phragmop las t , and g iving rise  to the ini tial  cell  plate . Thi s  

grows l a tera l ly via a prol i fera tion o f  tubules and ves i c le s  a t  

the edges and e s tab lishes the p lane of  ce l l  div i s ion . Thus the 

p lane of  divi s io n ,  synthes is of mater i a l  and i ts trans port to 

the ce l l  plate is associ ated wi th the endoplasmic re ticulum 

sys tem . It  i s  thought that par t o f  the ce l l  plate ma terials 

and even some of  the ce l l  wa l l  sub s tance s are e i ther trans ported 

in and/or formed by the membranes and ves ic le s  of the endo­

plasmic reticulum and go lg i apparatus .  

The middle lame l la cou ld resul t  through ce l l  p late modi f ication , 

via addi tion o f  mater ial during deve lopment . The two p lasma­

lemmas of the ce l l  plate are formed pos s ibly from the 

membr ane of go lg i  ves i c les which i s  s imi lar to tha t  of the 

plasma lemma . Fulcher et al (172) found evidence for the 

trans ient forma tion of c a l lose , a B- ( 1+3 ) g lucan , as s ociated with 

the early s tag es of cel l  wa ll forma tion and cytoki ne s i s . 

After cel l plate fo rma tion the primary cell  wa l l  i s  formed 

duri ng s urface area increments , a nd sub s equently the s econdary 

wa l l ,  during which the cell  wa l l  thickens . 

1.3 CELL WALL CONSTITUENTS 

The maj or c l a s s ical ce l l  wa ll fractions have been described 

by Pres ton (65) as fol lows : -

a)  The Pectic subs tances , extrac ted by boi ling water and 

ho t ammonium oxalate . 

b )  Hernice l lu loses , extrac ted u s u a l ly b y  4 N  KOH , a t  room 

tempe ratu re . 

c )  C e l lulos e ,  re s idual after Pec tin and Hemi ce l lulose 

extrac tion and often extrac ted wi th 72% su lphuri c  acid . 



d)  Prote i n , o f ten removed with po lysaccharide frac tions . 

e )  L igni n ,  removed by acid-chlori te treatment . 

Cellulos e ,  pec tic s ubs tances , hemice l luloses and protein 

cons ti tute the ma j or structura l components of the primary 

cell  wa l l . S ec ondary ce l l  wa lls  have increas ed leve ls o f  

ce l lulos e together wi th hemi ce l lulose and lignin . 

4 . 

I t  i s  appropria te to discuss  po lys accharides more spe c i fica l ly 

related to the pr imary wa l l  s ince thi s  work i s  conce rned wi th 

a s tudy of  the primary wa l l . Mos t ,  i f  no t al l ,  primary ce l l  

wa l ls s tudied c ontain  pec ti c  po lysaccharides and have 

s igni ficant levels o f  uronosyl res idues . Dif ferences have 

been found betwee n the h emicellulos e present however . 

Determination o f  po lysaccharide s  a s sociated j us t  with the 

primary wa l l  h ave been hampe red by the ab i l i ty to ob tain 

preparations free from s econdary c e l l  wa l l  contamina tion . 

Neverthe le s s  much work has been done to s tudy the primary wal l  

particularly by Albersh eim (8, 9, 10), Monro and Bai ley (2, 
132, 133), Labavi tch and Ray (19, 20), Northco te (26, 27, 41, 

130, 131), W i lk i e  (57, 66), Jos e leau (173), S e lvendran (68), 

Stone (59, 60, 63), Ree s et  al  (43), Siddiqui and Wood (48), 

Simson and Tim e l l  (141, 144, 153, 166), and Ma l lard e t  a l  

(154, 155). Much o f  thi s  has bee n done with hypocotyl and 

endos pe rm tis s ue , which is essent i a l ly primary wa l led . 

Advances i n  c a l lus and suspension cul ture technology have 

enab led a sys tema ti c i nves tigation of  primary wa l ls of the 

dicots , toma to , Red Kidney bean , soybean , and'sycamore (53), 

and a l l  have b ee n  found to be s im i lar in po lys accharide 

compos i tion . Ros e  c a l lu s  has a l s o  bee n  inve s tigated by 

Ma l lard and Barnoud (154, 155). Also the primary t i s sues of 

the monoco ts wheat , r ice , oats , s ugar cane and brome gras s 

ce l l s , have been cul tured in  suspens ion from e i ther the roo t , 

embryo or internode ti s s ues , and the i r  wall hemi ce l luloses 

surveyed (54) • 



5 . 

1 . 3 . 1 C e l lulose 

Microfibrils are a constant feature of a l l  wa l l s  of green 

plants and in  nearly a l l  s pe cies the microfibri ls cons i s t  of -

ce l lulo s e , long chains o f  B- ( 1�4 ) - l i nk ed gluco s e  res idues , 

with a degree of po lymer i s ation of about 14 0 0 0  in s econdary 

wal l s  and 2 0 0 0�6 0 0 0  in primary wal l s  ( 2 0 2 ) . Wi thin the 

cel lobio s e  uni ts o f  the individua l chains there are intra­

mo lecular hydrog en bonds whi ch sugges t that the ce llobio s e  

uni ts mu s t  have a bent con forma tion a long the chain . I nter­

mo lecular hydrogen bonds help hold the chai ns together ( 2 7 ) , 

bu t there i s  s t i l l  di scu s s ion ( 3 ) on whether the chains are 

para l le l  or antipara l le l ,  the arrang ement af fecting the 

hydrogen bonding s equence , and there fore the mechanical 

proper ties . The s urface of  the crys ta l l i te i s  c losely covered 

by OH groups , hence compa tib le wa l l  polysaccharides can bond 

s trongly to the cry s ta l l i te by hydrogen bonds . 

1 . 3 . 2  Hemice l lulos e s  

Hemice l lulose re fers t o  a broad group of  he teroglycan 

po lymers , so named because of  their c lose as soc iation wi th 

ce l lu los e and bec aus e th ey were once thought to be ce l lu lose 

precursors . They have been isol ated mainly from ma ture 

ti s s ues , but also in later years from many pr imary wa l ls . As 

matrix polys acchar ides they were though t to p lay a par t i n  

bonding and growth of  the wa l l . Wi l k ie cons iders poly­

s accharides are bes t described by u s i ng chemical terms 

relating to their main s tructural features ( 6 6 ) , but i n  so  

far as hemice llulose re fers to a total  i solated fraction i t  

enab les comparis ons to b e  made betwee n s imi lar ly ob tai ned 

po lysaccharides from various di fferent sources . Hemice l lu lo s e s  

of  the s econdary wa l l  have bee n divided into two broad g roups : 

the g lucomannans and the xy lans . ( Northcote 2 7 , Time l l  4 9 , SO, 
Bai ley 5 1 ,  As pina l l  52). Those of  pr imary walls may b e  

xy log luc ans o r  mixed linked glucans , accordi ng to source , 

often with a xylan as we l l . 



�-

Vari a ti ons on b a s i c  s tructure render i t  va luab le to discuss 

particular hemice l lulos e type s individual ly . 

a )  Gluco- and galactoglucomannans usua l ly form the bulk o f  the 

h emice l lulose  fractions of gymnosperm woods and h igh leve l s  

a r e  a lso found i n  s eeds . They occur in c lo s e  assoc iati on 

wi th ce l lu lo s e  in c oni ferous woods , and to a les ser extent 

in some hardwoods . They cons i s t  of chains o f  randomly 

arranged D-glucose and D-mannose res idues l i nked B - ( 1�4 ) 

i n  the main chain . I n  gymnosperms , glucomannans can be 

d ivided into two groups according to solub i l i ty .  

Galac toglucomannans onc e isolated , tend to be  soluble i n  

water ( 2 7 ) ; D-galac to se/gluco se/manno se ratio is  commonly 

abou t 1 : 1 : 3 .  The molecules are sma l l , u s ua l ly with a 

Degree of  Polymeri s a tion ( D . P ) of about l O O , and are 

probab ly 0-acetyla ted at C - 2 , and C- 3 ,  of the main chain 

mannose res idues . 

The g lucomannans tend to be insolub l e  1 n  water and i f  

res i s tant to weak a lkaline extrac tion they can be 

extrac ted with alkal i-borate solution ( 2 7 ) , and 

sub s equently frac t ionated with Ba ( OH )
2

. When prepared 

from gymnosperms , they alway s conta in some D-galactose 
j o ined to the mai n  chain as  a- ( 1+ 6 ) - l inked terminal units . 
The manno s e/glucose  ra tio is  approx imately 3 : 1  and the 

D . P  is usually grea ter than 2 0 0 ; acetyla tion may occur 

at C - 2  or C - 3  of mannos e .  Glucomannans occur to about 

3 - 5 %  of the total c e l l  wa l l  material  in angio sperms . 

Their general s truc ture i s  indicated in F igure 1 . 1 .  

b )  Xy lans are laid down throughout the growth o f  the wa l l  

and form the bulk o f  the hemice l lulose frac tion ( alka l i  

so luble po lysaccharides ) o f  mature tissue s  i n  angiosperm s . 

The general s truc ture of  xylans i s  that o f  a mai n· cha in o f  

D-xylopyranose j o i ned b y  S- ( 1+4 ) link s . Xylans have a 

D . P .  of  about 1 5 0 - 2 0 0 . Attached to these  chains are 

L-arab ino furanose , D-glucuronic ac id , or i ts 4 - 0-methyl 

ether , D-galacto s e  and po ssibly D-g luco s e . L- arab i no syl 

uni ts  are genera l l y  furanosyl , ( 1�3 ) - l inked to the xylan , 



I l 
� 4 ) -13-D-Xyl p -(1 

Figure 1. 2 

:1 
40Me-0(.-0-Glc. p A I L -Ara f . �3 

Basic structure of a representative Arabino-(4-0-methylglucurono)xylan. 
Time ll (50) 

0-Galp . 0-Gal p 11 . 11 
--? 4)-13-D-MJn p -(1---?4)-13-D-& 1c p -(1 f 4) -13-D -MJn p -(1}

n 

4)-13-D-Gic p -(1 -7 4)-{l-D - Jan p -(1-7 

Figure � -. 1 Basic structure of a Galacto glucomannan from gymnosper ms. 
Time ll (50) -...J . 
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wh i le uronic acid res idues may be l inked through ( 1+2 ) , 

( 1+ 3 ) , or ( 1+4 ) l inks to the main chain . The ( 1+ 2 )  

l inkage i s  the usual  form . The gra s s e s  ( monocotyledons ) 

h ave large amounts of  xylans , a -L-arab i nofurano s e  i s  

u sually l i nk ed ( 1+ 3 )  to xylo se , whi le the 4 - 0-methyl-D­

g lucuronic acid is l inked through the 2-po s i tions ( 5 2 ) . 

The cereal gum arab inoxylans can have s ingl e  s ide chain 

uni ts  usua l l y  through po sition 3 ,  but other xylose res idues 

have doub l e  branc h  po ints . Arab ino- ( 4 -0-me thylg lucurono ) 

xylans are a l so pres ent in the cell  wal l s  o f  gymno sperms 

but in smal ler amounts than the xylans o f  angiosperms . 

They have the same bas ic s truc ture a s  tha t  of  the mono­

cotyledon xylans ( 3 0 ,  5 2 ) . The Xyl/Ara ratio i s  approx­

ima tely 7 : 1  to 1 2 : 1  and the xylo s e/uroni c ac id ratio i s  

approxima te ly 5 : 1  t o  6 : 1 ( 2 7 ) . Arab i no- ( 4 -0-methyl­

g lucurono ) xylans of  gymnosperms are not cons idered to be 

acety l ated in vivo in  contra s t  to the ace ty l a ted 

( 4 -0-methylg lucurono ) xylans of woody dicotyledons ( 4 9 , 

5 0 , 1 2 4 ) . The general s truc ture of  xylans i s  indicated 

i n  Figure 1 . 2 .  

Ar ab inoxy l ans . Methylation data on alk a l i  extracted 

frac tions from cul tured ryegras s endo sperm ( Lo l ium multi­

florum ) ce l l  wal l s , indica te the pres ence o f  ( 1+4 ) - l inked 

xylans w i th mo s t  of the arab inosyl res idu e s  appearing to 

be termina l , but the methylation data i ndicates that mo re 

compl ex he tero or homo oligo saccharide sub s ti tuents may 

a l so be present ( 5 9 ) . Xylans sub s ti tuted w i th arab ino­

furanosyl res idues and oligo sacchar ides compos ed of 

ga lac tose , arab inose , xy lose , g lucuronic acid and its 

4 -0 -methyl ether are character i s tica l ly found in cel l 

wa l l s  o f  s tem ,  leaf , roo t ,  and husk s of  monocots ( 5 7 ,  5 8 )  

and i n  the suspension cultured cel l s  s tudied , derived 

from vega tive monocotyledon tis sues ( 5 4 ) . Commonly , 

he teroxyl ans from the Grami neae have low proportions of  

L- arab ino furanosyl residues on C-3  pos i tions , and e i ther 

4 - 0-methy lglucuronic acid or glucuronic ac id , or both on 

C - 2 pos i t ions . More complex s ide chains s uch as : 

Ga lE - ( 1+4 ) -D-Xyl£ - ( 1+2 ) -L-Araf - l+C - 3  of  xylo s e  in the 
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main chain are pos s ib le ( 5 8 )  as in  the galactoarab inoxy lan 

s tudi ed by Wi lkie et al ( 5 8 ) . 

Glucuronoar ab inoxy lans were a maj or component found by 

Ray in oat ( Aven a s ativa)  coleopt i le ce ll walls , and the 

GlcA was thought to be l inked to C - 2  of  xy los e in .a 

S - ( 1+ 4 )  xylan b ackbone ( 19 ,  2 0 ) . Non-star chy 

polys acchar ide s from monocoty ledon endosperm , other than 

ryegrass are a l s o  rich in heteroxy lans . ( Mare s and S tone -

wheat , ref . 6 0 , F incher - bar ley , ref . 6 1  and other s  

mentioned i n  ref . 5 9 ) . The arab inos e/xy los e rat i o  i s  

var iab le and ur onic  acids repres ent us ually on ly a minor 

proportion . Glucuronoarab inoxy lans have also been 

demons trated in d i coty ledon pr imary ce ll  walls . The 

xyl an of sycamore ( 1 7 1 )  has a l inear S - ( 1+ 4 ) - linked 

D-xylopyranos y l  b ackbone with neutral and acidic s ide 

chains attached at interval s  a long its length . The 

acidic s ide chains are terminated with glucuronosy l or 

4 -0-methy lg lucuronosy l  res idue s , and the neutral s ide 

chains are composed of arab ino s y l  and/or xy los y l  res idue s . 

c )  Xy log lucans are maj or hemicel lulos es of  d icot pr imary 

ce l l  walls ( 8 ,  4 6 ) , and they are s tructur a l ly s im i lar to 

the so cal led seed " amyloid s "  ( der iving their name from 

the fact th at they form co loured comp lexes with r
2 a s  

doe s amy lose ) ,  Aspina l l  ( 5 5 ) . The s tructure con s i s t s  

bas ical ly of a cel lu los e - l ike S - ( 1+ 4 ) - linked g lucan b ack­

bone with frequent xy losy l  s ide chains attached t o  C - 6 of  

backbone g lucosy l  residue s and in  add ition fur ther 

sub s t ituent s  may be linked to the 2 pos ition of  the 

xy lose res idue s . The ir general structure i s  as shown in 

Figure 1 . 3 .  Fucogalac toxy log lucans have been extracted 

from po lyga lacturonase-treated sycamore ce l l  wal ls  ( 8 ) by 

8M urea , and ana logous s tructures have been found in  the 

extracel lular polys acchar ide s s e creted by suspen s ion­

cultured sycamore c e l l  walls . More recently they h ave 

been demons trated a l s o  in P inus rad i ata pr imary wa l l s  by 

J . W .  Little ( 1 4 5 ) . As we ll  as the fucogal actoxy log luc ans 

obs erved ( 8 ,  4 8 ) , galactoxy log lucans have been obs e rved 
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i n  dicot s eeds and i n  gymnosperms ( 4 8 ,  5 4 , 1 3 8 ) , and a l so 

an arab inoxylog lucan i n  Nicotiana leaves ( 2 0 1 ) . I n  rape­

s eed , both galac toxy loglucans and fucoga lac toxylog lucans 

appear to be pres ent ( 4 8 )  . Alber sheim ( 4 6 ) has found tha t  

xylog lucans wi l l  b ind to cellulose a t  neutral pH and has 

sugges ted that they may bind to the micro f ibr i l s , having 

a role in  e longati on growth . Valent and Albersheim have 

s ince dispu ted thi s  ( 1 7 4 ) . 

d)  Mixed l inked glucan s . Glucans containing varying 

proportions of B- ( 1+ 3 ) , and B- (1+ 4 ) - l inks have been 

observed in  primary wal l s  of several plant s , predominantly 

monocotyl edons , and are thought to be important 

s tructural matrix components . Burke et  a l  ( 5 4 )  observed 

B - ( 1+ 3 ) ; B - ( 1+4 ) -D-glucans in ryegrass ( Lo l ium perenne ) 

endo sperm c e l l  wal l preparations but not in  wal l s  from 

cul tures o f  f ive other monocotyledon vege tative t i s s ue s , 

( Bromegras s , sugar c ane , rice , oat , and wheat ) , and they 

sugge sted a nutri t ive rather than a structural role for 

these pol y saccharide s .  However , studies by Ande rson and 

S tone ( 5 9 )  on ryegras s , as we l l  as by Forre s t  and Wain­

wr ight ( 6 2 )  and Fincher ( 6 1 )  on barley s ugge s t  the 

presence of covalent interactions be tween B-glucans and 

othe r wal l  polymers , in the se monocots . F incher found 

the glucan in both the water and alkal i- s o luble frac tions 

o f  barley endosperm c e l l  wal l s  a s  did Anderson and S tone 

( 5 9 ) , yet a portion of the mixed- l inked g lucan of the 

wal l  i s  readily  extractable with 8M urea indicating an 

absence of covalent a s sociation wi th othe r ce l l  wal l  

polymers . Forres t  and Wainwright ( 6 2 )  showed that the 

barley endo sperm B -g l ucan exis ted in three forms , one hot 

water- soluble , another hot wate r- insolub l e  but alkali­

so luble , and a thi rd , insoluble in both , but which could 

be solub i l i sed by proteo lytic enzyme s s uch as the rmolysin 

or by hydraz inolys i s , thus confirming that some o f  the 

B -g lucan i s  of true ce l l  wal l  origin . This  a l so reinforces 

the involvement of  protein in the organ i sation of ce l l  wal l  

polymer s .  B - ( 1+ 3 ) , B - ( 1+4 ) -glucans are m i s s ing from the 

wal l s  of suspens ion cultured gymno sperm - ( Douglas  fir ) 

ce l l s  ( 5 4) .  
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1 . 3 . 3  Arab inogalactans 

Type I I  of Aspinall ( 4 2 ) . Though once tentative ly des ignated 

as " pectic"  po lys accharide s ( 4 2 )  these are now more common ly 

cons idered as a s epar ate group . Type I I  arab inogalactan s , 

as d i s t inct from the pectic Type I l inear S- ( 1+ 4 ) -ga lactan , 

are ch ar acterised by ( 1+ 3 )  and ( 1+ 6 ) - l inked S -D-galactopyr anos e 

un its  containing terminal L-arab inofuranose and some times 

D-g lucuronic acid residues ( 4 2 ,  4 8 ) . They are mos t  common in 

coni ferous wood s , particular ly larches ( 4 9 ,  5 0 )  where they are 

present in the lumen of tracheids and r ay ce lls , rather than 

as a true wal l component . There i s  no evidence for the 

ex i s tence of 3 , 6 - l inked arab inogalactans in monocotyledonous 

wheat and ryegras s endosperm ce l l  w a l l s , i solated in 7 0 %  

aqueous ethano l ( 5 9 - 6 3 )  - although they are present i n  the 

i s olat ion and pur i ficat ion fi ltrate ( 6 3 ) . This sugge s ts 

that e i ther they do not form part of  the wal l ,  or they read i ly 

d i s s ociate from it . Ga lactose , i f  present in some monocot 

pr imary walls , could be as sociated more with the maj or 

hemice l lulos e  arab inoxy lan component ( 5 4 ) , though the 3 - ,  6 - , 

and 3 , 6 - l inked galactosy l  res idue s pre sent in monocoty ledon 

wal ls s urveyed by Albershe im ' s  gr oup ( 5 4 ) , would sugge s t  that 

ar abinogalactans are the types of  polymers that may be found 

in monocoty ledonous primary walls . Minor amounts of term inal , 

3 - and 3 , 6 - linked g a lactos e and minor amounts of terminal , 3 -

and 2 , 5 - linked arabinose i n  the polygalacturonas e-re leased 

fraction from cultured sycamore ce l l  w a l ls ( 4 7 )  were 

sugge s ted to be due to a sma l l  amount of the Type I I  

ar ab inogalactan . Albersheim , who found a very s imi lar 

extra-cel lular polys acchar ide in the ce l l  suspens ion with a 

l ink to hydroxyproline protein , sugges ted that a 3 , 6 - l inked 

arab inoga lactan , though a minor polys acch ar ide , could b e  a 

l ink between pectic polymers and prote in in the wa l l . This  

l ink f eatures in his  or ig inal mode l for d i coty ledon pr imary 

wa lls  ( see Section 1 . 4 ) . The arabinoga lactan prote ins 

secreted by ce l l  s uspen s i on culture s have s ince been s hown 

to be c lear ly d i fferent from the ce l l  wal l hydroxyproline -

r i ch protein , with different amino a c i d  compos ition and 

d i f ferent g lycopeptide l inkage ; Gal-Hyp in the 
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arab inogalactan prote ins and Ara-Hyp in the ce l l  wal l protein 

( 5 ) . These arab inogalactan prote ins are widespread in p lants , 

but do not appear to b e  cell wall  con s t ituents . Mos t  o f  the 

Type I I  arab inoga lactans may be arabinoga lactan proteins ( 5 ) . .  

Wh i l e  polyuronide and associated galactan and ar ab in an require 

higher temperature , chelation and/or s tronger alka l i  condit ions 

for extract ion , 3 , 6 -ga lactans by virtue of  the ir so lub i l ity in 

water are mos t ly on ly tentat ive ly identi f ied as true ce l l  wall 

components . 

1 . 3 . 4 Pect i c  S ubs tances 

This i s  a group des ignat ion for comp lex colloidal s ub s tances , 

contain ing polyuron ic acids , and for po lys acch arides 

as sociated and removed with uronic  acid- containing po ly­

sacchar ide s . C la s s i c al ly , pectic  s ub s t ances are those 

removed with boi l ing water ( through S - e l iminat ion of  uronic 

acid res idue s (1 4 3 ) ) ,  hot 7 0 °C EDTA ( 4 2 )  or  ammonium oxa l ate 

( 4 3 ) . Pec t i c  polys acchar ides of h igher p lant s  are a d i s t inct 

component of  middle lamella and primary ce ll wall region ,  formed 

when the act i ve period of ce ll en largement oc cur s  ( re f . 7 7 , 

p .  2 0 5 , 2 2 5 ) . Wh i le the ir metabo lism may be rel ated to 

growth of the c e l l  wal l , plas t i city cannot be s o le ly 

exp lained by pectin metabol ism , wh i ch has a speci f i c  role in 

new wall deve lopmen t . Pectic poly s acchar ides h ave been 

divided into three polymer types ( 8 ,  2 7 , 4 2 ) . 

a) Acidic galacturonans and rharnnogalacturonans ,  are maj or 

cons ti tuents of pectic sub s t an ce s , cons i s t ing of chains 

of (1+ 4 ) -a-D-galacturonopyr anosy l  un i ts , in wh ich 

L-rharnnopyranosy l  un its occur linked as shown in  F igure 

1 . 4  in interior chains ( 8 ,  2 7 ) . Typical ly rharnno­

galacturonans have the structure shown in F igure 1 . 4 ,  

( 3 ,  42 ) but vari ations of th i s  bas i c  s tructure may exi s t  

a s  shown i n  F igure 1 . 5  ( 2 7 ) . The branch ing at rhamnose 

i s  of  fairly norma l occurrence ; branching at GalA is 

less frequently encountered . A var i ab le number of 

carboxy l groups are e s teri f ied as methy l e s ter s , up to 

approximately 7 0 %  depending on the source and method of  
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extraction of  the pectin ( 4 2 ) . Pure rhamnogalacturonan s 

seldom occur and main chains may have s ide chains 

containing L- fuco s e , D-xylose , and D-galactose . 

D-glucuronic acid i s  some time s pre sent in the po ly­

s accharide and is found attached to 8 - ( 1+4 ) - l ink s to 

· fuco se and by 8 - ( 1+6 ) -l inks to galactose where it  may 

te rminate some o f  the s ide chains ( 2 7 ) . 

According to Ree s  and Wight ( 4 3 ) , the interaction of  

unbranched galac turonan chains should provide a strong 

cohe s ive force within the ce l l  wa l l s . Gal ac turonans with 

low rhamnose content and l i ttle branch ing have been 

characteri sed from mature t i s sue s such as rape seed hul l  

( 1 9 8 ) , a s  we l l  a s  from active ly growing cel l s  from a 

sycamore cell -suspens ion cul ture ( 8 ) . Pec tins o f  mus tard 

cotyledon s ( 4 3 )  and o the r t i s sue s  with poten tial for rapi d  

en largement such a s  Pollen ( P inus mugo)  and soybe an 

cotyledons ( 4 3 )  have galacturonan backbone s so interrupted 

wi th rhamno se re s idue s , and branched on the GalA re sidues 

a s  wel l  a s  rhamno s e  res idue s that scope for packing and 

cohe s ion i s  minimal ( 4 3 ) . The se pol y saccharide s would 

have a lubricating function which might be nece s s ary for 

s l ippage o f  s truc tural elements within the wal l  or between 

wal l s . Deta i led s tudie s of  pectic acid and pectic 

arabinan of wh ite mustard seed before and during 

germination ( 2 1 3 )  showed that a simi larity exi s ted be tween 

the arabinan and neutral portion o f  the pectic acid . 

There we re complex change s in the arab inan during 

germination , rel ated to change s in  wal l  propert ies . 

Re sults sugge sted that the arabinan and pectic acid may 

have some metabol i c  re lation to each o ther . The arabinan 

in  the se s tudies wa s shown no t to be a 8 - e l imination 

product of pectin ( 2 0 3 ) . S toddart and Northcote ( 4 4 )  

found two distinc t type s o f  pectic  aci d  in sycamore , one 

which contained_large blocks of arab inose and galacto se , 

and the work indicated that the b lock s are related to a 

separate neutral pectic arabinan-galac tan frac tion . 
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The l evel of 2 - l i nked rhamnose i n  po lyga lacturonic acid 

chains i s  higher in e longating t i s sues ( 4 3 )  , c au s ing 

" k inki ng " and a break away from ordered chain 

con formations . Side chains , " k inking " and de- e s ter i f icat­

ion in  e longating tissue could prevent format ion o f  

microcry s tal l i te pec tic gels  ( 4 3 ) , b y  disal lowing align­

ment of po lyuronide chains where the tertiary s truc tures 

may provide cohes ion and s trength wi thin the wal l . 

b )  Neutra l Arab i nans , ar e h ighly branched polymers of  

L-arab inose l inked a- ( 1+3 ) and a- ( 1+5 ) . The arab inan 

found in Pi nus by Roud ier and Eberhard ( 14 0 )  wa s 

predominantly 5 - l inked with branching pr inc ipa l ly at 

C-3  but a l so at C- 2 .  S ide branches were both s i ngle 

res idues and Ara- ( 1+3 ) -Ara+ , disaccharide s . A s imilar 

arab inan was obs erved in the wal l s  of ph loem o f  Scots 

Pine by Fu and Timell ( 1 3 7 ) . Thus these arab inans 

res emb le the typical dicot pec tic arabinans such as  r apes eed 

arab inan ( 2 0 4 ) . S imi lar polysaccharides may be cova l ently 

linked to other pec tic subs tanc es and may be liberated 

during i solat ion by 8 - e l imination of pecti n , but an 

arab i nan from whi te mus tard cotyledons was eviden tly no t 

a produc t of  s uch a degradation ( 2 0 3 ) . The rol e  of 

arab inans in s eeds and plant cel l wa lls is no t known with 

certainty , but supposedly i s  related to cohes ion and 

bonding ( 2 7 ,  4 2  , 5 3 ) . 

c )  Galac tans Type I .  (Aspina l l  1 9 7 3 ,  4 2 ) . Ga lac tans and 

arab inoga lac tans that are often found as sociated with 

pec tic materi a l  cons i s t  of a bas i c  framework of 
8- ( 1+4 ) - l i nked D-galac topyrano syl res idues ( 4 2 ,  4 7 ) . 

Simi lar po lysacchar ides have been found i n  the compre s s ion 

wood cell wa l l s  of coni f er s , for example the 8 - ( 1+4 ) ­

galac tan i solated from the compre s s ion wood o f  Red Spruce 

( 1 3 8 ) , which h ad a branch point only approxima te ly once 

every 50 galac tose res i dues . 
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1 . 3 . 5  Cal los e and Lar icinan 

Cal los e : a linear B - ( 1�3 ) - D- glucan . In gymno s perms and 

angiosperrns i t  f i l l s  the s ieve pores of non func tioning or 

dead s i eve c e l l s  of  tree barks ( 1 7 6 ) . The B- ( 1�3 ) -glucan can 

be i s o l ated from the ph loem . It can be i sola ted from the 
wa l l  by chlor i te extrac tion and puri fied from s tarch by 

treatment wi th a-amylase , and i ts insolub i l i ty in ho t wa ter 

( 1 7 6 ) . A c losely s imi lar po lysacchar ide s truc turally has 

been i solated from compre s s ion wood of s everal conifers ( 1 7 5 ) . 

The g lucan , " Laricinan " ,  ( named because o f  i ts i solation from 

Larix laric ina ) , consi s ts of a minimum o f  2 0 0  B-D-glucos e 

res idues , mo s t  of which are joined by B - ( 1 �3 ) g lucos idic 

bond s , with only approximately 6 - 7 %  by ( 1�4 ) l i nkages . A 

sma l l  numb er of  glucuroni c and ga lac turonic acid res idues 

are pre s ent as for callos e . 

1 . 3 . 6  Compari son of Monocotyledon and D i cotyl edon Primary 

Wa l l s  - Po lysac charides 

Like dicots , monocot primary wa l l s  have c e llulose  in an 

amorphous matrix , however the mo st no ticeab le dif ferenc e i s  

tha t arabinoxylans are the pr inc ipal components in monoco ts , 

replacing the ma jor hemicellulos ic xyloglucan in dicots . 

However arab i noxylans have been found i n  dicot primary wa l l s  

i n  lower l eve l s  than t he xyloglucan and vice ver sa ( 5 6 , 1 7 7 ) 

As in sycamore , monoco t wal l s  contain a variety of  po s s ib le 

pol ymers conta ining arabinose and galac to s e  or both and i t  is 

not known wh ether these  are s imi lar to sycamore . They a l so 

contain urono syl and rharnnosyl residues sugges ting that 

pec tic po lymers are an integra l part of both type s  of wa l l .  

1 . 3 . 7  Pro te in 

The g lycopro tein of  the wal l  contains hydroxypro l ine . Only 

traces of  thi s  amino acid are found in th e cytoplasm ( 2 7 ) . 

It  s eems probab le that the glycopro tein i s  attached in some 

way to wal l  po lysaccharides , and is of s truc tural s ignif icance 

to the wa l l  ( 3 ,  2 8 ) , yet there is no complete agreement 
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concerning the s truc ture of the linkag e  region in the 

g lycoprotein , the polysaccharides to whi ch the g lycopro tei n  

i s  bound o r  whether one o r  more di s ti nc t  proteins exi s t s  ( 3 ) . 

L amport ' s  suggestion tha t the hydroxypro l ine res idues carry 

arab inose s ide chains  of known length whi l e  the s erine 

c arries ga lac tose ( 2 8 ,  29 ) has tended to stand ( 3 ) , but the 

l inkage to polysaccharide s through the ga lac tose-serine ( 5 ,  

8 ,  9 ,  2 9 ) h as never been demons trated . The name " extens i n "  

was used to imp ly invo lvement i n  elongation growth . 

Extens in is  though t to be functiona l ly disti nc t  from the 

water soluble arabinogalac tan-protein s . A pos s ib l e  s tructure 

of  cel l wal l  glycopro tein segment is g i ven in Figure 1 . 6  

taken from C larke e t  al  ( 5 ) . 

S e lvendran and eo-workers ( 3 2 ,  3 3 )  demons trated the presence 

of  s imilar glycoproteins in Phaseolus cocc ineus wa l l  

prepara tions , and g lycoproteins rich i n  hydroxypro line , 

arab inose and galac t0 s e  have a l so been found to be  ma j or c e l l  

w a l l  components o f  the green alga Chlamydomona s reinhardtii ( 5 ) 

and are present in wa l l  preparations o f  other green algae 

( 3 4 , 3 5 ) . S e lvendran also found a hydroxypro l ine �' poor"  

pro tein frac tion as soc iated wi th the hemicellulose  "A"  

frac tion , which was no t extrac ted with acid- chlor i te as i s  

the hydroxyproline -rich frac tion ( 3 2 ,  3 3 ,  6 7 ) . The arab i no­

ga lac tan-protein secre ted by cells  grown in suspension 

culture and found to be  wi despread i n  plant tis s ues i s  a l s o  

a hydroxyproline-pro tein , but appear s t o  b e  no t norma l ly a 

cel l wal l  component , ( 5 ) . 

1 . 3 . 8  Lignin 

L ignin is a three dimensiona l polymer formed by random 

oxidative coupling o f  phenylpropane derivatives b iosynthes i s ed 

from pheny la lanine . The phenylpropane units are linked i n  

the po lymer b y  C-0-C and c - c  bonds . I n  softwood s mos t  

phenylpropane uni ts have a methoxyl group p lu s  a phenolic  

oxygen . Lignin is  e s sentially a charac teristic of  secondarily 

thickened wa l ls , penetrating the wa l l  from the outs ide 

( primary wa ll and middle lamella ) , i nwards at an early s tag� 

• 
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of s econdary thi ckening ( 2 7 ) . As a hydrophob ic f i l ler i t  

encrus ts the m icrofibri l s  and matrix polysaccharides s o  the 

wa l l  may become thi cker . In  addition, covalent bonds may 

fo rm, cros s - l inking polys accharides and l igni n ( 2 7 )  

( evidenced by the i so la tion of  l ignin carbohydrate complexes ) 

and pos s ibly wa l l  protein and l ignin . Lau e t  a l  ( 3 6 )  found 

in developing P inu s e l l io tti hypocotyls, tha t  l ignin formation 

commenced only a f ter ces s a tion of ce l l  wal l e longation . How­

ever, there i s  evidence sugges ting that even i n  e s s enti a l ly 

primary wa l led tis sue sma l l  l ignins or l ignin precur sors can 

exi s t, which wi l l  form s trong l inkages to carbohydra te, ( 6 ,  

3 7 , 3 8 )  and the i r  role i s  further implied in regulating 

growth by Fry ( 3 9 ) . Whi tmore has a l so found evidence ( 7 )  tha t  

a n  ear ly s tage of  l igni f ic ati on may be cros s - l inking of  pro tein 

of the primary wal l, dur i ng po lymeri sation of l ignin monomer s .  

In ma ture softwood, lignin  reaches about the s ame content as 

cellulose, but it is only about one half to two th irds thi s  

level i n  hardwoods ( 1 3 0 ) . 

1 . 3 . 9 Tannins 

Condensed tannins ( proanthocyanidins or flava lones ) form in 

ce ll vacuo les, depo s i ting towards the outside of the vacuo le 

near the ce l l  wa l l  ( 17 8 ) i n  P inus e l l ioti i . Being insolub le 

in aqu eou s so lvents, tannins may often be inc luded in c e l l  

wa l l  preparations . Their effec tive removal f rom a prote in­

tannin complex i s  describ ed by Jones and Mangan ( 4 0 )  by 

so lub i l i s ation w i th polye thylerie glycol . 

1 . 3 . 1 0 The Gymnospe rm Primary Wa ll - Po lysaccharides 

Though mu ch information is ava i lab le on isola tio n and s tructure 

of po lysacchar ides from xy lem and phloem of gymnos perms, it i s  

almos t complete ly lack ing o n  polysacchs o r  polysaccharide 

frac tions o f  the pr imary wall . Early work by Mei er ( 1 6 7 ) on 

the dis tribution of po lys acchar ides in wood f ibres showed 

that in young f ibres (middle lamel l a  and primary wa l l )  o f  

Birch, Spruce and P ine, there were h igh proportions o f  

pectic acid, arabinan and galactan, and cellulose content was 
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lowes t in  thes e  wal ls . The glucomannan content was higher in  

secondari ly thickened wa l l s  a s  was the glucuronorab inoxylan , 

and there appeared to be no arab inan in  the s econdary wa l l s  

of spruce a nd pine . Thornber and Northcote ( 1 3 0 , 1 3 1 )  found · 

the pine camb ium conta ined large amounts of pe c tic sub s tanc es 

( uronic anhydride , galac ta n ,  arab inan) . Glucans , mannans , and 

xyl ans were ess entia l ly features of secondar i ly thickened wal l s . 

The small increase in galactans and arabinans may have b een 

due to forma tion of ga lac toglucomannans and arab inoga lac tans . 

Mei er and Wilkie ( 14 8 )  summar i s ed the s tructu res of  polys ac­

charides of pine and other coni ferous woods and es timated the 

propor tions of  these in the middle lame lla and primary wal l  

regions . I n  these ear ly s tudi e s  the polysacch arides pres ent 

were inferred from the sugar compos i tions of the cell wa l l  

reg ions . Numerou s pr imary c e l l  wa ll polysacch s o f  gymnos pe rm s  

have been charac ter ised a t  l ea s t par tia lly from wood and or 

bark . 

General procedu res for isol ation of polysaccharides from 

wood and bark have bee n  discus s ed by Timell ( 4 9 , 50 , 1 2 8 ,  

1 2 9 ) , by extrac tion of  the ho loce l lu los e after chlor i te 

tre atment success ively with water , ammonium oxa late , and 

alk a l i  and wi th alkali -Bo;- . Po lys acchar ides are ob tai ned 

by frac ti onation and puri f ication of the extracts , and the 

final res idue contains cellu lo s e .  Examples of the type s o f  

po lys accharides that may be assoc iated with the primary wa l l  

i n  gymnosperms are demonstrated by the arabi nans found by 

Timel l  ( 1 37 ) and Roudier and Eb erhard ( 1 4 0 ) , xylans such as 

arabino- ( 4 -0-methylg lucurono ) xy l ans ( 1 2 5 ) , galactans , ( 1 2 7 , 

1 3 8 , 1 3 9 ) and pec tic acid ( 54 ) . Pinu s  arabinans are composed 

of ( 1+5 ) - l inked a-L-arabinofuranos e  res idues many o f  which 

are branched at C- 3 ,  a nd some at C- 2 and C - 3 . The xylans , 

contain backbones of  ( 1+4 ) - l inked xylose res idues , ( 4 9 , SO, 
1 2 5 )  wi th branching at C - 2  and C � 3 .  In  gymnos perms the 

predominant xylan i s  the arab ino- ( 4 -0-me thylglucurono ) xy l a n ,  

( i solated from both wood and bark ( SO, 1 2 5 ) ) . To the ma i n  

ch ain are attached term ina l s ide chains of  ( 1 +2 ) - l i nked 4 - 0-

me thy lg lucuronic acid , and ( 1+3 ) - l inked L- arabinofuranose 

un i ts . The uronic acid/arabinos e/xylose ratio varie s , but it  
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is  usual ly round 1 : 1 : 6 .  

Gymno sperm galac tans ch arac ter i s tica l ly have backbones o f  

B- ( 1+4 ) - l inked galac to s e  residues . The exampl e  i n  Red Spruce 

compression wood , ( 1 3 8 )  has  a framework of approx ima tely 3 0 0  

( 1+4 ) - B-D-ga lactose res idues , wi th 5 to 8 branches occurring 

per average mo lecu l e . The s l igh t ly ac idic galactan from 

compres sion wood of Tamarack ( 1 3 9 ) , i s  s l igh tly branched a t  

C- 6 , by a termi na l galacturonic acid . The ma in c h a i n  has 

20 0 - 3 0 0  ( 1+ 4 ) - l inked B -D-galac to se res idues , and a branch 

occurs only about every 20 ga l ac tose uni ts ( 1 39 ) . 

The only o ther galac tans occurr i ng in wood of gymnos perms i n  

larg e  quanti ties are the arab inoga lac tans , di scus s ed in 

Section 1 . 3 . 3 .  Th ese are highly branched , H 20-so lub l e  and no t 

cons idered to b e  integra l po lymers o f  the .wa l l . 

A s tudy by Albersheim ( 5 4 )  wi th s uspension cul tured Doug l as ­

fir cel l s , s howed th es e to b e  rich in ce llulos e ,  pro tein and 

uronic acid c ompared to monocot primary c e l l  wa l l s  and 

re la tive ly deficient in non ce l lu losic sugars . A pre-

dominance o f  5 - l inked and the occurrence of 3 , 5 - and 2 , 3 , 5 - l inked 

arab ino s e  indicated a h igh ly b ranched arabinan to b e  present . 

Hydroxyproline was found in h igher leve ls than for monocots , 

but lower than in dicots and the absence of 2 - l i nked 

arab i no se l ed to the conc lusion that hydroxypro l ine arab ino­

sides i f  pres ent mu st be  s truc tural ly different to arab i no-

sides elsewhere ( 8 ,  2 8 ,  2 9 , 3 1 ) . The pres enc e of 4 , 6 - l i nked 

glucosy l , terminal and 2 - l inked xylosyl and termina l 

galac tosyl res idues were though t to indicate the pres enc e o f  

a ga lac toxylog lucan , some thing l ike tha t  of sycamore b u t  wi th 

many xy losyl res idues sub s t i tu ted at C - 2  with galactose 

res idues , many of  these which should be termina l .  Galac to­

xyloglucans have been found in compres s ion wood ( 1 3 8 )  wi th a 

Xy l�aVGlc ratio of  4/l/5  resemb ling amy loids . Methyla tion 

da ta was no t obtai ned on th e sugar linkages . The f i r s t  

ev idence in gymno sperms was tenta tive , ( 2 0 0 )  b u t  they have 

been demons tra ted fairly conc lus ively by Rama lingham and 

Time l l ,  wno found a galactoxylog lucan in bark ( 1 8 3 )  and 
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Schreuder et al  ( 1 3 8 )  who ob served a galactoxy log lucan a l s o  

in compre s s ion wood o f  Red Spruce . A galac toxyloglucan from 

Spruce b ark ( 1 8 3 )  whose Ga l/G lc/Xy l ratio was 1/4/3 , was 

branched at C-6 of  some of the 8- ( 1�4 ) - l i nked g luco se res i du e s . 

Mos t  xylose res idues were a lso 8- ( 1�4 ) - l inked and the ma j o r i ty 

of  the galac tose occurred as  non- reduc ing end groups . Thi s  

seems to dif fer from the xylog lucan found by Albersheim and 

the xy loglucan parti ally charac ter i s ed by J . W .  Li ttle ( 1 4 5 )  

from P i nus radiata hypocotyl, i n  the mode o f  l inkage between 

xy lose res idues . The xy log lucan obs erved by J . W .  Li ttle 

carries  termina l fucosyl a ttached to C-2 galactose wh ich is 

attached to C- 2 of  xylose res idues . Much of the xylo se 

exi s ts as s ing le s ide branches at C - 6  of  gluco s e . Fucos e  

does no t appear to b e  pres ent i n  the other xylog lucans 

mentioned above . 

1 . 4  WALL MODELS 

The mo s t  recent comprehens ive mode l o f  primary cell  wa l l s  has  

been that of  Albersheim ( 6 4 )  who obtained fairly prec i s e  c e l l  

wa l l  fragments by using purified hydrolytic enzymes , then 

methylating these  frac tions to deduc e th eir po lysaccharide 

compos i tion . From the overlap of certain po lymer type s i n  

dif ferent fragments the struc tural  arrangement of  po lysac­

char ides was in ferred . Pronase diges tion of wal ls pretreated 

succe s s ive ly w i th endopolygalac turonas e- endog lucanas e ,  

released a frac tion richer in sugar than i f  the pretreatment 

had no t been used . The pro te in of  the fraction was 1 2 %  

Hydroxyproline and the carbohydr a te compos i tion was s imi lar 

to both the neu tral sugar rich pec tic fragments released by 

endopo lygalac turonas e, and the pec tic fragments in the acidic 

endog lucanase produc t .  The frac tion of pronas e  products 

cons is ted predominantly o f  pec tic fragments ,  and resu l ts 

indicated that the wa l l  g lycopro te i n  i s  a ttached in  some way 

to wal l  po ly sac charides .  Albersheim sugges ted tha t th i s  

linkage may b e  a short 3 , 6 - l inked arab inogalac tan . H i s  only 

charac terisation of such a polymer wa s on the extrac e l lu la r  

3 , 6 -arabinoga lac tan-pro te i n  that h e  found for sycamore . H i s  
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reasoning that extrac e l lu l ar pol y s ac charides are charac ter­

istic a l ly repre s entative of wa l l  po lymer s has - been shown to 

be no t genera l ly val id ( s ee Sec tion 1 . 3 . 3 ) . Rea l i s i ng the 

tenuous nature of  th e evidence for a s tructural ro l e  of  

pro te in in the wal l, Albersheim put forward an al ternative 

model i n  which protein was omi tted ( 9 ) . The es sential 

e lements of  bo th of Albersheim ' s  models are comb ined in 

Figure 1 . 7 ,  wi th all po lymers l inked into a s ingle macro­

mo lecu le . From a s tudy of  the hemic e l lulos e  o f  bean and 

sycamore and from compar i sons o f  methylated aldito l  ac etates 

from a variety of  plant cell  wa l l s, he  concluded tha t  a l l  

these wal l s  were compos ed of s imi lar polymers . H e  propo s ed 

tha t his  model could apply to dico ty ledons generally . H e  

considered tha t  s ince monocotyl edon c e l l  wal l s  are a l l  

s imilar to each other, but dis s im i lar to dicots i n  tha t  

xylog lucan is  replaced b y  arabinoxylan and mixed- l i nked 

glucan, it is poss ib le tha t  monocots fo l low a s imilar 

arch i tectura l plan . Pre liminary evidenc e wi th Douglas  fir  

suspension-cul tured cells  sugges ted a s imi lar wa l l  s truc ture 

to tha t  of dicots ( 5 4 ) . 

Monro et a l  ( 2 ) work ing with chemical extrac tion methods on 

mung bean hypocotyl have proposed s everal di fferenc es from 

th e results of Albersheim et al ( 8 ) .  Treatment with alkali  

( 10 % KOH at 2 0 - 24 °C )  removed hemice l lu los e wi thout extrac t ing 

polyuronide ( 2 ,  1 3 3 ) . Extrac tions of  hemice llulose A 

( inc l uding xyloglucan)  s hould b e  accompanied by releas e o f  

extensin and polyuronide according to the mode l o f  Alber sheim . 

The complete i nsolub i l i ty o f  the pec tin polysaccar ide in the 

alkali extrac tion sy s tem ( 1 3 3 )  whi ch dis solves mos t  of the 

hemic e l lulose and g lycopro tein, s ugges ted tha t these  latter 

compounds were either not cova l ently linked to th e pec ti n  or 

only through th e alka li - lab i le e s ter links . At neutra l pH 

however guanidinium- thiocyanate ( GTC ) which presumably doe s  

no t split  es ter links ( 1 3 3 )  solub i l i s ed some of the 

g lycopro tein espec ia l ly from th e pec t in-r ich upper s egments, 

but none of the pe c tic s ubs tance was removed . Res u l t s  

sugges ted that for mung bean hypoco ty l, much o f  the pec tin, 
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g lycopro tein and hemicellulose was no t i nvo lved i n  the type 

of c e l l  wal l s truc ture estab l i shed by covalent l i nks as  

propo s ed by Keeg s tra et al  ( 8 )  . 6M  GTC wh ich i s  a powerfu l 

chaotropi c  reagent will  remove abou t one third of  the 1 0 %  KOH 

so lub le h emicellulose ( inc luding xylan) , from depectina ted 

hypocotyl . I f  the only l i nkage between hemic e l lulose and the 

microf ibr i ls i s  by hydrogen bonding then reagents such as 8M 

urea or 6M GTC should extrac t mos t  of the hemic e l lulose and 

pro tein , but fur ther hemicellulos e  could be extrac ted by 1 0 %  

KOH a t  0°
C ( 2 ) ,  which was rich i n  xylo s e . Wi th depectina ted 

0 hypocotyl , 10 % KOH at 0 C extrac ted 6 0 %  o f  the wa l l  

hem ice l lu los e ,  ( inc luding that extrac ted b y  GTC ) without 

extrac ting th e wa l l  protein , but Monro et al report at 0°C 

that there was no los s  of s er ine in extrac tion , though th i s  

did occur a t  room temperature with 10 % KOH . They conc luded 

that S - e l imination of galactosyl -ser i ne l inks was no t nec es sary 

for the extrac tion of the bulk of wa l l  hemicellulos e , which 

would the n  no t be dependent on l inks to s erine for i ts 

covalent associ ation in  the wa ll ( 1 3 2 ) . At 1 8 - 2 2°C ,  1 0 %  KOH 

re l eas ed mo s t  o f  the hemic e l luloses not so lub l e  at 0°C w i th 

the wa l l  prote in ( measured by hydroxypro l ine extrac tion) ( 1 3 5 ) . 

Galac tose-rich po lymers were released fir s t ,  and af ter 4 hours 

arabinose-rich polymers were extracted . I t  i s  unl ikely that 

the arab i nose was part of  a s erine- l inked arab i noga lac tan , 

and a l i nkage of  the protein in  addi tion to tha t  involving a 
0 ga lac tan at 1 8- 2 2  C was sugges ted ( 2 ) . Not a l l  of the wa l l  

pro tein o r  non-glucose polys accharides were removed from the 

wal l  by 1 0 %  KOH in Monro ' s  work . There was s ugges tive 

evidenc e for further alkali re s i s tant l i nkages or some 

phy s i ca l  entang l ement of po lymers tha t  rendered their chemic a l  

extrac tion impos s ible . Monro e t  a l  ( 2 ) sugges ted a more 

direc t as soc ia tion of the protein wi th the c e l lulos e ,  ra ther 

than thro ugh arabinoga lac tan , polyuronide , polyuroni de s ide 

chains and xyloglucan . 
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Monro and Albersheim ' s  resu l ts may be partia l ly reconc i led 

in tha t  Albersheim u s ed suspens ion-cul tured c e l l s , and that 

thes e  los t some of  their hem i c e l lulose ( including arabino­

xy lan) into the medium . The s e  might b e  comparab le to the 

0 °C KOH - hemicellu los e of Monro et a l . But i t  is  also  l ikely 

that wa l l s  of  suspens ion-cu l tured c e l l s  are cons iderably 

different from tho s e  of  hypocotyls , de spite the overa l l  

s imilar i ty in methyla tion ana lyses . I t  is pos s ib le tha t  a 

s i tua ti on may exi s t  wh ere pectin does no t link a l l  the 

extens in or hemic e l lulose to cellulose  microfib r i l s , as 

sugges ted by Mo nro et  al  ( 2 ) . Unfortunately much of the 

covalent bonding b e tween polymers in the Monro mod e l  is 

unspec i f ied . 

1 . 5  WALL ELONGATION 

Far from be ing an inert materia l ,  the wa l l  can be regarded 

more as the res u l t  of a b a l an ced turnover , with polysacchar ides 

being continuous ly metabo l i s ed during the life span of the 

ce ll ( 14 6 , 1 6 4 ) . E longation is triggered by I ndo le ace tic 

acid ( lAA) and gib erel lic acid ( GA . 3 ) . Extrus ion of  H
+ 

i nto 

the wa l l  is dependent on lAA conc entration , and s timu lates 

wa l l  expans ion ( 1 5 ) . E long ation growth inhibi tors s uch as 

absc i s s ic acid and cyc lohex imide prevent H
+ 

s ecre tion ( 1 4 ,  

6 9 ) , s ugges ting a ro le for H
+ 

in e longation . Optima l growth 

is usua l ly reached at pH 5 . 0 ( 1 3 ,  1 6 ) . Albersheim s uggested 

elongation for ang iosperms may be by creep of  H-bonded 

xyloglucans along ce l lu los e at h igh H
+ 

ion concentratio n . 

Th is was demons trated to b e  unl ikely by Va lent and 

Albersheim ( 1 7 4 )  and doubted by Monro et  al ( 2 ,  1 3 2 ,  1 3 4 , 

13 5 )  , who be lieve po lymer creep shou ld be a t  r ight ang le s  to 

the direc tion of e longation ( 2 ) , i f  i t  is invo lved and no t 

along microfibr i l s . 

An enzyma tica l ly regulated turnover a t  lower pH o f  a hemi­

ce l lulose connecting pec ti n  wi th ce l lulose could be 

respons ible . When pe a s tem sections were incuba ted i n  the 

presence of rad i oac tive g lucose , a polysaccharide containing 
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xy los e and g lucose was shown to turnover ( 6 4 ) , this 

polys accharide was shown to be  a xy log luc an s tructur a l ly 

s imi lar to the one studied by Alber she irn et a l  ( 6 4 ) . The 

hypothe s i s that expans ion growth depends on IAA - induced 

H+ - extrusion ( 14 ,  15 , 1 6 )  was s upported by the obs ervation 

that IAA and lowered pH both promote appe arance of  water 

so lub l e  xy log lucan s in dicoty ledon walls of pe a s tern t i s s ue 

( 1 6 ) . Neutral pH abo lishes both expans ion growth and 

xy loglucan formation ( l 3 ,  1 6 ) . Though l iberated xy log lucans 

appe ar important for elongat ion in d icots , the pr imary mode 

of action of H+ or IAA i s  uncertain ( 1 3 ) . IAA- induced 

growth and plasti city changes have been regarded as metabolic 

event s , corre lated with ATP formation and respir ation ( 2 3 ) . 

Ro land ( 1 ) sugges ted that an auxin-pl asma lemma inter action , 

caus ing a con formational change in the membrane , might alter 

activities  of  membrane-as sociated en z yme s . H ager et  a l  ( 2 4 )  

pos tu lated that auxin act ivated a membrane-bound ani s otrop i c  

ATP ase or proton pump t o  rai s e  H+ concentrat ion to act ivate 

wal l " soften ing "  enzymes . 

Transcriptional factors re leased by auxin activated p lasma­

lemmas trans lating interactions into wa ll  extens ib i lity have 

been postulated ( 2 5 ) , but the ch ange is too r ap id for th i s  

explanation alone . The 1 0  minute l ag with I AA-induced H+ 

exten s i on ,  i s  not ob served with fus i coccin wh i ch acts 

d irec t ly on the p lasma lemma ATP ase ( 18 0 )  cau s ing H+ extrus ion . 

Ray ( 1 8 1 )  suggested that an endopl asmic reticulum IAA-ac tivated 

ATP ase H+ pump , al lowing H+ extrus ion to the outs ide of  the 

ce ll , could exp lain the time lag due to the lengthy route of 

transport . P ope ( 1 8 2 )  s ugges ted that IAA- and H+-stirnula ted 

e longat ion are separate events , and IAA can promote short 

term growth by a mechanism independent of aci d i f i cation . 

Whatever the precise mechan i sm , IAA induces los s  of S-g lucans 

( 2 0 , 1 8 4 )  and solubi lisation of xy log lucans ( 1 6 ) . If bonding 

between hernice llulos es and ce l lu los e is impor tan t  1n 

expan s i on ,  there appear s to be s ome uncertainty from the 

literature ( 1 0 ,  19 , 2 0 , 5 6 )  as to the hemice l lulose invo lved 

for rnonocots compared to d icots . 
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Cessation of  e longa ti on has been associ ated wi th ac cumu l ation 

of hydroxyprol ine-rich pro teins ( 1 2 ,  1 8 , 2 2 )  i n  pea epicoty l s . 

1 . 6  AIM OF THIS WORK 

In vi ew of the sma l l  amount of work that has been done 

directly on the pr imary wa l l  of  gymnosperms , th is  i s  an area 

that needs comp le tion before primary c e l l  wa l l  s truc tures c an 

be ful ly as ses sed . I t  i s  also re levant before pos tu l ating 

any new wa l l  mode l s  or making any further as sumptions about 

the app l icabi l i ty o f  any exis ting mode ls . 

The work has s e t  out to s tudy the s truc ture o f  the primary 

ce ll wa l l  of P inus radi ata , a gymnos perm, wi th emphas i s  on the 

polysaccharide composi tion in order to compare i t  wi th the 

mode l p roposed for angios perms . Such a s tudy would provide 

insight into the mechani sm of certai n  physiolog i ca l  pro ces s es , 

viz . 

l )  extens ion growth and wall turnover , during s eedl ing , 

shoot and need le development .  

2 )  di f ferenti a tion o f  c a l lus cul tures . 

3 )  woo d  deve lopment from cambiurn . 

4 )  invas ion of  tis sues by pathogenic fungi ( e . g .  

Dothis troma pini) . 

Pinus radiata i s  economi c a l ly impor tant to New Z ealand both 

as a b ui lding material and to the pu lp and pape r indu s try and 

any further know ledge ga ined on the polysacchar ide composi tion 

of  tis s ues in pine is advantageou s . The properties of the 

primary wa l l  de termine ce l l  adhes i on and s epara tion , impor tant 

to pulping . A knowledge of primary wa l l  po lys ac charides and 

their turnover , is important in u nders tanding the total  sugar 

ba lance in ac tive ly growing reg ions , before factors wh ich 

af fec t thi s and hence the growth of the tree can be f u l ly 

appre c i ated . 
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Th e princ ipal source o f  primary ce l l  wa l l s  has been callus  

tis sue , though some work h as bee n  done on the s eedling 

hypocotyl also . Thus i t  has been pos s ible to make some 

compari sons between hypocotyl and callus  fractions . Some 

data already ex is ted on the xylog lucan found in hypocoty l  

( 14 5 )  which increas ed i n  abundance a s  elonga tion proceeded .  

Calluses can be maintained in a rela tively und i f ferentia ted 

s tate i f  maintai ned on the correc t medium and therefore their 

ce l l  wa l l s  might pres ent a reasonab le model for primary wa l l s . 

Work ing w ith callus tissue may enab le some compar ison with 

work wi th su spens ion cul tured cells  ( in th is regard i t  i s  

unfortuna te that ce l ls cou ld no t be  grown i n  suspens ion ) and 

also with work on c a l lus tis sue ( e . g .  ros e ce l l  wa ll poly­

saccharides - Mallard and Barnoud ( 1 5 4 , 1 5 5 ) , compos i tional 

s tudie s on tobacco callus  ( 2 0 8 ) , and s tudies on pine cal lu s  

( 6 ,  7 ,  1 1 , 1 7 8 ) ) .  Th i s  work lends i t s e l f  to forming a b a s i s  

for the s tudy of d i f ferentia tion i n  c a l lus . 

Though suspens ion cultured cells do provide a reasonab ly 

uni form type of  ce l l  wa l l  for s tudy , e s pec ially valuab le for 

comparison with work of Albersheim et al ( 8 ,  5 4 ) , they a re 

no t a pe rfect mode l  for primary ce l l  wa ll , s i nce much ma teri a l  

may be los t into the cu lture medium . Callus tis sue of P i nu s  

radiata was studied for the fol lowing reasons . 

1 )  I t  i s  eas ier to grow , by compari son with suspension 

cultures . 

2 )  I t  i s  re la tive ly undi f ferentiated i f  hormone ba lance 

i s  c orrect ( 1 8 5 )  . 

3 )  I t  i s  important for a n  understand ing of c a l lus  

di f ferentiation proce s s e s  ( 6 ,  7 ,  1 1 ) . 

4 )  I t  i s  more suitab le th an s uspension cul tures , wi th 

regard to los s of  cell  wal l materia l .  

5 )  I t  enab les a comparison wi th hypocotyl work . 



6 )  Further work on the carnbium i s  intended for a 

compar i son with th e integrated s ta te in mature trees . 

3 1 . 

7 )  I t  should enab l e  a compar ison with re sults on other 

types of callu s  cell  wal l s  such as thos e  of ros e ( 1 5 4 ) . 

8 )  There i s  intere s t  i n  early s tages o f  l igni fication 

such as occurs i n  callus and ear ly c ambium derivatives , 

and the role th i s  plays i n  bonding , s treng th and 

e longa tion of the wal l  ( 6 , 7 ,  l l ) . 
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MATER I ALS AND G EN ERAL ANALYT I CAL �1ETHODS 

2 . 1  MATERIALS 

Ion Exch ange Res ins 

Amberl i te IR- 1 2 0  ( H
+

) .  Lab . Reagent . BDH 

Dowex l�X 8 ,  ( 2 0 0 - 4 0 0 )  Dry mesh . Sigma 
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DEAE-C e l lulose , ( D iethylaminoethy l cellulos e ) . Whatman 

DE- 3 2  

Gel F i l tration Reagents 

Sephadex G- 2 5  F ine , Bead s i z e  2 0 - 8 0 � . Pharmaci a . 

Sephadex LH- 2 0 , 1 0 0 ( L ipoph i l ic ) , Bead S i z e  2 5- 1 0 0 � . 
S i gma 

Paper Chroma tography 

Whatman Paper No 1 

Chemicals used in Chromatograph ic Developing Reagents 

S i lver Ni trate . Pure . BDH 

Aniline . Analytic Reagent grade . BDH 

Phthal i c  Ac id . 9 9 %  pure . Lab . Reagent . BDH 

Indic ators and Stains 

Bromo thymo l B lue . May and Baker 

Pheno lphthalein , ( 1 % Soln made ) ; Congo Red , and 

Phlorogluc ino l .  BDH 

Triphenylmethane . Art 8 2 1 1 9 5  Merck 

Co lorimetry Reagent s  

Phenol . Ana ly t i ca l  Reagent . BDH 

meta-Hydroxydiph enyl . Eas tman Kodak . USA 

Iodine/Potass ium i odide . Lab . Reagent . BDH 

Chloramine T .  Lab . Reagent . May and Baker 
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para-Dime thy laminoben z a ldehyde ( Ehrlichs Reagent ( 8 3 ) ) .  

Ana lytic Reagent . S igma . 

ortho-Diani s idine . Lab . Reagen t .  BDH 

Acety lbromi de . Ana lytical Reagent grade . BDH 

Enzymes 

l .  G lucose oxidase , from Aspe rgi l lu s  niger Type I I . 

Sigma . 2 6 , 0 0 0  uni t s/gm Solid . ( One uni t to oxidi s e  

l . O �Mole of B-D-Gluco s e  t o  D-Gluconic a c i d  and H
2

o 2 
per minute at pH 5 . 1  a t  3 5°

C ) . Enzyme was s tored 

des iccated be low 0 °C .  

2 .  Peroxidase from Horse radi sh Type I I . S igma . 

approx . 2 0 0  Purpurog a l l i n  units pe r mg Solid . 

One uni t forms one mg Purpurogallin  i n  2 0  s ec s  at 

pH 6 . 0 at 2 0 °C .  En zyme was s tored des iccated be low 

0 °C .  

3 .  Amylog lucos idas e Grade I I  ( from Rhi zopu s genus mou ld) . 

S igma . 9 6 6 0  uni ts/gm Solid . One uni t liberates , 

l . Omg of Glucose from So lub le S tarch in 3 . 0 min at 

pH 4 . 5  at 5 5°C .  En zyme was stored de s i cca ted a t  

o - s0c . 

4 .  a-Amylas e ; from Hog Pancreas . Type IV A .  Sigma . 

a-Amylase activi ty : lmg wi l l  liberate approximately 

l lmg of ma ltose from s tarch in 3 min at pH 6 . 9 at 

2 0 °C .  Enzyme was s tored de s i ccated a t  0 - 5°
C .  

Hydro lytic Ac ids 

l .  Formic acid . Ana lytical grade . A j ax Chemica l s , 

Aus tra l ia . ( redi s t i l led for u s e  in methylation work ) . 

2 .  Trifluoroacetic acid ( TFA) . Analytical grade . S igma . 

( redi s ti l led be fore us e )  . 

3 .  Concentrated Sulphuric and Nitric acids were 
of  h igh purity . 



Reagents in Methyl ation Analysis  

1 .  A l l  bulk so lvents ( n-Hexane , dimethylsulphoxide , 

pyr idine , acetic anhydr ide , dich lorometh ane , 

ch loroform , methano l )  were redistil led b e fore u s e . 

DMSO and n-h exane were subsequently s tored over 

Mo lecular S i eve Linde 4A drying agent . 

2 .  Methyl iodide . Analytical Reagent grade . BDH 

3 .  Sodium borohydride and sodium borodeuteride - 9 8 

a tom % of  Deuterium . Sigma . 

Amino Ac ids 

BDH and 

34 . 

Hydroxyprol ine , Cys teic acid , l 
a-Amino adipic ac id , Orni thine . S igma Biochemi cals 

Sugars 

S tandard sugars were ob ta ined from BDH , May and Baker , 

Sigma . 

Ino s i tol . E a s tman Kodak ( recry s tal li sed b efore u s e ) . 

D-Ribose , -Pure , S igma . 

2-Deoxyglucose - grade I I . S igma . 

1 , 4 -Mannonolactone . P ure , Ana lytical Reagent . S igma . 

Polys accharides 

Partly Purified , Whea t  F lour Arab inoxylan and Carob Bean 

Ga l actomannan , were k ind ly provided by Dr I . G .  Andrew , 
Mas s ey Univer s ity . 

Growth Nutrients 

Al l chemi ca l s  used were as pure as  cou ld be ob tained 

( Source of s upply , BDH or May and Baker , Laboratory 

Reagent or Ana lytica l  Grade , inc luding Ascorb i c  and 

Ci tric acid) . 

Di fco Purified Agar : Di fco Laboratorie s ,  USA . 



Al l Other Reagents 

( BDH , May and Baker , S i gma) : were either deno ted as 

pure , or had a high l eve l of  pur i ty by the ir reported 

ana lyses . 

Buffers 
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The s e  were made up as in Preparation of Buf fers , i n  

Me thods i n  En zymo logy Vol l ( 1955) p. l38 for the requ ired pH , 

and di luted a s  requ ired . The concentration i s  given as 

the sum of concentrations of the forms of partly 

ion i sed spec ies for the buffer s olution . 

Misce l l aneous 

Polyethy lene G lycol ( PEG)  mw 5 0 0 0 . Koch Light . 

Guanidinium thiocyanate ( GTC ) . Eas tman Kodak USA 

Scl ero tium ro l fsii  fungus - Botany Depar tment ,  Mas sey 

Univers i ty .  

P ine sawdus t ,  Tiri tea s awmi l l . P . N . , N . Z . 

Phebal ium xylan . Courtesy Dr I . G .  Andrew . 

Reduced ( 4 -0-methylglucurono ) xy lan . Courtesy Dr V .  

Harwood , F . R . I . ,  N . Z .  



GENERAL ANALYTI CAL METHODS 

2 . 2  EST I MAT I ON OF MA I N  COMPONENTS 

2 . 2 . 1  Total Carbohydrate 

3 6 . 

a )  Spectrophotometr ic As s ay . Total carbohydr ate was 

e s t imated by the phenol- sulphur i c  react ion ( 7 8 )  modi f ied 

by Immers ( 7 9 ) , s ince i t  was found to be s imp ler and more 

r e l i ab le than the Anthrone as s ay ( 17 9 )  for total s ugar . 

T o  0 . 5ml of s ample containing up to 6 0 � g  of c arbohydrate , 

was added 0 . 5ml 5%  aqueous phenol ( Anal · R  gr ade)  and 3 . 0ml  

concentrated sulphur i c  acid ( Anal · R) , was  added rapidly 

from a Z ipette d ispens er , then tubes were spun on a vortex 

mixer and allowed to cool for 5 minute s . As says were 

done in dup licate and standards cont ained between 2 0  and 

6 0 �g of g lucose from s tock s olut ions whi c h  could be 

s t ored froz en over a per iod of months . The ab sorbance 

was read at 4 9 0nm .  A l l  so lutions inc lud ing b lanks were 

read agains t  d i s t i l led water and b lank v a lues sub tracted 

from s amp le read ings . 

b)  S ummation Method . This  estimated the total carbohydrate 

present by s imply add ing the results for neutral sugar s  

d eterm ined from gas-l iquid chromatography with uronic 

acid value s , determined from spectrophotometr i c  a s s ay . 

Uron ic acid i s  expre s s ed as mg equivalen t s  of 

ga lacturon ic ac id . 

c )  Correction app lied t o  spectrophotometric a s s ay for total 

s ugar . In the spectrophotome tr ic assay ( 2 . 2 . la )  each 

s ug ar has a d i f ferent absorb ance at the wave length read . 

The s t andard curves obtained for s ugars are shown in 

F i gure 2 . 1 .  The Anthrone as s ay ( 17 9 )  was  a l s o  found to 

g ive diff erent absorbances for different sugars at a 

particu lar wave length . Thi s  l imits the usefulne s s  of  

these  as s ays in determin ing accur ate ly the amount of 

total sugar present in  a hydrolys ate or fraction . I t  

was there fore necess ary to determine a " theoreti cal 
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F igure 2 . 1 :  Phenol-Sulphur ic Co lor i�etr ic S tandard Curves 
( reproduc ible po ints ) for Total Sugar s 

E c 0 � q fun � 
1 . 5  

0 .  

0 .  

0 .  

6 .  

0 .  

0 .  

Ga lA 

S tandard absorbance s at 4 9 0nrn for 5 0 �g of standard sugar s in  
the Phenol -Sulphuric acid react ion . 

Rhamno se , 0 . 9 5 ,  Fucose 0 . 9 5 ,  Arabinose 0 . 7 2 ,  Xylo s e  1 . 1 ,  
Mannose 1 . 2 6 ,  Galacto se 0 . 8 4 ,  Gluco se 0 . 9 3 ,  Galac turon ic acid 0 . 4  
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s tandard ab sorbance " dependent on the compos i tion o f  the 

s ample . The sugar compos i tion was ba sed on the neutral 

sugar analy s i s  by gas chroma tography , summed wi th to tal 

uronic acid ( Sec tion 2 . 2 . 2 ) and each sugar was expres s ed 

as  a percentage of  the total thu s determi ned . The 

" Theore tica l Absorbance " of e . g .  5 0 )lg  po lysacchar ide was 

then de termined by mul tiplying the absorb ance of  5 0 ]1g of  

each pure sugar by its % compo s i t ion value . The sum o f  

ab sorbanc es for each sugar pres ent gave the expec ted 

" th eoretical ab sorbance "  for 5 0 )lg  of sampl e  carbohydrate . 

By us ing this value for a s tandard ab sorbance , wi th the 

ac tual ab sorbances obtained in the as say for al iquots o f  

fractions , a closer agreemen t wa s obtained between 

colourime try and re sults for the sugar content of a 

fraction based on comb ined g . c .  and uronic  acid results , 

than i f  g lucose only was used a s  the s tandard in the 

spec trophotometric a s s ay .  

2 . 2 . 2  Uroni c Acid 

Uronic ac ids were es timated spec tropho tometri c a l ly as 

galac turonic acid by the method of  B l umenkrant z  and Asboe ­

Hansen ( 8 1 ) . To 0 . 5ml sample cont a ining up to 5 0 )lg uronic 

acid , was added 3ml of  a solution o f  sodium tetraborate in 

concentrated sulphuric ac i d ,  ( O . O l 2 5M sodium tetraborate in 

A . R  cone H2 so4 ) .  The tube s  were re frigerated i n  crushed ice , 

then shaken on a vor tex mixer , and heated in a water bath ( l0 0 °C )  

for 5 m inutes . After cool ing in a n  i ce/water bath , 5 0 )1 1  of  

m-hydroxydiphenyl reagent (a  0 . 1 5 %  s o lu tion o f  m-hydroxydipheny l 

in 0 . 5 % NaOH ) was added , the tube s  were shaken and the 

absorbances read after 8 minu tes a t  5 2 0 nm .  A s  carbohydrates 

produce a pinkish  chromogen with H 2 so4 ; te traborate at l 0 0°c 

a blank sample was run without add i tion o f  the m-hydroxydiphenyl 

reagen t , which was replaced with 5 . 0 )11 0 . 5 % NaOH . The 

ab sorbance of the blank s ample was sub tracted from the to tal 

ab sorb ance . The pink co lour produced was s table for a t  least 

1 2  hour s . Resu l ts were dupl icated and galactu ronic acid 

standards were used betwee n 20  and 5 0 )lg . Standard curves are 

shown in  Figure 2 . 2 .  



F igure 2 . 2 :  
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Meta-hydroxydiphenyl Color i�etr ic S tandard Curves 
for Uron ic Ac ids ( reproduc ible plot s ) 

9lpcuronic acid 

9alac turonic acid 

30 50 70 9 0  l-19 Uron i c  ac id 

S tandard Curve for Spectrophotome tric As s ay of  
Hydroxypro l ine ( reproducible plo t )  

4 6 8 10 12 14 16 18 2 0 

l-19 Hyd roxyprol ine 



2 . 2 . 3  Am ino Acid Ana lys is  

Amino acid analyses of who le wa l l  and wa l l  f ract ions were 

ob tained in order to : 

a )  determine the percentage of pr ote in in the pr imary 

ce l l  wa l l , and 

b)  determine the character i s t ics  of proteins removed 

in the ch emical ly ex tracted wal l fractions . 

4 0 . 

Dry s amp les ( between l and 3mg ) were hydro lysed in 6 . 0M HC l 

overnight at l 0 0 °C .  The s amp le was then fro zen in liquid 

air under vacuum and the HC l removed under vacuum in the 

The dry s amp les were taken up in 2ml 

solution ( buffers r equired f or B eckman ana lys e s )  and a liquots 

of samples were run on a s ing le co lumn program on a B eckman 

l 2 0C autom atic amino acid ana lyser . T he chart read out from 

the analyser shows ab sorbance of the ninhydrin reaction 

product at 57 0nm ( red scale)  and at 4 4 0nm ( b lue scale)  . The 

b lue scale gives greater s ens i t ivity for pro l ine and 

hydroxyproline ; the red scale for a l l  other amino acids . 

Amino ac ids were quantitated b y  peak areas ( integrated 

manual ly by the height x width at half  height method ) conver t ing 

to mi cromoles by the use of aver age c a l ibrati on factor s f or each 

amino acid . Calibration was carried out us ing B eckm an s t andard 

amino acid cal ibrant containing 0 . 0 5  �mole each amino acid . 

S ome addit iona l standards ( S ection 2 . 1 ) were also run . 

Hydroxypro line is associated with wal l s tructura l protein . 

The determination of hydroxypro line proved di ff icult by amino 

acid ana lys i s  runs , s ince by running standards it was found 

to chromatograph c lose to aspartic ac id , often on ly resolving 

as a shou lder on the b lue s cale on wh ich it was more intens e .  

To obtain ac curate ly the leve l s  of hydroxyproline in 

fract ions this was analysed spectrophotometrica l ly ( S ect ion 

2 . 2 . 4 ) . 
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2 . 2 . 4 Determ ination o f  Hydroxypro line 

Hydroxypro line was a s s ayed by the method of Switzer  and 

Summer ( 8 2 )  as modi fied by Monro ( 2 1 ) . Samples containing 

0 . 3  to 13�g  o f  hydroxyprol ine were di luted wi th di s t i l led 

water to lml , 1 drop of 1 %  pheno lphthalein in ethano l wa s 

added and the pH of  the s olu tion was adjusted to a faint pink 

colour by dropwi s e  addi tions o f  di lute potas s i um  hydroxide . 

Di s ti l led water was again added to make the vo lume up to 

2 . 5ml . l . Oml , O . O SM s odium bora te buffer pH 8 . 7  was the n 

added , whi ch maintains i ts pH during the sample oxi dation so  

tha t  addi tion of a second bu ffer i s  no t necessary , for the 

sub s equent to luene extractions . The samples were then 

oxidised wi th 2ml 0 . 2M Chlorami ne-T solution a t  room 

temperature for exac tly 2 5  minu tes . The oxi dation was 

s topped by the addi tion of 1 . 2  m l  3 . 6M sodium th iosulphate 

wi th thorough mixing for 1 0  s econds . The solu tion was then 

satu rated wi th l . Sg po tassium ch loride and 2 . 5ml to luene was 

added to the s amp le s . Th e pro l i ne ox idation product was 

extracted by shaking the s ample for ca. S minu tes , centri fugi ng 

. at 6 0 0g for about 1 mi nu te to s eparate the layers and then 

comp letely removing the to luene phas e . Th is extract was 

di scarded . 

The aqueous l ayer in a tightly s toppered glas s tube was h eated 

in a bath of vigorou s ly bo i l ing water for 30 minu te s , and 

after coo ling the s ample to room tempe rature , the aqueous 

layer was extrac ted again with 3ml toluene and a 2ml a liquot 

was mixed with 0 . 8ml Ehr lichs reagent as described by 

Prockop and Udenfriend , for the ca lor imetric as s ay ( 8 3 ) . 

After al lowi ng the colour to deve lop a t  room temperature , 

for 3 0  minutes , th e absorbance was measured again s t  a reagent 

blank a t  56 0 nm .  The amount of hydroxypro line was determi ned 

from a s tandard curve over the range 0 . 3  to 1 9 . 5 � g  hydro­

xyproline . Linear i ty o f  the curve was found at hydroxyprol i ne 

leve l s  up to 19 . 5vg ,- refer to F igure 2 . 3  
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2 . 2 . 5  Determination o f  Lignin 

Lignin was assayed spec trophotome tr ically , by a modi f ica tion 

of  the me thods as outlined by Martin ( 8 9 ) , Morri son ( 9 0 ) , 

Johnson e t  al ( 8 4 ) , and Bagby et  al  ( 9 1 ) . The method was 

adopted here to the fol lowing cond i tions . To 0 . 5  to 3 . 0mg of  

dry samp l e  in s toppered centri fuge tube s , was  added lml o f  2 5 %  

ace tyl -bromide in glac ial acetic acid ( freshly prepared ) . The 

tubes were then heated for 3 0  minutes at 7 0°C with intermittent 

shaking . The solution was coo led and 8 . 9ml e thanol was added 

with swi r l ing , fol lowed by O . lml 7 . 5M hydroxylamine-hydro­

chloride ( aq)  . The spectra of  samp les were read agains t a 

reagent b lank , and the absorbance was recorded a t  2 8 0 nm .  A 

s tandard l ignin value was deduced for the ace tyl bromide 

me thod from absorbance and absorptivi ty values on s tandard 

l ignins recorded in the l i tera ture ( 8 4 , 8 9 , 9 0 ,  9 1 ) . ( 0 . 2mg 

of l ignin had A2 8 0  o f  ea . 1 . 0  i n  5 . 0ml o f  tota l assay vo lume . )  

Data to l ignin a s s ays are recorded for wet s ieved wal l s  in  

Chapter 5 .  The spectral curve obtained for the samples is  

ind icated in  the d iagram of  F igure 2 . 4 .  

2 . 2 . 6  De termination of S tarch - Spectrophotome tr ic As s ay s  

a )  r 2 /KI As say . A modi fication of the s tarch as say us ing 

I 2/KI ( 7 0 )  was used to as say wa l l  preparations and the 

s tarch content extrac ted , in fractions of c a l lus  

Fract ionation Scheme 1 ,  Batch 1 ,  F igure 5 . 1 .  To tes t  

tubes containing 0 . 1  to 0 . 5ml l Omg/l O Oml P inus radiata 

s tarch stock solution ( pur i f ied in the we t s ieving of  

Batc h  1 wa l l s , Section 3 . 6 . 1 ) wa s added 0 . 2ml O . lM NaOH , 

and the mixture warmed 3 minutes i n  a bo i l ing water 

bath . Samples were cooled , and O . lml lM HC l ,  0 . 2ml 

5mg/ml potassium hydrogen tartrate buf fer , pH 7 . 0 ,  and 

O . O lml I 2 /KI reagent ( 2mg iodine/m l ; 2 0mgK I /ml in water)  

were added and the total volume of  each samp le was made 

up to l . Oml with disti l led water . A l l  ab sorbance s were 

read at 6 8 0nm us ing a lcm cell in a microce l l  in a 

H i tachi 1 0 1  spectrophotome ter . 
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Figu re 2 . 4 :  Spectral Curves for L ignin 
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Curve a )  U ltravio l e t  spec tra o f  wood l ignin solubi l i sed 
by acetyl bromide treatment ,  ( 8 4 ) . 
( 0 . 0 2 5g l ign in per l i tre ) 

Curve b )  U ltravio let spectra o f  P inus radiata cal lus 
l ignin so l ub i l i sed by acetyl bromide treatment 
( e a  0 . 022g  l ign in per l itre ) 

The sample here wa s solubili sed from the re s idue 
a fter alka l i -borate extrac tion in Path B ,  Batch 1 
Wall s .  
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The s tandard curve i s  l inear up to 4 0 �g o f  Pinus radiata 

s tarch . A s tandard curve was repeated each t ime the as s ax 
was per formed , and a reagent b lank was inc luded w i th r 2

/KI 

reagent . All  samples were read against di s t i l led water , 

and the blank was sub t rac ted . The s tandard curve i s  as 

shown in  Figure 2 . 5  

b )  Amylog lucosidase As s ay . A modific ation o f  the as s ay wi th 

g lu cose oxidase ( 7 1 ,  8 0 ) was used for as s aying the s tarch 

content of ce l l  wal l  preparations . Samp les  containi ng 

up to 0 .  2 5mg s tarch we re heated for 6 0  minu te s in  a 

bo i l ing water bath , to s o lub i l i s e  s tarch and then cooled . 

'l'hen 2ml of 0 .  2M sodi um acetate buffer pH 4 . 5 ,  and lml of  

amy logluco� das e  ( lmg/ml ) was  added and the so lution was 

incubated at 5 5°C for 6 0  minutes , in  a shak ing water bath . 

The tota l vo lume was Srnl at th i s  s tage . S amp les were the n 

cen tri fuged and lml of  the s o lution was removed and added 

to lml perox idas e-gluco s e  ox idas e ( PGO) reagent . The 

PGO reagent con s i s ted of 9 . 8ml 0 . 2M sodium phosphate 

buf fer pH 6 . 0 to whi ch had bee n  added O . lm l  1 %  

orthodiani s i dine in  9 5 %  ethano l , and O . lml hor s e  radi sh 

peroxidase solution , 0 . 1 % in  0 . 2M sodium phosphate 

bu f fer pH 6 . 0 ,  and 2mg glucose oxidas e .  The to tal 

volume of the PGO reag ent thus made up was l Oml . On 

addi tion of the PGO reagent the 2ml samp les  were incub ated 

at 3 9 °C for 30 minutes , then lrnl 5 0 %  (w/v) a2s o4 was added 

and the absorbance read a t  5 30 nm .  The pink co lour was 

s tab le for approx imate ly 1 8  hour s . 

S tandards using 0 . 2 5 - 0 . Smg Pinus radi ata s tarch and a 

reagent blank were inc luded in  the assay , and al l s amples  

read against di s t i l led water and the blank sub trac ted . 

The s tandard curve for P inus radiata starch was l i near 

over the range shown in F igure 2 . 6 .  
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2 . 3  CARBOHYDRATE C OMPOSITION ANALYSIS 

2 . 3 . 1  Neu tral Mono s accharide Analys i s  

2 . 3 . 1 . 1  Total Hydro lys i s  

4 6 . 

The mo s t  conveni ent way of  analys ing the po lys acchari de 

composition of  frac tions from the plant ce l l  wa l l  was by 

hydrolys i s  of the g lycos idic l inkages to produce the component 

monosaccharides , whi ch cou ld th en be ana ly s ed by paper or gas  

chroma tograph ic techniques ( 2 ,  8 ,  5 9 , 6 0 , 8 5 , 8 6 , 9 2 ) . 

Hydro lysis  has been u s ed to s tudy the s ugars present i n  the 

native po lysaccharide of frac tions , and a lso to c le ave 

methylated po lysaccharide s  to analyse the linkage of 

components ( 4 7 ,  9 3 ,  9 4 , 9 5 ,  9 6 ) . Par t i a l  ac id hydroly s i s  o f  

polysaccharides to monos accharides and o l igos accharides o ften 

a ffords fu rther i n formation on linkages existing in the poly­

s ac charides . Of primary i nteres t  here , is the comple te 

hydrolys is to monos accharides o f  a frac t ion , and the ir 

derivati sation and analys i s . 

a )  Hydrolys is wi th Ni tric Ac i d  and Urea . 

The bulk of fu e  hydro lyses  i n  thi s  thes is have been 

performed with 0 . 5M HN0
3

j0 . 5 % urea ( S tone et al  5 9 , 6 0 , 

8 7 )  as thi s  produce s very l i ttle degradation of  sugars 

and results in  a h igh degree of  depolymeri s ation o f  

po lysac charide f rac tions ( 5 9 , 6 0 , 8 7 )  ( see S ec tion 2 . 3 . 3 ) . 

Samp le s ( in the range l- 5mg , and accurate ly known ) were 

hydro lysed wi th 0 . 5M HN0 3 containing 0 . 5 % urea , freshly 

prepared , in s toppered tube s  at 1 0 0 °C for 4 hours . 

Samp les were then cooled , and neutra l i sed w i th 2 . 5M 

NaOH using bromo thymo l b lue indicator , ( 6 0 ,  9 9 )  b e fore 

reduction and addi tion o f  i nterna l s tandards . 

b ) Hydro lys i s  by Sulphuric Ac id 

It  was found th at hydro lys i s  was e s s enti a l ly complete 

on some tes t  polys accharide s , ( galactomannans ) with 0 . 5M 
0 

H2
so

4 
a t  1 0 0  C for 2 hours ( analysed by g . c .  columns 

5- 8 )  as used by Bai ley ( 9 2 )  , but degradation was greater 



c )  

than for the HN03/urea method . Hydrolyates o f  0 . 5M 

H 2
s o4 were neutrali sed with Baco3 ( 9 7 , 9 8 )  be fore 

reduction and derivat i s a t ion . 

4 7 . 

Hydrolys i s  wi th 0 . 5M H 2 so4 was carried out on a " s awdus t "  

sample to obtain markers for some neutral and acidic 

o l igo saccharides . The procedure was essenti a l ly that 

emp loyed by Brasch and Wise ( 1 0 8 ,  1 0 9 ) . After neutralis­

ation , IR -1 20 ( H+ ) form was u s ed to  remove Ba
2 +  

ions 

befor e  the hydro lys ate could be i on exchang ed on Dowex 
l -X8 , to s eparate neu tral and acidic components . 

Hydro lys i s  wi th 2 . 0M Tri f luoroace tic Ac id ( TFA) . 

Hydro lys is  wi th 2M TFA a t  10 0°C for 1 hour i n  s ealed tub es 

was carried out on some pre l iminary frac tions obtained 

from callus and on the Phebal ium xy lan . Degradation of 

sugars was also observed with 2M TFA . S amp les were 

neutralised by evaporation of  the TFA ( 8 5 , 86 ) . Thi s  

produced some lac toni sation o f  acidic sugars on 

conce ntration of  the ac id . S amples  hydro ly sed in 2M TFA , 

after evaporation of the acid were there fore buffered with 

a sma l l  vo lume of l . OM NaHC03/Na 2 co3 solu tion pH 8 . 5  for 

3 0  minu tes , to hydro ly s e  the lactones ( 1 7 ) , after which 

they were neutralised with IR -1 2 0  ( H+ ) res i n  b efore 

reduction and addi tion of  interna l s tandards . 

2 . 3 . 1 . 2  Reduc tion to Aldi tol Ace ta tes 

After neutralisation o f  the hydro lysa tes ( as above ) the f ree 

sugars were reduced to the a lditols by addition of lml 

sodium borohydride ( 5 0 0mg/1 0m l )  in lM ammonia ( 6 0 ,  6 1 ,  8 5 , 

8 6 ) . Thi s  was s u f fic ient for sugar levels  i n  a l l  analys e s  

( leve l o f  50mg NaBH4 for l - 2 0mg of  polysaccharide )  and 

reduc t ion was al lowed to proceed for 4 hours . Complete 

reduc tion was ob s erved after 2 hours . Exces s  NaBH4 remaining 

after r educ tion had finished , was dis charged by addi tion of  

glacia l  ace tic acid unti l all  e f fervesc ence had s topped . 

Additi ons of  internal s tandards (myo- i nos ito l  or 2deoxyg lucos e )  

were made after neutra lisat ion and be fore reduc tion . Myo 



. 4 8 .  

i nosito l  was u s ed i n  s ome ear lier expe riments with 2M TFA ,  on 

some pre liminary c a l lus  frac ti ons . Bu t for a l l  of  the c a l lu s  

work of Batch 1 and Batch 2 wal ls , 2deoxyglucose was used as 

the internal s tandard . ( ea . lmg 2deoxyglucose s tandard/ Smg 

po lysaccharide f rac tion ) . Th i s  was then reduced to 

2deoxyg luc i to l  by the NaBH 4 treatment .  After exce s s  NaBH
4 

had bee n converted to borate by ace tic ac id , s amples  were 

evaporated to dryne s s  a t  4 0 - 4 5°C and a l l  boric acid was 

evaporated as  methyl borate by addi tion and evaporation of 

f ive , 2ml lots of redi sti l led methano l , ( 10 %  in g l ac i al ace tic 

acid) ( 8 5 ) . 

2 . 3 . 1 . 3  Ace tylation 

S amples were then ace ty lated wi th lml of ace tic anlydride/ 

lml pyridine at 8 0°C for l hour in an oven . Upon c oo l i ng the 

alditol acetates we re e xtracted by parti tioning wi th lml 

H2
0/lml dich loromethane . The dichloromethane layer was 

extracted and thi s parti tioning was repeated five times . 

Dichloromethane extrac ts were poole d ,  blown o f f  a t  4 0 °C under 

a s tream of N
2 , and the alditol ace tates redi sso lved in 

approximate ly 1 0 0 � 1  of dichlorome thane . Aldi to l ace tates 

were inj ected onto the gas chromatography co lumns i n  

dichloromethane ( C H
2

c l
2

) ( 8 5 ,  9 4 , l O O ) . 

2 . 3 . 1 . 4  Gas Chromatography of Aldi to l  Ace tate s 

a )  Columns . Hydro lysed sugars were analys ed as  the i r  

alditol ace tate s by gas chromatography . Three s ta ti onary 

phases were used in the ana lys i s . 

OV2 2 5 ;  3 %  OV2 2 5  10 0 / 1 2 0  mesh on Varaport 3 0  

OV2 2 5  - 75% Phenyl , 2 5% Cyanopropyl ,  methyl s i l icone copolymer 

ECNSSM ; 3 %  ECNSSM on 1 0 0/1 2 0  Gas Chrome Q ,  

ECNSSM-Ethyl succinate and Cyanoethyl silicone copolymer 

SP 2 34 0 ; 3 %  SP- 2 3 4 0  on 100/1 20  Supe lcoport 

SP2 340 - 75% Cyanopropyl me thyl sil icone 
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The fol lowing co lumn s wer e u sed for gas chromatography 

in this thesis : -

Column l ;  glass 2 . 5m x 3mm , i . d .  containing SP2340 stationary phase  

Column 2 ;  glas s  3 . 4m x 3mm , i . d .  containing OV22 5  s tationary phase* 

Column 3 ;  glass l . Sm X 2mm , i . d .  containing SP2 3 40 s tationary phase# -

Column 4 ;  glass l . Sm x 2mm , i . d .  containing OV22 5  s tationary phase #  

Column 5 ;  s teel 2 . 0m x 2mm , i . d .  containing OV2 2 5  

Column 6 ;  g lass 2 . 0m x 2mm , i . d .  containing OV2 2 5  Columns used in 

Column 7 ;  s teel 2 . 0m x 2mm , i . d .  containing ECNSSM early work 

Column 8 ;  glass 2 . 0m x 2mm , i . d .  containing ECNSSM 

* Column 2 was used extens ive ly for separation of permethylated 

alditol acetates . 

# Used for g . c . -mas s  spectrometry 

b)  Identification of Alditol Acetate s 

These were ident if ied by the ir retent ion time s i sotherma lly 

at 1 8 0 °C or 2 1 0°C on 3% OV2 2 5 , Co lumns � '  �'  �; at 1 9 o oc 

on ECNS SM column s 7 ,  8 ,  and a t  2 3 0 °C on S P 2 3 4 0  Co lumn 1 

( 8 5 , 9 7 ) . N itrogen flow rates we re 4 0ml/min for Co lumn 2 

and approx imately 3 0ml/min f or the others . 

S t andard sugar mixtures each contain ing lmg of each sugar 

and lmg of 2deoxyg lucose or Inos itol from s tock s olut ions , 

r educed and der ivatised to a lditol acetates ,  were run on 

the same co lumns to check on the ident ificat ion of sugar s . 

The se standards wer e  run e ac h  day that samp les were run , 

s ince the exact runn ing pos i t ions of s tandard sugars under 

the cond it ions of the analy s i s  were prone to alter s l ightly 

f rom day to day . S eparat ions on Co lumns 2 ,  4 - 8  were long , 

of l hour+ durat ion . Separations on Co lumn s l'  3 were 

quicker , approximately 2 0  m inutes . 

t ime s are g iven in Table 2 . 1 . 

Relative retention 

c )  Re lative Responses of  Ald itol Acetates 

For the bu lk of ald ito l acetate analys is , peak he ight 

response factors were us ed between sugars and s tandards , 

and ana lyses were on Co lumn l - S P 2 3 4 0 . 



Table 2 . 1 :  Relative Retention Times of Aldi to l Acetates 

Sugar G lyc i tol Ace ta te OV 2 2 5  

L-Rhamnose Rhamni to l penta-ace ta te 0 . 4 8  

L-Fucos e Fuc i tol penta- ace tate 0 . 4 8  

L-Arabinos e Arabini tol penta-ace ta te 0 . 6 1  

D-Xylose Xy l i tol penta-acetate 0 .  80  

2 - Deoxy-D- 2 -Deoxygluc i tol penta-ace ta te 1 . 0 0 g lucose 

D-Mannos e Manni tol hexa-acetate 1 . 6 2  

D-Galac tose Galacti tol h exa-acetate 1 . 7 9  

D-Glucose Gluc i tol h exa-acetate 2 . 0 0 

myo- I nos i tol  my I nos i to l  h exa-ace tate 2 . 2 0 

* 1 8 0 - 2 1 0 °C 

* column operating temperatures 

Re lative Retention Time 
for Stationary Phas e Used 

ECNSSM S P 2 3 4 0  

0 . 3 7 0 . 4 0  

0 . 3 7 0 . 4 4  

0 . 6 0  0 . 6 6 

0 . 8 2 Q . 9 2  

1 . 0 0 1 . 0 0  

1 . 2 8 1 . 4 2  

l .  8 7  1 . 6 1  

2 . 3 3 1 . 9 0  

2 . 7 8  2 . 3 0 

*ru 19 0°C * 2 10°C * 

0 . 4 4  

0 . 4 8  

0 . 6 8  

0 . 9 2  

l .  0 0  

1 . 3 7 

1 . 5 4 

1 . 7 5  

2 . 0 0 

2 3 0 °C 

! 

U1 
0 
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Peak height re s ponse fac tors were de termined ( 6 0 ,  8 5 )  for 

alditol ac etates on S P 2 3 4 0  Co lumn l, from samples in  wh i ch 

l . O Omg of  each o f  the sugar s  rhamnos e ,  fucose , arabi no s e , 

xylose , mannose , galac tose and glucose and 2deoxygluco s e  

had been added f rom s tock s olutions . Each sample was 

reduc ed with lml of 5 0 0mg/1 0ml sodium borohydr ide 1 n  

l . OM NH 3 for 4 hour s , then excess  borohydride was 

di scharged w i th g lac i a l  ace tic acid , and the s ample was 

evapora ted to dryne s s  5 times wi th l - 2ml methano l ( 10 %  

in acetic acid)  . Ac etylation wa s as des cribed in 

Sec tion 2 . 3 . 1 . 3 . ,  and the a ldi to l  acetates were inj ected 

onto SP 2 3 4 0  Co lumn 1 in  dich loromethane as described . 

The average peak heigh t res ponse parame ter ( 2deoxygluc i to l  

= 1 . 0 0 )  from 3 separate ana lyses ( variation ± 1 % )  i s  

given in  the Tab l e  ( Tab l e  2 . 2 ) . 

Table 2 . 2 :  Peak H e igh t  Res ponses for Sugars 

S ugar Peak Height 
Respons e fac tor 

Rhamnose 1 . 7 1 

Fucose 1 . 8 0 

Arabinose 1 . 3 2 

Xy los e 1 . 0 1  

Mannose 0 . 7 0  

Galactose 0 . 6 4 

G lucos e 0 . 57 

2 -Deoxyg lucose 1 . 0 0  

d)  Quanti tation of  monos acchari de res idues f rom HN03
/urea 

hydrolys i s . 

For accurate quant i ta ti on o f  monosaccharide res i dues i n  

polysaccharides , i t  wa s neces sary to u s e  a comb ined 

response fac tor , incorporating parameters fo r degradation 

of monos accharides and incomp lete depo lymeri sation of  
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po lys accharides as  we l l  as the peak he ight response factor . 

Th i s  i s  described in  Section 2 . 3 . 3 . l . b .  

The ratio of  peak he ight of s ugar/peak he i gh t  2deoxy­

g luc itol s t andard on the chromatogram x mg 2deoxyg lucos e 

added , ( us ua lly l O O �g )  � Peak He ight Res pon s e  Factor 

(weight re sponse)  = weights free sugar s  ( un adj usted for 

degradati on or depo lymerisation )  . 

The rat io of pe ak he ight of s ugar/peak he ight 2deoxygluc itol 

s t andard on the chromatogram x mg 2deoxyg lucose added , x 

Comb ined Re sponse Factor (we i ght respon s e )  = weight free 

s ugar ( adj us ted for minor levels of  degradation and 

depo lymer i s ation ) . 

The res idue weights of s ugars in nat ive polys accharide 

were calculated from free s ugar weights by al lowing for 

los s of water in condens ation . 

In  ear ly work with O . SM H 2so4 on hypocoty l and 2M TFA on 

pre liminary ca llus fract ions , ald i tol a ceta te leve ls were 

estimated by area meas urements and respon s e s  between area 

of the s ugar s and the standard were taken as 1 . 0 .  

2 . 3 . 2  Total Monosaccharide Analys i s . TFA - En zyme Hydro lys i s  

I n  order t o  obtain information on the ident ity o f  acidic 

res idue s that may exist in the P inus r ad iata pr imary wal l , a 

hydrolytic method that wou ld re lease both neutr a l  and ac idic 

sugar s from the wall was required . Preliminary hydro lys i s  of 

ce l l  wal l  mater i a l  with 0 . 2M TFA - fol lowed by incub ation 

with an enzyme preparation contain ing endopo lyga lacturon as e , 

extr acted from S clerotium rolfs i i  fungus was us ed by Albersheim 

et a l  ( 8 6 )  for the ana lys i s  of  uroni c  acids and was 

adopted in th i s  work . The hydrolys ates have b een s epar ated by 

ion e xchange ( Dowex l-X8 , acetate form) ( 8 5 ,  8 6 )  into neutral 

and acidic fractions for either wor k  up and quanti tat ive 

analys i s  by gas chromatography or qua l itative analy s i s  by 

paper chromatography . Use of 0 . 2M TFA at l 2 0 °C for l hour 
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c auses  l i ttle degradation ( 8 5 ,  86 ) and lac toni s a tion o f  

u roni c aci ds ceases to be a prob lem s ince hydro lys i s  back to 

the free ac id has time to occur in the enzyme buffer of the 

next s tep . 

2 . 3 . 2 . 1  Hydrolysis  P rocedure 

C e l l  wal l  ( 10 - 2 0mg ) pre parati ons ( EDTA re s idue - S ee Chapter 

4 )  were hydro lysed i n  sealed tes t tubes with 2ml , 0 . 2M TFA 

containing lmg recry s ta l l i s ed myo inos itol ( prepared from 

l O . Omg inos i tol and 2ml 2M TFA and 1 8ml di s t i l le d  H20 ) , for 
. 0 -

1 hour 1 n  a pressure cook e r  at �120  C .  Samp les were then 
0 opened , TFA was evaporated w i th an air s tre am a t  4 0  C ,  and 

s amples were dried i n  vacuo over KOH pe l lets fo r 1 2  hours to 

remove res i dual  TFA . Enzyme preparation ( 2m l  i n  O . O lM Na 

ace tate buf fe r  pH 4 . 5 ) was added and samples were i ncubated 

fo r 6 hours at 3 0°C ,  then removed to the re f r igerator ( 8 6 ) . 

Al lono lactone , ( or mannono lactone) 9 . lmg in Sml lM NH 3 ( aq ) , 

was evaporated to drynes s a t  4 5 - 5 5 °C on a Ro tavap , which 

converts the lactone quanti tative ly to the aci d . Th i s  was 

used as an i nterna l s tandard in  samples for ana ly s i s  ( s ee 

be low ) . Th i s  s tandard was first take n back up in Sml lM 

NH 3 ( aq)  conta ining 3 0 - 6 0mg o f  NaBH4 . To the ce l l  wa l l  s amp le 

in th e enzym e  s o lution was then added O . Sml a l lonic ( or 

mannoni c )  acid s tandard ( pr
_
epared as above) , and 3 - 6mg NaBH

4
. 

Reduction of neutral sugars to aldi to l s  and uroni c  acids to 

aldonic acids proceeded fo r 1 hour , after whi ch g lacial  

ace tic acid ( few drop s ) was  added to des troy exces s 

borohydri de , me thano l ( lm l )  was added and the s ample was 

centri fuged . The supernatant was col lected and the res i du e  

was washed wi th 2 x O . Sml 7 0 %  ethano l ( v/v) and washing s  

were added to th e superna tant . After 5 succe s s ive addi tions 

of methanol w i th evapo rations each time to remove borate , 

samples were d i s so lved in 3ml distilled wa ter , and pas s ed 

over sma l l  " pas teur pipe tte " anion exchange columns containing 

2ml Dowex 1-X 8 , 2 0 0 - 4 0 0  mesh res i n in the ace tate form . 

Eluant and washing s  conta ining the aldi to ls from the neutral 

sugars of the hydro lys a te were co llec ted and dried over P 2o
5

. 

The aldonic ac ids and a l lonic acid standard were eluted from 
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the washed res in with approxima te ly 2 . 0m l  o f  l . OM HCl . 

Evaporation of the HC l converted the a ldonic ac ids to the 

aldono 1 , 4 -lactones and the res idue was s tored 1 2  hours i n  

vacuo ove r KOH , to remove res idual HC l . Aldonolactones were 

redu ced to the corresponding aldi to l s  by th e addi tion to 

each sample of lOmg NaBH4 in O . Sml sodium borate buffer , O . O lM ,  

pH 7 . 5 .  Exces s  borohydri de was then removed with ace tic 

ac id and eo-di stil lat ion with methano l ,  and the dry re s i dues 

we re ac ety l ated as  for neutral sugars ( 8 6 ) . 

Acetylation : Aldi to ls formed from the neutral sugar frac tion 

and from the uronic acid portion were s epara tely converted 

to the i r  peracetyl derivatives wi th O . Sml of ace tic 

anhydri de in sealed tubes at 1 2 1°C for 3 hours . Sodium 

acetate remaining after removal of borate s erves as a 

cata lys t .  Samples were inj ected direc t ly i nto the gas 

chromatograph in ace tic anhydr ide . Co lumn 6 was used in  the 

gas chromatograph . Res ults from th ese  hydro lyses are 

summari s ed in Chapter 4 .  

2 . 3 . 2 . 2  Enzyme Preparation 

The fungus Sclerotium ro l f s i i  was used to produce en zyme s 

capab le of  degrading ce l l  wal l  po lysaccharide l inkages . 

Enzymes produced contain an endopolygalacturonas e ,  capab le 

of  l iberati ng uronic acids associ ated w i th pectic and hem i ­

ce l lulose po lysaccharides ( 8 6 ) . The fungus was g rown on 

au toc l aved 1 0  day old Bean and Lupin hypocoty l s  for 10 day s 

a t  3 0 °C .  En zymes were extracted by b le ndi ng the cul tures 

w i th 1 vo lume (w/v ) of  water for 1 - 2  m i nutes i n  a Waring 

B lender ( 1 2 0 ) . Hyph al ce l ls were no t s igni ficantly disrupted . 

The liquid fraction was f i l tered through s everal layers o f  

chee s ecloth and centri fuged at 2 0 , 0 0 0  g .  for 1 5  minutes a t  

4 °C .  The s upe rnatant was lyoph i lised and s tored frozen . 

Lupin enzyme prepara tion ( lO Omg ) and Bean prep ( lO Omg ) were 

e ach di s so lved in lOml of di s t i l led H
2

o and di alys ed over­

night against O . O lM sodium ace ta te bu f fer pH 4 . 5 .  After 

dialys is , phenol-sulphuric " redu c tion a s s ays " ( S ection 2 . 3 . 3 . 2 ) 

s howed that a l l  the carbohydrate was pre s ent i n  oligomeric 
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form ; there were no free sugars and tha t  the carbohydrate 

was only approx imately 5% of the enzyme preparation . Both 

prepara tions were di lu ted to lmg/ml wi th O . O lM sodium 

ace ta te bu f fer pH 4 . 5 .  

2 . 3 . 2 . 3  Synthesis  o f  Al lonic Ac id 

Mannonolactone was u s ed as the standard for quantitating the 

acidic s ugars after ion exchange chroma tography i n  the 1 s t  

TFA- enzyme run . Because this  runs a s  for mannose af ter 

lactoni sation and reduction in the vic i nity expe c ted for 4 -0-

methylgluci tol penta-aceta te , for the s ubsequent ana lys i s , 

a l lono lac tone was us ed as s tandard . Al lono lactone was 

prepared as in Me thods in Carbohydrate Chemis try ( 1 2 1 ) , by a 

Kiliani synthes i s . A solu tion of SOg  ( 0 . 3 3 mo le s )  of 

D-ribo s e  i n  S Oml of water was cooled to 3°C and to th is  was 
0 

added a s o lu tion , also at 3 C o f  4 3 . 5g o f  NaCN 1n 1 5 0ml of  

water . The reaction flask s ti l l  surrounded by an ice bath 

was al lowed to s tand 2 4  hours in a refrigerator a t  4 °C .  The 

c le ar pale yel low so lution was heated 2 hours in a s team 

bath , then boi led gently an addi tiona l 6 hour s  to hydro lys e  

th e nitriles and to expe l ammonia . The hot so lution was 

pas s ed through a Dowex SOW-X 1 0 0 - 2 0 0  mesh cation exchange 

resin ( 1 3 0 g ) in the ca 2+ 
form . The Na

+ 
s a l ts o f  the two 

aldonic ac ids formed i n  the cyanohydri n  s tep were conver ted 
2+ 

to the Ca sa l ts . Th e solution upon s tanding in the cold 

depos i ted the calcium-D-a l tronate hydrate , yie ld 4 3 % . 

Reconcentrati on of  mother liquors and washing s  yie lded some 

further amounts . Wh en no more al trona te wou ld c ry s ta l l i s e ,  

th e rema ining brown s o lution was pas s ed over the Dowex S OW-X 

in H
+ 

form ; the brown solu tion was reconcentrated under 

redu ced pres s ure to a thi ck syrup and refrigerated . After 

ex tended time the al lonolactone crysta l li s ed out . The 

s ample was recrystal l i s ed from methano l . Its puri ty was 

tes ted by gas chromatography . A 9mg s amp le was dissolved in 

0 . 0 � Na4B4
o

7 buffer pH 7 . 5 ,  reduced wi th NaBH4 ( l Omg ) i n  

O . Sml of bora te buffer , and exces s NaBH4 was decompos ed wi th 

MeOH ( 1 0 %  in HOAc ) . The s ample was then ace tylated with 
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ace tic anhydride a t  1 2 1°C for 3 hours and chroma tographed on 

OV2 2 5  column � at 2 1 0°C ,  with a carrier gas flow of 3 0ml/min . 

The alditol hexaace ta te was chromatographically pure . The 

M . P .  of  the 1 , 4 -a l lonolac tone , was 1 2 5°C ( l i terature M . P . 

al loni c acid 1 2 0 °C )  . 

2 . 3 . 3  Determination of  Extent of  Hydro lysis  

Optimum hydro lys is  c onditions for monos accharide ana lys i s  

required that maximum hydro ly s i s  b e  ac compani ed b y  minimum 

degradati on . L i terature reports s uggest that two frequently 

used acids for hydro lys is , - 0 . 5M H 2so4 ( 9 7 , V .  Harwood 

pe rs . cornrn ) and 2M' TFA ( 8 5 ,  9 7 )  re sul ted in more deg rada tion 

than 0 . 5M HN03/0 . 5 % urea as u s ed by Je rmyn and I s herwood ( 8 7 ,  

and also refs 5 9 , 6 0 , 9 7 ) . The or igina l  users o f  th e 

technique ( 8 7 ) , in observing l i ttle degradation on hydro ly s i s , 

did not attempt to deduce the i ndividu a l  degradation parameters 

for each sugar . Two methods were u s ed here to monitor th e 

extent of hydrolys i s  of polys accharides . 

2 . 3 . 3 . 1  Degradation and Depo lymer is ation 

The yield of monosacchar ides from hydro lysis of a f ixed amount 

of  polysaccharide mixture u nder di f ferent condi tions was 

moni tored by gas chromatography . The method is desc ribed 

b elow for 0 . 5M HN0 3/0 . 5 % ure a ( c f  re f s  5 4 , 6 0 )  wh ich proved 

to give better yields of  mono s ac charides than o ther a c ids 

tr ied . 

The op tima l condi tions estab l i shed from this work , ( 0 . 5M 

HN0 3/0 . 5 % urea , 4 hours at 1 0 0°C ,  s ee s ections be low and 

F igure 2 . 7 )  were used routine ly for monosaccharide ana lys i s . 

I n  order to quantitate the monosac charides in any mixture 

( s ee Section 2 . 3 . 1 . 4 . d) , i t  was neces s ary to derive a combi ned 

response factor , inc orporating depolyrner isation , degradation 

and peak height re sponse fac tors . Th e derivation of th e 

depo lymeri sation and degradati on parameters i s  described 

fo l �owing : -
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a )  Degradati on Parameters . 

To three s toppered tubes each containing lmg each o f  

rhamnose , fucos e ,  arabinose , xylos e ,  mannos e ,  galac tose , . 

and g luco s e  from a s tock so lution ( lO Omg each sugar/l O Omls ) 

was added lml l . OM HN03/l% urea ( freshly made up)  and 

then the acid soln ( O . SM HN0
3

/0 . S % urea ) was neutra l i s ed 

wi th 2 . 5M NaOH ( 9 9 ) , and lmg 2deoxyglucose s tandard was 

added from a s tock so lution ( 1 0 0mg/ 1 0 0ml ) . To a further 

three stoppe red tubes each containing lmg of  the above 

sugars was added lml of l . OM HN0
3

/l % urea and the samples 
0 were hydroly s ed at 1 0 0  C for 4 hours . The s amples were 

then cooled , and neutralised wi th 2 .  SM Nacm , using 

b romo thymo l b lue indicator . Bo th s e ts o f  tubes were 

reduced after neutralis ation wi th lml NaBH4 ( S O Omg/l Oml 

lM NH
3

) in lM NH 3 , for 4 hours . The exce s s  borohydride 

was then dis charged with glac i al ace tic acid , and tubes 

were evaporated to drynes s 5 times by codisti l lation with 

l - 2ml methano l ( 1 0 %  i n  glacial  ace tic ac id) . S amp les 

were ace tylated wi th acetic anhydride/pyr idine ( lml : lml ) , 

extracted wi th dichl oromethane/H 20 ,  and inj ec ted onto 

S P 2 3 4 0 . Res u l ts calculated u s ing the Peak Height 

Res ponse Factors ( Section 2 . 3 . 1 . 4 . c ) are s ummar i s ed in 

Tabl e  2 . 3 ,  for the re covery obtaine d .  

Tab le 2 . 3 :  Degradation of Standard Sugars by O . SM 
HN03/0 . S % Urea 

Sugar Hydrolys i s  Recovery Factors 
Average of 3 Res u l ts 

Time O h r  4 hr  
--

Rhamnose 1 . 0  0 . 9 8  

Fucos e 1 . 0  0 . 9 8  

Arabinos e 1 . 0  0 . 9 6  

Xylose 1 . 0  0 . 9 0  

Mannose 1 . 0 0 . 9 6  

Galactos e 1 . 0  0 . 9 5  

G lucos e 1 . 0  0 . 9 5  
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From the se resu l t s  it was conc luded , 1n accordance with 

the reports of Mares and S tone ( 6 0 ,  8 7 ) , that l ittle 

degradat ion occu rred over the 4 hour period in the acid 

solut ion for each of  the sugars be ing measured . However , 

allowance was made for degradation o f  each sugar in the 

f inal factor . 

b)  Comb ined Depo lymer isat ion and Degrad at ion F actor 

A s l ight factor wa s c ons idered for each sugar to a l low 

for the undermea surement of the sugar in the hydrolys ate 

due to incomp lete depo lymeri sat ion ( 1 0 2 , 1 0 4 )  of the 

poly sacchar ide s pre sent . To estimate the se factors , a 

polys acchar ide f ract ion extracted from c a l lu s  wa l l s  by 

0 . 5 % ammonium oxa late was chosen . ( Fract ion des cr ibed 

in pr el iminary ana lyses of c a l lus , S e ction 5 . 2 . la . ) Th i s  

fract ion contained a l l  the maj or sugar re s idues found in 

the cell wa lls . The hydro lyt ic release of each of the 

sugar s rhamnos e ,  fucose , arabinose , xylose , mannos e ,  

galactos e ,  and g lu cose , was fo l lowed by der ivat isation to 

alditol acetates and gas ch� omatography on S P 2 3 4 0  

Column ! ,  a s  prev iou s ly described , us ing peak he ight 

response factors to 2deoxyg luc itol , for sugars . 

The resu lts  of the hydrolytic plot s for three of the 

sugars are summa r i s ed on the plots s hown in F igure 2 . 7 .  

The comb ined depolymer isat ion and degradat ion factor , 

by wh ich to mul t ip ly each sugar , was obtained by 

extrapolat ing the l inear part of the curve to t ime z ero . 

The extrapolated curve approx imate s to the s ituat ion 

where al l the sugar is released and degradat ion after an 

extended per iod of t ime is t hen proc eeding at a steady 

rate . T he ratio of the height of the extrapolated curve 

to the he ight of the observed hydroly s i s curve at t ime 

= 4 hour s , gives a measure of the extent of depo lymer i s a ­

t ion , and the sma l l  factor to a l low for it . 

Degradation was e s t imated from the curves by the ratio of  

the value of  the he ight of  the extrapo lated curve at t ime 

zero , to the height at 4 hours , for the O . SM HN0 3/0 . 5 % urea 

method . 
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Figure 2 . 7 :  Sugar Recovered from an OxaLate Fraction with 
Time for Hydrolysis in 0 . 5M HN03/ 0 . 5 % Urea 
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Reproducible recovery plots are shown for three sugars .  
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The f ac tors observed and incorpor ated in calculat ing 

a lditol acetate d ata on SP 2 3 4 0  are as l i sted in T ab l e  2 . 4 .  

The extent of degradat ion in 4 hour s was sma l l  and for each 

sugar the results  ob ta ined with the polys acchar ide 

substrate were very close to thos e obtained with standard 

s ugar s ( S ubsection ( a ) above) . 

The depo lymeri sat ion factor for arab inose s e ems 

anoma lous ly high , in view of the known l ab i l ity of 

arab inose in the fur anos id ic linkage ( the dominant l inkage 

in p l an t  c e l l  wa l ls )  , never the les s  this high va lue is used 

in the c a lculation of  data in th i s  thes i s . 

T ab le 2 . 4 :  F actors Invo lved in Quantitat ive Recovery of  
Monos accharides by Gas Chromatography 

Peak Degradation Depo lymer i s at i on Comb ined 
Sugar Height Factor F actor Factor 

Respons e  

Rhamnose 1 .  7 1  1 .  0 7  1 .  0 8  0 . 6 8 

Fucose 1 .  8 0  1 .  0 8  1 . 0 0 0 . 6 0 

Arab inose 1 .  32 1 .  0 8  1 .  3 0  1 .  0 6  

Xy los e  1 .  0 1  1 .  0 9  1 . 1 6 1 .  2 5  

Mannose 0 . 7 0 1 .  0 6  1 .  0 0  1 .  5 2  

Gal actose 0 . 6 4 1 .  0 6  1 .  0 3  1 .  7 3  

G lucose 0 . 5 7 1 .  0 5  1 . 0 5 1 .  9 3  

2 . 3 . 3 . 2  As s ay for Non-Reducing S ugar Res idues 

C a lor imetr ic " reduct ion as s ays " were developed for the phenol 

- H 2s o4 ( Total carbohydrate ) and meta-hydroxydiphenyl ( uronic 

acid ) assays , to determine the amount of  s ugar res idues s t i l l  

remaining , g lycos idica l ly - l inked in oligosacchar ides after 

hydro ly s i s  ( T ime ll 1 0 1 ) . Such o l igosaccharid e s  wou ld not be  

recovered as a ldito l a cetates when the s amp le was worked up 

for gas chromatography . 

These assays were app l ied to 2M TFA and 0 . 2M TFA- en zyme 

hydrolyses , described in Chapter 4 .  ( Ca lorime tric phenol -

H 2S 04 as says were not operab le with HN0 3/urea hydrolysates due 

to the pres ence of ure a  wh ich inh ibited format ion of the 

chromophore .  ) 
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On add it ion of NaBH 4 , O . lm l  ( 1 0 0mg/ 10ml SM NH 3 ) to the 

al iquot used for the phenol - H 2S 04 as say ( 0 . 1  to 0 . 4ml ) , and 

equa l i s ing to a total volume of O . Sml with d i s t i l led water if  

nece s s ary prior to the add it ion of reagents , reducing end s of  

the free sugar s and oligosac char ides are reduced to the 

unreac t ive alditol s .  Hence the as say only measures the non­

reduc ing sugar re s idues . The borohydr ide added i s  converted 

by the H 2s o4 to bor ic acid wh ich depresses  the co lour . A 

control wa s therefore used in wh ich the same amount of bor ic 

acid was generated by acid i fy ing some of  the NaBH 4 soln ( l O Omg/ 

l Oml SM NH 3 ) with a drop of cone H2 so4 until e f ferves cence 

ceased , and O . lml was added to the a s s ay in the place of N aBH 4 . 

The borate is thus of the same conc entrat ion in the as say as  

the NaBH 4 . Samp le s ,  s tandards and blanks we re then made up 

to O . Sml and pheno l ( O . Sml ) and H2 S 04 cone ( 3 . 0ml )  were added 

and absorbances read at 4 9 0nm . Reduc ing and non-reduc ing , and 

total sugar res idue s were me a sured in the as say and the approx ima te 

degree of monomerisat ion wa s calcu lated . 

S imi lar ly , non -reduc ing uron i c  acid res idues were est imated by 

t he m-hydroxyd ipheny l method , modif ied by the inclus ion of 

O . lml borohydr ide as  descr ibed for tota l non-r educ ing 

c arbohydr ate residue s .  

U s ing thi s  approach it was po s s ib l e  to show : -

1 .  that hydrolys is was virtu a l ly comp lete under the 

cond it ions emp loyed except in samp les rich in uronic 

acid s ; 

2 .  that non-reduc ing sugar r e s idue s were predominant ly 

uronic acids . 

Th is wa s born out by paper chromatography ( S ect ion 4 . 2 . 5 ) . 

2 . 3 . 4  Ident if icat ion and I so l ation of Uronic Acids and 

Oligosacchar ides 

Monomer ic uronic acids were ident if ied in some ins tance s  

( S ect ion 4 . 2 ) by gas chromatography ( as des cribed i n  Sect ion 

2 . 3 . 2 . 1 ) . Acidic o l igos acchar ides and monosaccharides were 

a l so examined by paper chromatography . 
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In  order to s eparate uroni c acids from neutral s ugars i t  was 

nece s s ary to ensure first that any uronolactones were convert­

ed to the free acid form . Where necess ary thi s  was done by 

incub a ting at pH 8 . 5  for 3 minu tes a t  room t empe rature . The 

s epara ti on of Ac i dic and Neutral sugars for e i ther gas 

chroma tography ( S ec tion 2 . 3 . 2 . 1 )  or paper ch romatography 

( S ec tion 2 . 3 . 4 . 2 ) was carried out w i th Dowex 1-X S- 2 0 0  mesh 

in the ace ta te form ( 8 6 ,  8 8 ) . Th e Dowex was condi tioned after 

washing with lM acetic ac i d ,  and 6M ace tic acid was u s ed to 

e lute acidic s ugars ( 8 8 ) . Wh ereas lM HC l was used to e lute 

acidi c s ugars for subsequent lac toni s a tion and deri va tion 

for gas chroma tography , e lution with 6M aceti c ac id was us ed 

for s amples which were to be ana lysed by pape r chroma tography . 

Acetic  acid ( 6M)  produced less lac toni sation on conce ntration 

than HCl . Only a fai nt l ac tone spot was ob s erved when l Omg 

G lucuronic aci d was evaporated in 6M ace tic ac i d ,  taken back 

up i n  O . Sml of  6M HOAc and approxima tely S O �g o f  sugar was 

applied to pape r and run in so lvent B ( S ec tion 2 . 3 . 4 . 2 ) , and 

deve loped with AgN0
3

. 

The pri or separat i on of ac idic and neutral components 

as s i s ted with the identi fication of G lucuronic ac id , and 

( 4 -0-methy lglucuronosyl ) xylose , in hypocotyl and cal lus by 

subsequent paper chroma tography . 

2 . 3 . 4 . 2  Paper Chroma to�raphy 

Qual i ta t ive pape r chromatography was u s ed to i dent i fy sugar s 

and oligosaccharides after separation of  neu tral and acidic 

components by ion exchange chroma tography ( S ec tion 2 . 3 . 4 . 1 ) . 

The pr i nc ipal so lvent sys tem used for the separation of  

princ ipal a ldobiou ronic and hexuronic ac ids and for the 

identi f i cation o f  neu tral sugars was E thyl ace ta te-wa ter­

acetic ac id- formic acid ( 1 8 : 4 : 3 : 1  by vo lume) ( So lvent A ) , as 

described by Ray and Ro ttenberg ( 8 8 ) . 
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Chromatograms were run 1 8  hours des cending on Wha trnan No 1 

paper ( 9 " x 2 2 " ) i n  s ealed chromatography tanks . The so lvent 

wa s freshly prepared for each chromatograph ic run . Even so 

there was some varia tion in R 1 . va lues . xy ose 

Sugars were located by e i ther of  two procedures : -

( a ) AgNo3 dip us ing the reagents de scribed by Bai ley ( 10 5 ) : 

Chromatograrns we re deve loped by immersing the pape r i n  

the AgNo 3 solutio n ,  al lowing t o  dry , deve lop ing in 0 . 5M 

NaOH in ethano l s o lu tion , a l lowi ng to dry and fixing in 

a 0 . 5M sodium thi osulphate solution and al lowing to dry 

( 10 5  1 1 2 3 )  • 

( b )  Ani line hydrogen phthalate spray reagent prepared by 

addi tion of  0 . 9 3g of ani line and 1 . 6 6g ph tha l i c  acid in 

l O Oml wa ter saturated n-butyl alchohol as  in re ference 

( 1 0 6 ) . 

Chromatograrns deve loped by spraying wi th Ani line hydrogen 

phtha late , ( 10 6 )  were heated 10 minutes at 1 0 5°- 1 1 0 °C .  

Aldoses appeared as reddi sh s po ts . In  vi sib le light hexoses 

appeared brownish , xylose and arabinos e ,  reddi sh , rhamno s e  

and fucose orangey-brown and uronic acids ( Ga lA and G lcA) 

mo re orange . Under U . V .  i rradiation , hexoses ( Glc , Gal  and 

Man) fluoresced yel low-green . G lucuronic ac id had a lower 

f luorescence but galacturonic acid did no t appe ar to 

fluoresce . 

S tandard sugars were run in So lvent A ( E thyl ace ta te/water/ 

acetic acid/formic ac i d  1 8 : 4 : 3 : 1  v/v) , 2 - lO�g of each sugar 

be ing applied to each spot from a solu tion contai ning lmg/ lml 

of each of the sugars rhamno s e , fucos e ,  arab ino s e , xy lo s e , 

mannos e ,  galactose , g lucos e ,  ga lacturonic ac id and g lucuronic 

acid , to charac teri se running pos i tions for a varie ty o f  

s ugars . R 1 
va lue s  for s tandards and 4 - 0-MeGlcA and 

xy ose 
4 - 0-MeGlcA- xylose i n  Solvent A are reported ( 8 8 )  in Chapter 4 

Sec tion 4 . 2 . 5  ( s ee Tab le 4 . 3 ) . 
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So lvent B ( E thyl ace ta te/pyridine/H 20/acetic acid , 5 : 5 : 3 : 1  

v/v ) ( 10 7 )  was used to tes t for the presence o f  lactones , in 

some cas es ( S ecti ons 2 . 3 . 4 . 1 ,  4 . 2 . 2 , 4 . 2 . 5 . 1 ) . 

Tab le 2 . 5 :  R Values for Some S ugars i n  Solvent B 
xylos e 

Sugar R xy los e 

Xylos e 1 . 0 0  

Glucose 0 . 8 3 

Glucuronic acid 0 . 3 9 

Galac turonic acid 0 . 3 1 

Glucuronic acid l ac tone 1 . 1 3 

Galacturoni c acid lactone 1 . 3 2 

2 . 3 . 4 . 3  The Problem of Lac ton isa tion ( s ee p . l O S )  

The p resence o f  lac tones o n  evaporation o f  acid so lutions o f  

s ugar acids , or prolonged he ating o f  sugar aci ds i n  variou s 

mineral acids were tes ted for by chroma tography in Solvent A 

( 8 8 )  and S o lvent B ( 1 07 ) . Thi s  showed lactoni s a tion did 

occur on c oncentrati on o f  galac turonic acid and g l ucuronic 

acid in HCl or TFA . 

Howeve� upon concentrati on of  6M HOAc u s ed for e luting acidic 

s ugars and oligosaccharides f rom Dowex 1 - Co lumns ( S ec tion 

2 . 3 . 4 . 1 ) , very li ttle lactone forma tion was ob served , and 

none fo r 4 - 0-MeGlcA . 

2 . 4 METHYLATION ANALYSIS OF POLYSACCHARIDE FRACTIONS 

Me thyl a tion analys i s  was emp loyed to e lucidate the li nkages 

of re s idues pre sent i n  ce l l  wa l l  poly s a c charides . Methy l ation 

produc ts we re analysed after hydrolys i s  as the i r  par ti a l ly 

m ethy l ated a ldi tol ace ta tes by gas ch roma tography and 

combi ned gas chromatography - mass spec trometry ( 8 , 10 , 4 6 , 
4 7 , 5 7 , 6 0 , 6 8 ,  9 3 ,  9 5 ,  9 6 , 1 0 3 , 1 1 0 ) . 
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2 . 4 . 1  Theory of  Methylat ion 

The Dimethy lsu lphiny l carban ion used here is a powerfu l base 

( 1 1 2 ) , c apable of extracting protons f rom the ring hydroxy l s  

o f  sugar s , t o  form the alkoxide ions wh ich nuc l eoph i l ic a l ly 

displace iodine from methy l iod ide so forming methoxy l group s 

on the sugar r ings ( 9 3 ,  9 5 , 9 6 ,  1 1 1 ) . The react ion may be 

written as  fo l lows where R = polys accharide : -

0 
" 

R-OH + CH 3- S -CH 2Na+ � R-0 

alkoxide 

R-O · CH 3 + Nai 

methy lated po lysacchar ide 

Re action for preparation of dimethyl su lphiny l ( d ims y l )  an ion 

0 

2 . 4 . 2  Preparat ion of Dimethylsu lph iny l ( d imsy l )  an ion 

This was prepared according to Conrad ( 1 1 2 ) ; n -hexane 

( approximately 1 l itre ) was ref luxed over cas o4 for 1 hour , 

then redi s t i l led . The l iquid disti lled over at 6 9 °C was 

col lected . 

D imethyl su lphox ide ( approximately 1 litre) , was ref luxed over 

CaH2 for 3 0  minutes , then dist i l led , the fract ion bo i l ing 

between 1 8 9 - 1 9 0 °C was col lected . 

Sod ium hydr ide ( S . O g )  was washed , three t imes with 4 0  m l  

port ions o f  dr ied n -hexane and re s idual n-hexane was 

evaporated off under n itrogen . Red i s t i l led , dried d imethy l ­

su lphoxide ( DMSO)  ( S O ml )  was then added with a syr inge and 

st irred at approx imately 5 0 °C for 1 hour , after wh ich mos t  

hydrogen evolut ion had stopped . Continued st irr ing a t  5 0 °C 

for an add it ional 3 0  minutes produced a deep sea green 
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solut ion which was then trans ferred care fu lly with a pa s teur 

pipette to glas s v ials , and s toppered under nitrogen with 

suba seal s . Dimsyl an ion was stor ed frozen for per iods up 

to 4 months without s ignif icant los s of  its a lka linity . 

The concentrat ion of the s odium dimethy l sulphiny l anion was 

determined by t itr ating 1 ml  of the so lut ion in 15 ml H 20 

again s t  O . lM HCl with phenolphtha le in ind icator . All  batches 

prepared were approximately 2M . 

2 . 4 . 3 Methylat ion Procedur e 

2 . 4 . 3 . 1 Hakomor i Procedure 

Methylat ion of polys acchar ides was c ar r ied out by the Hakomor i 

procedur e  ( 9 3 ,  1 1 1 ) . Free z e -dr ied po lys accharide fract ions 

( 2 - 2 0mg ) were dried overnight in vacuo over P 2 0s and were 

dis so lved in Sml of  dry DMS O under n itrogen . Dis solu t ion was 

fac i l itated in most cases by heat ing samp les to 6 0°C and by 

brief per iods ( 5  minute s )  of sonicat ion . Dimethy l s u lphiny l  

an ion ( 1 ml of 2M an ion ) wa s added s lowly to form a ge l wh ich 

gradually di sper s ed .  Alkoxide formation was al lowed to 

proceed for 2 - 4  hours , with constant stirr ing , af ter wh ich 

the pr e s ence of exce s s  carban ion was tested for with 

Tr iphenyl me thane ( 1 8 6 ) . A pos i t ive test at the end of  

react ion ind icated that there had been suffi c ient carban ion 

pr esent in the react ion mixture throughout . Methyl iodide 

( 0 . 2ml ) was then added s lowly with a 50 �1 syr inge over 

30 minutes , taking care to ma intain the temperature at 2 0 - 2 5° C 

by immer s ing the f lask in a water bath . After a l l  the me thyl 

iodide had been added , the solut ion was s t irred for an 

add it ional 30 minutes . Methy lat ion was al lowed to proceed 

for 1 - 2  hour s dur ing which the viscos ity of the solut ion 

changed , and then Sml ch loroform/methanol ( 1 : 1  v/v )  wa s added 

and the solut ions were exhau stive ly d i a lysed against  water or 

pas s ed over Sephadex LH - 2 0  ( 2 4 x l . S cm) ( 4 7 ) , to remove DMSO 

and any rema ining methyl iod ide and other monomers . S ampl e s  

were pa s sed over LH - 2 0  only if af ter methylat ion they 
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appeared comple tely solub le in the chloroform/meth ano l .  

Samples were f ree ze-dried . At this  point remethyla tion of 

samples which were not completely soluble i n i ti a l ly in DMSO , 

by th e same procedure , was nece s s ary for complete methy la tion . 

A to tal of 3 s ucce s s ive methy lations were u s ua l ly pe rformed 

by this method after whi ch methyla tion was norma l ly complete 

as i ndicated by the abs ence of undermethyla ted de rivatives in 

gas chromatography . The abs ence of underme thy lated derivatives 

at this s tage could be con fi rmed ( e . g .  Sec tion 2 . 4 . 8 ) by : -

( 1 ) fur ther methyla tions , whi ch fai led to p roduce any change 

in the pattern of methyl ated de rivatives obs erved in gas 

chromatography , 

( 2 )  by a c orre c t  balance between deriva tives corresponding 

to termi na l and branch res idues . 

Whi le complete methy lation was even tua l ly re a ch ed this  me thod 

was s low and laborious . Isolation o f  the materi a l  a fter each 

methy lation s tage took a week for the comple te process  before 

hydroly s i s  was c ommenced . 

In l i gh t  of repo rts by Albersh eim ( 11 3 , 1 1 4 ) tha t  comple te 

methylation coul d be achi eved wi th only one pur i fi cation s tep 

( and fai lure to detec t underme thylation wi th f i r s t  u s e  of the 

method here ) a multiple methylation method was adop ted for the 

alka li -borate fracti on ( S ec tion 6 . 2 ) and methyla tions of Section 

6 . 3 .  Thi s is de s cribed be low . 

2 . 4 . 3 . 2  Mul tiple Me thyla tion Technique 

About 10 0 � 1  2M D imethylsulph iny l  anion was added for e ach 3mg 

of carbohydrate and the s amp le sonic ated in DMSO as  desc ribed 

in Section 2 . 4 . 3 . 1 ,  and coo led to room tempe rature . An amount 

( sl ightly i n  excess  of equimo lar)  of methyl i odi de was added 

and the s o lution s ti rred for 1 hou r . Thi s  was repeated wi th 

the s ame amount o f  anion but for thi s  s econd methylation 

sti rring was overnight , wi th methyl iodide i n  a water bath 

at room tempe ra ture . ( The tempe rature often recommended is 

2 0°C bu t this is no t critical ) . The thi rd me thy la tion 

commenced the s ec ond day . Dimsyl anion was added a t  1 2 0 � 1  
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per 3mg of  carbohydrate , ( a  s l igh t exce s s  over the previous 

2 methylations ) , th e samp l e  was soni cated and s ti rred for 

l- 2 hours , then a 5 x exc e s s  o f  methyl iodide was added and 

the s o lution was s t irred overnight . After 1 2  hours the re 

was often some s a l t  prec ipi tation . The who le s ample was now 

dialysed or run over an LH- 2 0  Sephadex column i n  chloroform/ 

methano l and the e f fluent moni tored for methyla ted ma terial  

by the pheno l-su lphuric as say . 

2 . 4 . 4  Methyl ation of  Uroni c Ac id- Containing Polysaccharide 

Materia ls wi th uronic acids wi l l  not to lerate mul ti p le 

exposures to a lkaline condit ions , wh ich caus e S - e limination 

o f  uronic acid res i dues , as in the repeated s tandard 

methyla tion procedu re , wi th loss  of uronic ac id , Figure 2 . 8 .  

I f  th e uronic acid is  a lre ady partly e s teri fied as i s  often 

the CaS e fOr native po lyS aCChar ide frac tiOnS ( 4 2 ,  1 1 7 )  1 s ­
eliminati On wi l l  occur even i n  the f i r s t  sing le methylation . 

Therefore i n  frac tions where pec tin s truc ture was o f  interes t ,  

po lysaccharide in which uronic acid was methy lated , was de­

es teri fied f i rs t ,  as  describ ed by Aspinall et al ( 11 7 ) . 

It  is  preferable to conver t u ronic ac ids to neutral s ugars 

and ana lyse them by gas chromatography - mas s s pectrometry 

of  thei r  aldi tol ace ta tes . There fore reduction o f  the 

carboxyl group is requi red , and an increase in neu tral 

me thy lated sugars i n  gas chroma tograph ic ana ly s i s  of reduced 

methylated polysac charides compared to the unreduced samp le 

would correspond to those whi ch had b een derived from uronic 

acid res idues by reduction of the carboxyl group . I f  thi s  

reduction i s  pe rformed with an isotopi c  labe l such as  

deuterium the methyl ated s ugars ari s ing from u roni c res i du es 

can be i denti fied , and quan ti tated by their mas s spec tra 

( 9 5 ,  1 1 4 , 1 1 6 )  e . g .  2 , 3 , 6 -Me 3 -galac ti tol-triace tate from a 

1 , 4 - l inke d galac turoni c acid res idue would carry a 

di deutero labe l ,  a t  C-6  givi ng i t  a distinct mas s  s pec trum 

from tha t of the 2 , 3 , 6 -Me 3 -galactitol-triace tate derived 

from 1 , 4 - l inked gal actos e .  



I n  a s ing l e  methylation with me thy l iodide , uronic ac id 

carboxyl groups are converted to the ir methy l e s ters which 
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can then be reduced ( 9 3 ,  9 5 )  u sual ly with lith ium aluminium 

hydr ide ( LiAlH 4 ) or lithium a lumin ium deuteride ( LiA lD 4 ) .  

Alternative ly , the carb od i imide reaction produc t is prepared 

before methylat ion and reduced with NaBH 4 or NaBD 4 ( 1 16 , 1 1 9 ) . 

These technique s are d i f f icult with sma ll am ounts of 

polys accharide , as a high recovery of the po lysaccharide after 

reduc t ion is  not easily attainable . Also with pect in , 

c omplete reduc t ion norma l ly requ ires  s evera l r epeat treatments 

( 43 ) . Leve l s  of reduc t ion and recovery of po lys acchar ide 

with the s e  techniques of reduc tion are di scu s s ed further in the 

resu l t s  sec tion ( Section 6 . l . a ) . 

I f  a uronic ac id res idue was not c ompletely methy lated on a l l  

r ing hydr oxy l s , the se c ond ition s wou ld s t i l l  be sufficient 

f or methy l esterificat ion of the carboxy l group s .  The 

e ster if ied groups could then be reduced after wh ich it wou ld 

be safe to remethylate the whole sample as  � -e l iminat ion wou ld 

no longer occur . 

Procedure : 

The procedure f ina l ly adopted was ba sed on tha t of  Alber she im 

et a l  ( 1 1 4 ) . The po lysacchar ide fract ion conta in ing uronic 

ac id wa s f ir st de-ester if ied with 2 . 5M NaOH ( As p ina ll 11 7 ) in 

order to prevent po s s ib le fragmenta tion due to base-c ata ly sed 

� -eliminat ion dur ing the next step . De-ester if icat ion wa s 

effec ted by adj u sting the pH to 12 . 0  with 2 . 5M NaOH , and the 

residue wa s kept at 0 °C for 2 hour s . The pH wa s then 

adj u sted to j u s t  ac id pH 3 . 5 ,  with 5M H 2S04 , and the samp le 

was dialysed and lyoph i l ised be fore methylation . The 

de-ester if ied po lysacchar ide wa s then methylated in a sing le 

s tep ( S ect ion 2 . 4 . 3 ) before reduction . 

About 1 0 0 � 1  of 2M Dimethy l sulphinyl an ion wa s u s ed for each 

3mg of  c arbohydrate . The mixture wa s son icated for approxi­

mate ly 1 hour then st irred for 3 hours , co oled and a 5 time s 

exces s of methyl iod ide wa s added . On further stirring the 

solut ion turned orange . 
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Stirring was continued for 4 hours . The samp le was then 

di alysed and lyophi lised .  A f te r  methylation , the poly­

saccharide which was  now methyl e s teri f ied was  d i s s o lved by 

soni cati on and warming in 9 5 %  ethanol)tetrahydrofuran 7 : 1 7 

w/� ( 1 1 4 )  and reduced wi th sodium borodeuteride ( ea 6 0mg 

NaBD4 /l 5mg po lysacch aride) and incubated at room tempe rature 

for 18  hours and then heated for l hour at 7 0 °C .  After the 

reducti on the sample was di alysed . A portion was reme thylated 

with 1 2 0� 1 of anion pe r 3mg of c arbohydrate for l hour and 

wi th an excess  of  methyl iodide . The s ample s were pur i fied 

by dia ly s i s  and l yophi li sed . 

A portion o f  thi s s ample was d i s s o lved in dioxane : ethano l 

3 : 1  w/v) ( 1 8 7 )  and reduced wi th NaBD4 as  des cribed above . 

The sample was dialysed and me thy l ated a fur th e r  two times , 

as for methylations 2 and 3 o f  the procedure i n  Secti on 

2 . 4 . 3 . 2 .  Th e s econd me thy l ation used a 5 times exce s s  of 

me thy l iodide . The sample was dialysed agai ns t de ionised 

di sti l le d  water and l yophi l i sed . By this s tage the poly­

saccharide was comp le tely me thyl ated i ncluding the hydroxy l 

at the dideuterated pos i tion of  carbon -6  as  i n  Figure 2 . 9 . 

The summari s ed procedure i s : -

l .  De- es ter i fication pH 1 2 . 0  

2 .  Methy la tion , 5 x exce s s  Mei 

3 .  Reduction NaBD4 
4 .  Methy lation , 5 x exce s s  Mei 

5 .  Reduc ti on NaBD
4 

6 .  2 x methy la tion (Multip le methylation technique)  

2 . 4 . 5  Hydro lys i s  and Deriva ti s ation o f  Methyl a ted P roduc ts 

Methy lated polysaccharide s  were hydrolysed by the me thod o f  

Lindberg e t  al  ( 9 3 ,  9 4 ) . A sample of  methy lated po lysaccharide _ 

( 2 - 5mg ) was heated with 2m l 9 0 %  w/� formic aci d fo r l hour . 

Th i s  pretreatment i s  repo rted to cleave glycos idic linkages 

without caus i ng s igni ficant demethyla tion ( 9 4 , 1 1 0 ) . Tre at-
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ment wi th HC l i n  water or methano l causes more demethylation 

than this method . The p roducts at thi s  s tage were the 

forma te es ters of the par tially methylated monomers . Formic 

acid was removed under a s tream of nitrogen or by rotary 

evaporation at a temperature not exceeding 4 0 °C ,  a nd the 
0 res idue di s so l ved in  lml 0 . 2 5M H 2 so4 and held a t  1 0 0  C for 

16 hours ( 9 3 ,  9 6 ) , to c leave of f the forma te g roups . The 

hydro lys a te was neutral i sed for a l l  methylations wi th barium 

carbonate and th e insoluble barium su lphate removed by 

sucti on f i l tration on a glass f i l ter . Care was taken af ter 

hydro lys i s  to keep temperatures to a minimum , othe rwi s e  los s 

of the more vo latile me thylated derivatives could o ccur ( 9 6 , 

110 ) . Hydro lysates after filtration were reduced for 4 hou rs 

with 2 - 4ml 1 %  ( w/v ) NaBH 4 in lM ammoni a ( aq )  . Exce s s  NaBH
4 

was removed by add i ti on of 4M ace tic acid unt i l  hydrogen 

evolu tion had ceased . S amples were then evaporated to dryne s s  

and methyl bo rate r emoved b y  5 washes o f  lOml methano l wi th 

evapo ration to drynes s each time . Methano l evapora tions were 

carried out with a rotary evaporator at a temperature no t 

excee ding 4 0 °C .  S amp les were ace tylated with ace t i c  

a1iliydri de/pyri dine ( l : l ) at 8 0 - 10 0°C ( 9 5 ,  9 6 ) for l hour . 

Some ear ly s ample s were ace tylated wi th lml ace tic anhydride 
0 

at 1 0 0  C for l hour but for some of thes e  samples under 

ace ty lation was ob s erved ( s ee Chapter 9 ,  Figure 9 . 6 ) . 

Cons equently the s amp le s  were reacetylated wi th ace tic  

anhydride/pyri dine a t  1 0 0 °C for 1 hour and reanaly s ed . 

2 . 4 . 6  Gas -Liquid Chromatography of  Partially Methyla ted 

Aldi to l Ace tates 

The partia l ly methy lated aldi to l acetates we re par ti tioned 

between CH 2
c l

2
/H

2
0 ;  the dichlorome thane extrac ts  were poo led 

and conce ntrated unde r  a stream o f  ni trogen at a tempe rature , 

not exceedi ng 3 5°C ( 9 5 ) . Samples were di ssolved i n  

approximately 10 0 � 1  redi sti lled CH
2

c1 2 and analysed o n  OV2 2 5  

Co lumn 2 and S P 2 3 4 0  Column 1 .  Th e use o f  stee l co lumns was 

avo i ded , s ince pre liminary work s howed that underace ty la ted 

de rivatives c ou ld not be detected when steel co lumns were 
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used ( Chapter 9 ,  Appe ndix 1 ) . 

Methy lated aldi tol ace tates were identi fied by the i r  running 

po si tions ( " T "  va lues ) with respe c t  to 2 , 3 , 4 , 6 -Me4- gluci to l  acetate 

( 9 3 ,  1 1 5 ) , and by comparing w i th the runni ng pos i tions on the 

s ame columns of s tandard me thy l a ted aldi tol ace ta tes from 

reference polysaccharides ( s ee Sec tion 2 . 4 . 8 ) . The i denti ty 

o f  perrnethy lated aldi to l  ace tates was subsequently ver i fied 

by their mas s  spectra ( 9 5 )  . 

The running parameters as shown in the Appe ndix were comp i le d  

for methy lated derivatives on OV2 2 5  and SP2 3 4 0  g l a s s  co lumns 

( Columns 1 and �) , as the work prog ressed , more readi ly 

faci litati ng the identity of peak s . 

2 . 4 . 7 Quanti tation o f  Resu l ts and Mas s  Spectrometry 

2 . 4 . 7 . 1 Quanti tation by Peak Are as 

Partially methylated a lditol ace tates were primari ly 

quanti tated from their pe ak areas  on the gas charoma tograms 

using flame ioni sa tion detec tion . Area respons e factors for 

the compounds bas ed on the E f fective Carbon Res pons e ( ECR)  

( Swee t  et  a l  ( 1 1 3 ) ) ,  were used to  calculate mo lar 

propor tions of the various ly- l i nked res idues . 

2 . 4 . 7 . 2 Quanti tation by Mas s  Spec trome try 

Quantitation by use of mas s  spec trome try was more indi rec t ,  

and i s  explained ful ly in Appendix 1 and 2 .  Thi s  was o f  us e 

where compounds may be ins eparable on th e norma l g . c .  trace , 

but where s canning through the to ta l pe ak width by mas s  

spe ctrometry a l lowed a view o f  the chang ing fragmentation 

pattern . Mas s  spe ctra were re corded where e s s enti al , or 

scanned acro s s  the whole chroma togram as the case nece s s i ta ted . 
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Both OV2 2 5  and S P 2 3 4 0  columns wer e  used in a Var ian aerograph 

series  1 7 0 0  gas  chromatograph with a V . G . Microma s s  1 2 F . mas s  

spectrometer . 

With S P 2 3 4 0  a He l ium gas f low rate of  2 0ml/minute and a 

program of 1 5 0  - 2 3 0°C at 2°C/minute was used . 

With OV2 2 5  a H e l ium gas f low rate of 2 0ml/minute and a 

program of 1 6 0  - 2 1 0°C at 1°C/minute was used . 

Some runs were also performed isotherma l ly a t  1 6 0°C on OV2 2 5 . 

2 . 4 . 7 . 3 Expre s s ion of  Data 

Mo le rat ios of permethylated der ivatives were e luc idated from 

the areas proportioned to each der ivative ( from the 

cons iderat ion o f  separat ions on the different columns [ Co lumns 

1 and 2 ]  and area quantitat ions by mas s  spectrometry ) and the i r  

ad j us tment b y  t h e  E . C . R . fac tor ( S ection 2 . 4 . 7 . 1  and 2 . 4 . 7 . 2 ) . 

Mo le ratios for each der ivative were converted to Mo l e  % of  

the total methylated derivatives o f  the frac t ion . Neutral 

permethy lated der ivatives were expre s sed as � mo les of 

derivat ive in the fraction , as a proportion of  the total 

neutra l  carbohydrate in the fract ion ( here re ferred to as  tota l 

fraction sugar ) . Total fraction sugar was e xpre s sed as 

� mo l e s/g 7 0°C water res idue , and the proportion of  methyl 

derivat ive ( a l s o  g iven as � mo le s/g 7 0 °C water re s idue ) was 

obtained from t h i s  by taking the Mo le % value from the 

compo s it ion o f  methyl der ivative s a s  a percentage o f  the total 

fract ion sugar . 

In the case of  uronic acid reduced fractions ( S ection 6 . 3 ) 

the total fraction sugar inc luded � mo les of uron ic ac id , 

s ince the methy lation data inc luded der ivatives der ived from 

uron ic acids . For the se cases , the data were norma l i s ed 

re lative to leve ls of total arab inose found in the neutral 

me thylation (methylat ion 5 x M Tab le 6 . 2 ) . Th i s  a l lows for 

under-reduction of the methylated uronic  samp l e , which 

e levate s the Mo le % value of derivatives from neutral sugar s , 

and hence produc e s  s l ight ly art i f i c ially h igh leve l s  o f  mos t  

der ivative s . 



2 . 4 . 8  Trial  of  the Methyl ation Method 

Be fore me thylati on of any s amp le , some parti a l ly pur i fied 

reference polys acchar ides were methy lated by  the  s tandard 

Hakomori procedure . Carob bean galac tomannan ( 2 0mg ) and 

Wheat flour arabinoxy lan ( 2 0mg ) ( s ee Sec tion 2 . 1 ) and an 
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' arabinoxy lan/galactomannan mixture ( l Omg each ) were ace tyla ted 

overnight ( 1 1 8 ) . S amp les were di s solved in formamide ( 8m l )  

and Ac 20/pyri dine ( 1 : 1  6ml tota l )  was added and l e f t  a t  room 

tempe rature overnight . The sample s were then pou red i nto 

water , and the ma terial  was recovered by free z e  d rying . 

Mos t of the po lys acchari de was then d i s s o lved in  Sml DMSO 

and methylated as de s cribed i n  Sec tion 2 . 4 . 3 . 1  to a 3 rd 

methylation s tage . 

The galactomannan/ar abinoxylan was pur i f ied afte r  each 

me thylation by dialys i s . The arabinoxy lan was pur i fied a fter 

each methyl ation by S ephadex LH - 2 0  chromatography, as was the 

ga lactomannan . The parti a l ly methylated aldi to l  ace tates 

de rived as in Sections 2 . 4 . 3  and 2 . 4 . 5  were ana ly s ed by gas  

chroma tography . 

Portions of the samp le s  puri fied by dialysis were hydro lys ed 

w ith O . SM HN03/0 . S % u rea for 4 hours and the monos accharide 

composi tion calculated . 

The ratios o f  the sum s  of the methyla ted derivatives for each 

sugar , were compared wi th the ratios of the sugars de termi ned 

from thei r a lditol ace ta te analyses ( s ee Tab le 2 . 6 ) . 

Th e rati os o f  the sugars ( sums of  methylated derivatives ) 

from methyl ation data agreed qu ite clos e ly wi th the sugar 

ratios from aldito l  ace tate analyses . 

Th at methy lation was e s s enti a l ly comp le te was indicated by 

thi s  and also  that the appropriate number of termi na l 

res idues we re present to ac count for branch pos i tions in  th e 

polys accharides . 



Table 2 . 6 :  Methy lation Data For S tandard Polys acchari de s  

Table 2 . 6 a :  Galac tomannan/Arabinoxylan Mixture Twice Me thylated 

Derivative Mo le % Sugar Deriva tive Sums 
as Mo le % Total 

2 , 3 , 5 -Me 3Ara 1 2 . 9  1 2 . 9  --

2 , 3 -Me 2
Xy l l 1 0 . 8  

16 . 9  
2-MeXyl 6 . 1 

2 , 3 , 6 -Me 3Man l 2 2 . 1  

2 , 6 -Me2Man 1 . 4  3 2 . 2  --

2 , 3-Me 2Man 8 . 6 

2 , 3 , 4 , 6 -Me 4 Gal 7 . 7  7 . 7  --

2 , 3 , 4 , 6 -Me4 Glc* 3 . 5  

2 , 4 , 6 -Me 3Glc 2 . 2  3 0  0 3 --
2 , 3 , 6 -Me

3
Glc 2 2 . 3  

2 , 3 -Me
2

Glc 2 . 2  

Sugars as % Total From 
Aldi tol Ace tates ( Mo le Bas i s )  

1 2 . 0  Ara -- --

1 7 . 6  -- Xyl 

3 9 . 4  Man -- --

1 2 . 4  Gal -- --

1 8 . 6  Glc -- --

* Figure for 2 , 3 , 4 , 6 -Me 4Glc inc ludes 2 , 3 , 4 , 6 -Me 4Man . 
Glucose der ivat ives are from starch , a l so present in the sample ; data suggest pref erent ia l 

methy lat ion of starch . 

' 

I I I 
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Tab le 2 . 6 b :  Galac tomannan , Two and Three Times Methyl ated 

Derivative 
Hole % Sugar Derivative Sums 

Methylated Mo le % Total 

( 2x )  ( 3x )  ( 3  x Methyl ated)  

2 , 3 , 6 -Me 3Man l 6 3 . 1 6 3 . 5  8 2 . 5  
2 , 3 -Me2Man 2 1 . 2  1 9 . 0  

--

2 , 3 , 4 , 6 -Me4 Gal 1 4 . 6  16 . 6  1 7 . 0  
--

2 , 3 , 4 , 6 -Me4 Glc * 1 . 0  0 . 9 1 . 0  
--

Sugars as % Total 
From Aldito l Ac etates 

( Mole Basi s )  

80  Man 
- --

19 Ga l 
- --

1 Glc 
- --

Data for the 2 nd and 3 rd methy lati ons on the galac tomannan are closely comparable 

* Inc ludes 2 , 3 , 4 , 6 -Me 4Man . 

I I 

I 

I 
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Tab le 2 . 6 c :  Arabinoxy lan� Once , Twi ce and Th ree Times Me thy lated 

Derivative 

2 ,  3 ,  5 -Me
3

Ara l 
3 , 5 -Me2Ara 

2 , 3 , 4 -Me 3Xyl 

2 , 3-Me 2Xy l 

2 -Me Xyl 

Xy l 

2 , 3 , 4 , 6 -Me4Glc 

2 , 3 , 6 -Me 3Glc 

2 , 3 -Me 2Glc 

- ------ - ------

( lx)  

2 0 . 2  

0 . 5  

0 . 7 5 

2 1 . 5  

6 . 6  

1 0 . 5  

5 . 3  

2 8 . 5  

6 . 2  

--- --

·Mole � 
Methyl ated 

( 2x)  ( 3x)  

1 8 . 0  2 7 . 0  

0 . 7  0 . 7 5  

0 . 8  0 . 9 4  

2 4 . 0  2 3 . 7  

6 . 9 6 . 1 

9 . 0 8 . 2  

6 . 5  5 . 4  

2 8 . 9  2 3 . 8  

5 . 1  4 . 2 

----- �---

Sugar Deriva tive Sums 
Mo le % To tal 

( 3  x Methy lated) 

-- -----

2 7 . 8  
--

3 8 . 9  
--

3 3 . 4  
--

-

Sugars as % Total 
From Aldi tol Ace tates 

( Mole Bas i s )  

2 7 . 7  Ara 
-- --

3 8 . 7  
--

Xyl 

3 3 . 6  Glc  
-- --

Results show that there is l i ttle change in the mo le % compos ition by the end of the 3rd 

methy l ation . Li ttle fur ther methy lation oc curs on the third treatment , and complete 

methylation is being achieved . 

* The sample contains arabinoxylan and starch . 

i 
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2 . 5  MICROSCOPIC E XAMINATION O F  TISSUES AND WALLS 
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S truc tural ce l lular feature s of green callu s  t i s s ue and the 

nature of  the primary wa l l  prepared from it  ( Chapter 3 ,  

Sec ti on 3 . 5 ) were examined by e lec tron microscopy , and l ight 

micros copy . 

2 . 5 . 1  Transmiss ion Electron Microscopy 

Sections through who le green callus were prepared for 

Transmi s s ion E lec tron Microscopy . 

Sma l l  portions o f  cal lus  we re fi xed at 4 0
°

C for 4 hour i n  a 

modified Karnovsky ( 7 2 )  fixative , con s i s ting of  2 %  form­

aldehyde , 3 %  glutaraldehyde i n  O . lM s odium phosphate buf fer , 

pH 7 . 2 .  A fter two buffer rinses they were post f ixed for 

1 hour in 1 %  osmium tetroxide in the same buf fer . 

D ehydration was c arried out us ing a graded s eries  of  ethano l 

washes ( 2 5 % , 5 0 % , 7 5 % , 9 5 %  1 0 0 % )  of  3 0  minute expos ure s ,  

wi th the exception o f  the 7 5 % wash , which was left  overnight . 

The e thano l was repl aced wi th propylene oxi de ( 2  x 1 0  minute 

changes ) a nd infi ltra tion was achieved , overnigh t with 30 % 

res in i n  propylene oxide in u ncapped glas s vials  on a 

mechanical  s ti rrer in a fume cupboard . They were further 

held in  1 0 0 %  re s in for 8 hours and embedded i n  fresh res i n  

i n  buty l  rubber moulds and po lymerised a t  6 0 °C over a period 

of  4 8  hours . The embedding resin employed was Durcapan ACM 

( F luka Buchs A . G .  Swi tzerland ) . 

Pale gold ( interference colour) sections were cut on glas s 

knives us ing an L . K . B .  Ul tramicro tome and pi cked up on 

carbon s tab i l i sed Formvar support fi lms on 2 0 0  mesh copper 

grids . Such s ections were post s tai ned for 3 minutes in  

s aturated e thano lic u rany l ace tate , washed wi th 5 0 %  ethano l ,  

fol lowed b y  wa te r ,  and subsequently stai ned for a further 3 

minutes in le ad ci trate ( 7 3 ) , and water washed . S ec tions 

were examined in a Ph i l ips E . M .  2 0 0  e lec tron micros cope and 

pho tographed on Kodak fine grai n pos i tive 3 5mm f i lm . 
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2 . 5 . 2  Scanning E lectron Microscopy 

Dry wal l material was sprink led on to a thin layer o f  

condu c ti ve s i lver paint g lue , and exces s par tic le s  were 

removed with an air s t ream . The par ticles were " s putter 

coate d '' with a 1 0 0A0 
- thick layer o f  gold and then viewed 

unde r a scanning electron micros cope . 

2 . 5 . 3  Light M i c ros copy 

Ce l l  wa lls  suspended in aqueou s buffer ( Batch 1 and 2 wal l s , 

see Chapter 3 )  we re viewed unde r a Reichart Diapan l i g h t  

mi cros cope fi t ted wi th a Nikon s emi automatic camer a  and 

pho tomicrograph s were recorded . 



CHAPTER 3 
G ROHTH AND P REPARAT I ON OF SA�lPLE �lATER I AL 

3 . 1  GROWTH OF HYPOCOTYLS 
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Etio lated seedlings were grown from s e eds in  Opiki loam soil  

in the dark under conditions of cons tant temperature ( 2 2 - 2 4 °C )  

and mo i s ture (water ing once every two days )  , i n  the Cl imate 

Re search Labo ratory , Plant P hy s iology Divis ion D . S . I . R . , P . N . 

The hypocoty l s  were harve s ted when they reached approximately 

7 cm in he i ght . The hypocotyl segments were harve s ted approx­

imate ly 7rnrn above ground and immediate l y  beneath the cotyledons . 

They we re then washed with d i s t i l led water and s tored fro zen 

in plastic  container s  unt i l  requ ired for use . 

3 . 2  ORIGIN OF CALLUS CULTURES 

P inus radi ata callus  t i s sue were de r i ved from two source s : -

a )  seedl ings hypocotyl s ,  and 

b )  d i s sected embryo s ,  

the l atter by courtesy of the Fores try Re search Insti tute , 

New Zeal and . 

3 . 2 . 1  Der ivation of Callus from Hypocotyl 

Initially callus  growth wa s inve stigated on a Murashige and 

S koog ( 7 4 )  salt  med i um . Growth on thi s  medium was not e a s i ly 

sustained � con sequently a new medium was tried , of  compo s it ion 

based on L insmaier and Skoog 1 9 6 5  ( 7 5 )  . Cal luses  were 

generated from exc i s ed hypocotyl segments  steri l i sed in  5 %  

hypochlori te solut ion and placed on the medium t o  produce 

budding o f f , o f  callus  tis sue,  on each end of the hypocotyl 

segment ( 7 6 ) . Cal luses were grown unde r contro l led 

conditions of  l ight ( 3 0cms from fluo re scent tube s of 4 0  wat t  

power ) and tempe rature ( 2 2 - 2 4°C ) . Cal luses  were sub-cul tured 

at 3 week ly interva l s , ( when callus s i z e  had reached 1 - l . 5 cm 

i n  diamete r )  asepti cally in a l aminar flow hood onto fresh 

media in sterile pe tri dishe s . The s e  were sealed with 
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" gladwrap " to prevent lo s s  o f  mo i sture and drying out o f  the 

plate s . 

3 . 3  MAINTENANCE O F  CALLUS CULTURES 

Growth of callus rece ived from the Fore stry Re search Insti tute 

wa s nece s s ary for the cont inual supply of  material  for cel l 

wal l  preparations . A few cal luses were origin a l l y  received 

to generate enough wal l  material for some pre l iminary 

analyse s on browning callus  ( s ee Section 3 . 6 . 1  and 5 . 2 . 1 ) . 

The bulk o f  the calluses  maintained were from a subsequent 

la rge batch received from F . R . I . , ( see Sec tion 3 . 5  and 3 . 6 . 2 ) . 

Growth was sustained on a medium of compo sition based on 

Linsmaier and Skoog ( 7 5 )  but modi fied a s  by the Ti s sue Cul ture 

Group of  the Fore s try Re search Institute , and as outl ined in 

re ference ( 1 4 2 , 1 8 5 )  except that medi a  used in thi s laboratory 

was supplemented with 7 5mg/ l i tre of c itric ac i d , and 5 0mg/ 

l itre of asco rbic acid . Citric and a scorbic a c i d s  seemed 

nece s sary to sustain viable fresh green growth of calluses 

over an extended per iod of  months ( 2 0 7 ) . 

Calluse s  which h ad been in i t iated at the Fore s try Re search 

Institu te and then subcul tured onto my Linsma ier , S koog medi a  

grew more rapidly and survived subsequent subcul turing be t ter 

if  citric and ascorbic  acid supplements were used . Batche s  of  

growth medi a  were prepared between 2 0 0ml s to a l i tre as  

required wi th distil led wate r , and the pH adj us ted to 5 . 6  -

5 . 8  with l . OM NaOH . I f  the pH over sho t  this va lue , O . lM HCl  

was  used to bring i t  back down . Difco puri fied agar was  added 

to a concentration o f  0 . 6 %  and the mixture auto c l aved in 

Er lenmeyer f lasks ( which we re plugged with cotton woo l f i l te r s )  

a t  1 5  p s i  1 5 - 2 0  minute s , then poured whi le sti l l  hot . The 

neck of the flask was s ter i l i sed by flaming be fore and a t  

interva l s  dur ing pouring . After trans ferral t o  new medi a , 

calluses were maintained under l ight , temperature and moi s tu re 

conditions a s  ment ioned in Sec tion 3 . 2 . 1  before the next 

subcui ture . 



Table 3 . 1 :  Linsmaier and S koog Growth Medium 

SOLUTION A :  MAJOR ELEMENTS 

NH4No3 ( Ammonium n itrate ) 

KN03 ( Potas s i um ni trate)  

Mgso4 - 7 H2o ( Magne s ium sulphate 

KH2 Po4 ( Potass ium dihydrogen 
orthopho sphate ) 

Na2EDTA , d i sodium s a l t  

Feso4 · 7 H2
0 ( Ferrous sulphate ) 

SOLUTION B 

Sucrose 

S OLUTION C :  MICRONUTRIENTS 

MnS04
· 4 H 20 

H 3Bo3 
ZnS04 · 7 H20 

( Manganous sulphate ) 

( Boric ac id)  

( Z inc sulp hate ) 

K I  ( Pota s s ium iodide ) 

cuso4 · 5H 20 ( Copper sulphate)  

NaMo04 · 2H2o ( Sodium mo lybdate ) 

CoCl 2 · 6H 2o ( Cobalt  c hloride ) 

Thiamine hydrochlor ide 

Ino s i tol 

SOLUT ION D :  HORMONES 

IBA ( Indole butyric ac id)  

otock Solutions 
Concentration 

g/litre 

3 3 . 0  

3 8 . 0  

7 . 4  

3 . 4  

0 . 7 46  

0 . 5 5 6  

3 0 0 . 0  

4 . 4  

2 . 0  

0 . 5  

0 . 1  

0 . 1  

0 . 0 2 

0 . 0 2 

0 . 0 2 

0 . 0 4 

1 0 . 0  

0 . 5 0 
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Concentration in 
Medium 

mg/litre of medium 

1 6 5 0 . 0  

1 9 0 0 . 0  

3 7 0 . 0  

1 7 0 . 0  

3 7 . 3  

2 7 . 8  

3 0 , 0 0 0  

4 40  

2 0 . 0 0 

5 . 0  

l . O  

l . O  

0 . 2  

0 . 2  

0 . 2  

0 . 4  

1 0 0 . 0  

5 . 0  



3 . 4  ATTEMPTED GROWTH OF S U S P E N S I ON C ULT U R E S  
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Pieces of callus der ived from hypocotyl in thi s  laboratory a s  _ 

in Sec tion 3 . 2 . 1  were trans fe rred to solutions o f  the s ame 

nutrient media as  used for growth of cal lus from hypocotyl 

on agar ( 7 4 , 7 5 ) . Cul tures were swirled at approximately l O O  

revolutions/minute in modi fied Erlenmyer flasks ( wi th s ide 

arms for absorbance and length measurements ) ,  at 2 5 °c under 

con stant l i ght conditions . The growth increment de termined 

by the cell dens i ty-packed cell  vo lume , was mon i tored over a 

per iod of  6 week s , but no po s i t ive increment in growth was 

ob served at any s tage and cel l s  appeared to even tually  all  

die . Growth could no t be susta ined on trans ferral o f  callus  

tis sue to the l iquid media . 

3 . 5  CALLU S CULT U R E S  FOR C E LL WALL P R E PARAT I ON 

The ce l l  wa l l  preparations de scribed in Sec tions 3 . 6 . 1  and 

3 . 6 . 2 ,  were der ived from cultures initia l ly provided by the 

Fore s try Research Institute . Of 2 1 0 g  cal luse s rece ived from 

F . R . I . , approximate ly 1 4 7 g  were harve sted 10 days after 

trans fer ( 3  days a fter receipt of cul ture s )  for preparation 

of wal l s  ( Ba tch 1) by the wet s ieving method , as de s cribed 

in preparation of  wa l l s  subsequently .  

The remaining cal luses  were maintained a s  de scribed above 

with succe s s ive trans fers and divi s ions until a further crop 

of 3 2 0 g  wa s produced . Thi s  was then harve sted for preparation 

of a larger batch of  wa l l s  ( Batch 2 ) . 

3 . 5 . 1  Examination of  Callus  Culture s 

a )  Macro scopi c  appearance . 

Approximately one week after trans ferral to new medi a , 

cal luses grown on the medium o f  Table 3 . 1 ,  with I BA growth 

hormone we re green and moist in appearance . Calluses  which 

were let grow past the 3 week per iod , between s ubcul ture s , 

were observed to produce a cru s ting on the ir external 

sur face s ,  which deve loped a brown di sco louring . The 
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viabi l ity of such cal luses  decreased in rel ation to l o s s  

o f  greenne s s  and appearance of  external crusting . 

b )  Microscopic appearance . 

Light and elec tron mic ro scopy indicated that di fferent iation 

had been kept to a min imum by the medium , but some 

trache ids were found in wal l  preparation s ( see microscopy 

results of Sections 3 . 7 . 1  and 3 . 7 . 2 ) . Sections through 

green cal lu s  cel l s  demons tr ated that es sentia l ly these 

we re i sodiametr 1c ,  thin wal led and highly vacuo lated , as 

de scribed in fo l lowing sections . 

3 . 5 . 2  Electron Microscop i c  Examination 

a) Cal lus  mater ial wa s prepared for transmi s s ion electron 

micro scopy as  described in  methods 2 . 5 . 1 .  

Figure 3 . 1  shows three cel l s , s ide to side , demons trating 

the thin primary wal l s  and middle l ame lla region . Ther e 

are large vacuo l e s  in the two end c e l l s  with tannin 

depo sition at the edge s of the vacuo les  of the two end 

ce l l s . Tannin depo s i tion i s  normal in  Pinus c a l lus  ( 1 7 8 ) . 

F igure 3 . 2  i s  a l arger s i de view o f  the r ight o f  the 

photograph in Figure 3 . 1 .  The pl asmalemma i s  v i s ible . 

In  F igure 3 . 3 ,  the micro f ibri l lar appearance of  the cel l ­

ulo se i s  evident . Thi s photograph demonstrate s  the 

uni formity of appearance r ight acro s s  the wal l , showing 

that morphologically  there i s  only one main structure under 

ana lysis , and l i ttle  further differentiation of the wa l l  

into a mul t i - struc tured organe l le has occurred . 

b )  Examination of Po s s ible S ecretory Material . Toward the 

end of periods be tween sub-culturing , many of the calluse s 

were observed to po s s e s s  milky edge s around the base 

region , which set in the aga r . Thi s  material was col lected 

and examined by l i ght and el ectron microscopy . Pre l iminary 

l i ght micro scopic examination showed that thi s mater i a l  

con s i s ted of  rod - l i ke bod ie s , and bacterial  contaminat ion 



Fi gure 3 . 1  Section through green cal l us ce lls , 3 , 4 0 0x .  

Figu re 3 .  2 Section through the right o f  Pho tograph 1 ,  

86 . 

17 , 5 0 0x . Showing clearly dis tingui shed pl asmalemma . 
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• 

F igure 3 . 3  Cross  sec tion o f  the primary wall 4 1 , 4 0 0 x .  

Figure 3 . 4  Rod-l ike materi a l  from around callus base s 7 4 , 0 0 Q« .  
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of the cultures wa s suspected . However , the mater ial 

wou ld not produce ev idence of bacter i a l  growth when it  wa s 

p lated out on a vari ety of r ich med ia . Also use of ant i ­

b iotics  in the cal lu s cultures d id not suppr e s s  product ion 

of this mat er ial . It  wa s hence demons trated that the 

cu ltures were uncontam inated . The nature of the material 

was exam ined further by transmi s s ion electr on microscopy . 

F igure 3 . 4  demonstrates the nature o f  the rod - l ike material 

found around the base of many actively growing calluses . 

The mater ial appears to have a regu lar microcrystal line 

repeat ing structure with 9nm long itud inal r epeat , and Snm 

tr ansver se repeat ( F igure 3 . 4 ) . The d imen s ion s sugge s t  

that the mater ial cou ld be a protein of mo lecu lar weight 

e a . l-2x 10 5 da ltons . I t  i s  sugge sted that this 

prote inacious material i s  extruded through the c a l lus  wal l s  

as  i t  wa s obs erved i n  e lectron micro scopy t o  crysta l l i s e  

from amorphou s mat er ial s t i l l  attached to t h e  wal l  i n  some 

case s . It is pos s ible that this extracellular material 

which crystal l i s e s  i s  related direct ly to wa l l  glycoprote in . 

An insu f f icient amount of it cou ld be purif ied for amino 

ac id ana lys is . 

3 . 6  P UR I F I CAT I ON O F  CALLUS WA LLS 

Two types of wal l  preparat ions wer e  u s ed : -

a )  The non aqueous wet s ieving method of Mare s and S tone ( 6 0 ) , 

a s  a l so used by F incher ( 6 1 ) . 

b )  T he aqueous method of Alber sheim ( 8 ,  4 6 , 4 7 )  us ing cel l 

d i s rupt ion and su spens ion in potass ium pho sphate bu ffer . 

3 . 6 . 1  Pr eparat ion of  Wal ls by Wet S ieving 

Calluses suppl ied by F . R . I .  ( l 4 7 g wet we ight ) were harve sted 

caref u l ly from the agar med ium , br iefly r insed w ith d i s t i l led 

water , and ground in a mortar with 8 0 %  aqueous ethanol . The 

gro�nd c a l lus  mater ial  was sonicated in  s hort bu rsts of 
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1 - 2  minutes to a s s i s t  the free ing up of  cytoplasmic 

contaminants  and s tarch granules , and f i l tered on 2 5 �m me sh 

nylon bo l t ing c lo th . Wal l material was  removed from the 

cloth and examined w i th the l ight mic ro s cope for s i z e  and 

pur i ty . The procedure was repeated until a high degree o f  

pur i ty o f  wal l fragments wa s observed microscopical ly , and 

the preparation was e s sentially free o f  starch ( figure s 3 . 9 ,  

3 . 1 2 and 3 . 1 3 ) . Some s tarch ( 14 5mg )  was puri fied by s low 

centri fugation, from wal l  material that had pas sed the me s h .  

The pe l le t  sur face and supernatants contained almost  pure 

s tarch . 

The wal l  wa s collec ted and solvent exchange dried ( 6 0 )  by 

succe s s ive washing with absolute ethano l , methanol , and 

n-hexane . The wal l  was furthe r dr ied over P 2o5 and s tored in 

vacuo over KOH pel le t s . Aqueous ethanol ( 8 0 % )  was used for 

suspens ion of the ce l l s  and wal l s  throughout the procedure , 

s i nce it  solub i l i s e s  l ipids and most cytoplasmic componen t s  

b u t  has been observed t o  precipitate mo s t  polysaccharides 

and there fore provides for retention o f  water soluble po ly­

saccarides in the wal l  preparation ( 6 0 , 6 1 ) . 

The yield by thi s  technique was calculated a s  7 0 0mg . Thi s i s  

equivalent to 0 . 5 % o f  the we t wei ght o f  cal l u s  taken . Thi s 

preparation i s  re ferred to as  Batch 1 .  

A l e s ser amount o f  wal l ( 6 0 0mg ) was prepared by wet s ieving 

of some "browning cal lus " ( derived as  in  Sec tion 3 .  3 from a 

few calluses suppl ied from F . R . I . , to i ni tiate some cu l ture s 

for prel iminary wa l l  pur i f ications and analyse s )  . Thi s wal l  

was used for a time course o f  hydro lys i s  study , ( see Section 

2 . 3 . 3 . 1 ) and some prel iminary experiments on extraction and 

paper chromatography of hydro lysed por tions ( Sec tion 5 . 2 . 1 ) . 

For large amounts o f  callus  the Albersheim me thod of  wal l 

preparation wa s adopted , s ince a large scale wal l  preparation 

wa s impractical by we t s ieving . The wet sieving proce s s  has 

inherent problems o f  reduced filtration by c logging if  a 

large amount i s  handled at once , and particle s i z e  reduc t ion 
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i f  pro longed sonication ha s to be used to free up starch from 

a l arger mas s . Consequently greater loss  of wal l  than 

nece s sary occurs . 

3 . 6 . 2  Preparation of Wal l  by Disruption and Buf fer Washing 

( Batch 2 Wall s )  

Green cal lus , grown a s  described in Section 3 . 5 ,  from cal luses  

which were initiated at F . R . I . , was  harve sted ( 3 2 0 g  wet we i ght)  

1 0  days after transfer and washed twice with approximately 5 

vo lume s ( v/w) of  cold ( 4 °C )  O . lM pota s s ium pho sphate buffer 

pH 7 . 0 .  The suspens ion was  centri fuged and the ce l l  ma s s  

divided into ratio 3 : 1  b y  volume . 

The ce l l s  of the larger batch ( Batch 2 ,  equivalent to 2 4 0 g 

we t we ight callus ) , were then suspended in  1 vo lume ( v/w) o f  

O . lM pota s s i um phosphate bu ffer pH 7 . 0  at 2 - 4
°

C .  

The ce l l s  o f  the smal ler batch , ( Batch 2 P , equiva lent to 8 0 g  

we t we ight callus)  were suspended i n  phosphate buffer , 1 0 %  i n  

po lye thylene glycol , ( mw 5 0 0 0 ) , to give a final volume o f  

ce l l  suspen s ion whi ch was 5 %  i n  polyethylene glycol . Poly­

ethylene glycol was used to solubi l i se tann ins from the 

preparation ( 4 0 )  . Ce l l s  o f  both batche s we re sheared by 

pas sage through a French P re s sure Cel l  at 2 0 0 0 - 3 0 0 0  psi  and 

the ce l l  homogenate was passed directly into 4 volume s ( v/w) 

o f  pota s s ium pho sphate bu ffer ( O . lM ,  pH 7 . 0 ,  at 4 °C )  ( 5 %  in  

polyethylene glyco l for Batch 2P )  . L i gh t  micro s cope examin ­

ation showed complete disruption o f  the cel l s . Both batche s 

were centri fuged , for 1 0  minute s at approximate ly 2 0 0 0g in a 

bucket sorval centri fuge , and the collected supernatant 

s o lution for each batch wa& stored at approximate ly 10°C .  

The pe l le t s  were then washed wi th 5 vol ume s ( v/w) of  O . lM 

potas sium phosphate buffer , pH 7 . 0  at 4 °C and centri fuged a t  

l O O Og for 5 minute s .  The supernatants were co l lected and 

a dded to the original supernatant to g ive a combined " cold 

b u f fer extract" , for each batch which was  kept in a coo l 

s torage ( 1 0°C )  in 0 . 0 2 %  sodium az ide . 



Figure 3 . 5 :  Preparation of  Batch 2 Wa l l s  

Green Cal lus wet wei gh t  320g  

Washed 2 X with 5 vo lumes ( v/w) , 0 · 1 M phosphate buffer 

l 
S uspension centri fuged and divided in ratio 3 : 1  by volume 

B atch 2 240g equivalen t 

Ce lls 
( v/w) 

suspended in 1 Vo l 
phrhate buffer 

Batch 2P l BOg equivalent 

Cells  
( v/w) 
5%  in  
( PEG) 

s uspended in 1 Vol 
phosphate buffer , 
polrethylene glycol 

Both cell  batches sheared by French Pressure Ce l l  at 2000-3000 p . s . i .  

1 
Cel l  homogenate passed 
di rectly into 4 Vols ( v/w) 
of phosphate buffer .  

t 
l Cel l homogenate passed 

into 4 Vols ( v/w) o f  phos ­
phate buffer , 5% i n  PEG . 

1 
Both batches were centri fuged for 10 minutes at 2000g,  separately . 
S upernatants were s tored at approximate ly 10°C .  The two pe llets were 
washed with phosphate buffer and recentri fuged . The " cold buffer 
e xtract" for each batch was made 0 · 02% in azide and stored at 4°C .  

l ! �;:�!�led watr washes of pellet ( 5x) . S upernatantl s tored in cold in 

9 1 .  

��o ra form/meranol washes ' and filtration to rerrovl lipids ; hatch 2 and 

Both s ampl es resuspended in phosphate buffe r , s ti rred at 70°C for 60 
minute s . 8ot1 batches treated with a-amylase , 48 h1urs at 3 0°C .  

Both s amples fi ltered and washed,  filtrate col lected a s  70°C water 
extrac t .  l l 
Res idues ( Cell  Wall )  were s tored fro zen , for both batches . 
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The pe l lets  were then washed wi th 5 vo lume s ( v/w ) d i s t i l led 

water , 5 time s , and centri fug ed after each wa shing in a 

sorval RC . 3  centri fuge at 6 5 0g for 5 minute s . D i s t i l led 

water washes con tain ing mo s t  of the starch were pooled and 

stored in the cold in 0 . 0 2 %  az ide . 

The poo led O . lM potas s ium phosphate buffer and cold water 

solutions repre sent the 4°C water extract for each batch ( 2  and 

2 P ) , a s  for the ma j or Fractionation Scheme for Batch 1 Wal l s , 

Figure 5 . 1 .  Both Batche s 2 and 2 P , were then suspended in  5 

vo lume s o f  chloro form-methanol ( 1 : 1 ,  v /v) and f i l tered and the 

re sidue V.'ashed 3 time s with 1 0  volume s of chloro form/ 

methano l ,  then 3 time s 1 0  vo lume s o f  ace tone , and be fore 

completely dry , suspended in 3 vo lume s of 7 0 %  aqueous ace tone 

and l e ft unt i l  a-amylase treatment . Both sample s were 

filtered , to remove acetone and re suspended in  O . lM pota s s ium 

pho sphate bu ffer pH 7 . 0 ,  separate ly and stirred a t  7 0°C for 

6 0  minute s , then cooled . 

a-Amylase Treatment . Porcine pancreatic a-amylase  ( 2 0mg/ 2 0 0ml ) 

( S igma preparation )  wa s added to the heat- tre ated suspens ion 

and stirred for 4 8  hours at approx imately 3 0°C .  Under the se 

conditions i t  was observed that starch leve l s  were reduced to 

zero , on a test  run wi th P inus radiata starch ( see Figure 3 . 6 ) . 

Both s amples  we re then f i l tered and wa shed and re s i due s ( ce l l  

wal l )  were s tored froz en . Batch 2 P  wa s frozen in  a total 

volume of  3 0ml of solution , and Batch 2 in 2 0 0ml of solution . 

The bu ffer f i l trates a fter the 7 0
°

C and subsequent a-amyl a se 

treatment were collected and kept in the co ld in  0 . 2 0 %  az ide 

as thi s  repre sented the 7 0°
C water extraction of Batch 1 wal l s ; 

Figure 5 . 1 .  Yie lds of Ce l l  Wal l s ,  were : -

* 

Batch 2 - Calcu lated dry we ight* 3 . 3 6 g  

% Callus we t we ight 1 . 4 % 

Batch 2 P  - Calculated dry weight * 0 . 5 4 g  

% Cal lus  wet we ight 0 . 7 %  

A known por tion of the prepara tions were dried and we i gh ed . 

The procedure i s  summa ri sed in Figure 3 . 5 .  
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F igure 3 . 6 : Solub i l i s a t ion and Hydro lys i s  o f  P inus Radiata 
S tarch 

S tarch leve l 
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Pinus radiata s tarch puri fied from we t s ieved w a l l s  as  de scribed 

in Se ction 3 . 6 . 1 .  was suspended in phos phate buffer and incubated 

wi th a-amy l ase . The exten t of hydrolys i s  was determined by 

ab sorbance of  aliquo ts with the KI/I 2 reac tion ( See Section 

2 . 2 . 6 . ) , when compared with the absorbance at z e ro time o f  

hydro lys i s , whi ch was taken as  10 0 %  s tarch . 

Porcine a-amy lase concentration ( S tock s olution ) 

= 2 0mg/ 2 0 0ml of  0 · H-1 pota s s i  urn phosphate buffe r . 

Footnote s to the figure are l i s ted on the fo llowing page . 



Figure 3 . 6  Foo tnotes 

1 . P inus radiata s tarch ( 8 · 5mg) , lml O · lM phospha te buffer 

and lml a -amy lase s tock so lution , incubated at 2 5°C .  

2 .  Pinus radiata s tarch ( 9 · 0 mg ) , lml O · lM phospha te buffe r ,  

hea ted a t  ? ooc for 1 hour , then lml a -amylase s to ck 

s olution and incub a ted at 2 5°C .  

3 .  P inus radi a ta s tarch ( 8 · 7mg ) , lml O · lM phosphate buffe r ,  

heated a t  9 5oc for 1 hour , then lml o f  a-amy la s e  s tock 

solution and incub ated at 2 5 °c .  

4 .  P inus radiata s tarch ( 9 · 0mg ) , lml 7 0 %  e thanol ,  and lml 

a -amylase s tock s olution and incubated for 1 week at 

4 0 0C .  

5 .  P inus radiata s tarch ( B . Omg ) , lml O · lM phosphate buffe r ,  

heated a t  ? o oc for 1 hour , then O · Bml O · lM phosphate 

buffe r  and 0 · 2ml ( 2 0� g  a-amy lase ) o f  a -amylase s tock ; 

incubated at 2 5 °c .  

9 4 . 
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Albersheim ( 4 6 , 4 7 ) , recorded a cell  wa l l  yie ld o f  approximate ly 

1 %  wet we ight of  callus by the same technique . 

3 . 6 . 3  S tarch Assays 

Two me thods were used for assay ing starch contamination in wal l  

preparation s . The se a r e  de scribed in methods , Section 2 . 2 . 6 .  

a )  Wet S ieved Wal l s  

Microscopy of  we t s ieved wal l s  ( Batch 1 )  showed very l it tle 

starch , however s tarch was a s sayed a s  described in methods 

by the KI/I
2 

techn ique ( 7 0 )  and a direct spec trophotometric 

assay , u s ing pur i fied P inus radiata s tarch s tandards showed 

the leve l o f  starch in thi s preparation to be l e s s  than or 

equal to 0 . 5 % of the who le wal l  dry weight . 

b )  Aqueou s Buffer Wal l  P reparat ion 

Al iquo t s  were removed from Batch 2 and 2P sampl e s  a fter 

a-amylase treatmen t  to give an equivalent o f  5 mg dry 

we ight o f  wal l  and a s s ayed by the amyloglucosida s e  

procedure ( 7 1 ) as  descr ibed in me thods .  The I 2/KI a s s ay 

showed s l ightly highe r leve l s  of  re sidual starch . 

S ample s 

Batch 2P 

Batch 2 

Starch Leve l s  

Amyloglucos idase 

0 . 0  

0 . 0 3 %  

0 . 3 % 

0 . 5 % 

The amyloglucoside a s s ay showed that near complete hydro lys i s  

o f  the starch had occurred , but traces of  monomeric  glucos e  

remained and had not all  been was hed out . However , this 

should a l l  be removed in sub sequent di alyses carried out for 

further fractionations on the wal l . The reason for the 

di f ference in re sidual starch be tween the two methods o f  

as say i s  not c lear . That a smal l  amount o f  starch was s t i l l  

pre sent bec ame apparent during fractionation of  thi s wa l l , a s  

indicated by methylat ion analys i s  of the extract removed wi th 

1 0 0°C water . Further treatment with a -amylase caused a 

further decrease in thi s s tarch level . 
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3 . 6 . 4  Tannin , Lignin and Pheno l ic Ac ids 

As says  kindly per formed by Dr I .  Andrew on wal l s  o f  B atch 1 ,  

showed the preparation to contain approximately 2 %  ( w/w) 

tanni n  ( for me thod used see re ference ( 4 0 ) ) 1 0 %  lignin 

( me thod of  ( 8 9 , 9 0 , 9 1 )  as in Sec t ion 2 . 2 . 5) , and only traces 

of  phenolic acids such as  ferulic acid ( by paper chromatography 

of e the r extracts from reac idi fied alkal i -treated sample s )  . 

Ferul ic ac id probably doe s  not play a s igni f icant part in 

po l ymer bridging in the se wal l s  ( 3 8 , 3 9 ) , but the pre s ence o f  

l ignin demon strated by ab sorbance i n  acetyl-bromide and 

fluore scence under U . V .  is o f  s igni ficance s ince thi s is a 

true cell  wal l  component . The pre sence o f  tannins were not 

con s idered important as  a struc tural component , as  the se are 

seen in the e lectron micrographs to be vacuo lar components  

be fore wal l  di sruption and purification and since they are 

depos ited in the wal l  preparation , the use of po lyethylene 

glycol to so lub i l i se the tannins in the preparation to produce 

a " c leaner " wa l l  preparat ion was inve s tigated ( 4 0 )  . I t s  use 

here wa s shown to produce somewhat cleaner wal l s  ( Figures 3 . 8  

cf 3 . 1 1 ) . 

3 . 7  EXAM I NAT I ON O F  WA LL P R E PARAT I ON S  

3 . 7 . 1  Light Micro scopy 

Wet s ieved wal l s  ( Batch 1 )  were s tained with congo-red 

( F igu re 3 . 9 ) to demons trate wal l  mate rial ( 5 9 ,  6 0 , 6 1 ) . 

Sta ining with phlorogluc ino l ( 6 0 , 7 7 ) , showed darkening o f  

reg ions of  the wal l ,  pos s ibly ind icating lignification o f  

the wal l s . The wal l s  were a l so observed to fluore sce on 

irradiation a t  a wave length of 3 0 0 nm , Figure 3 . 7 .  

A low number o f  s tarch granules were detected by staining wi th 

I2/KI ( 6 0 , 7 0 )  and by birefringence of  the se granule s unde r  

the polar is ing l i ght micros cope . From vi sual observations 

starch was e s timated at approximately 0 . 1� 0 . 5% of  the to tal 

mate rial . 
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Figure 3 . 7 :  We t s ieved wal l s  ( Batch 1 ) , showing fluore scence 
under light of  3 0 0nm wavelength , using a B G-2  
exci ting filter , with an FY-5  barrier fil ter . l O Ox 

Figure 3 . 8 :  Wal l s  prepared in  phosphate bu ffer with polyethylene 
g lycol treatment ( Batch 2 P )  . Wal l s  appear c l eaner 
than for Figure 3 . 1 0 and 3 . 1 1 .  S O Ox .  
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Fi gure 3 . 9  We t s ieved wal l s  ( Ba tch 1 )  s tai ned with conga 

red , showing es sentially c lean wal l s , few s tarch 

granule s .  1 2 5 x  

Fi gure 3 . 1 0 Wal l s prepared i n  phos phate buf fe r  without 

po lyethylene glycol treatment ( Ba tch 2 )  . S tained 

wi th conga red . Evidence of  s e condary thi ckened ' 

wal l  exi sts , (bottom right ) , though not prominently . 

Wa l l  pi tting is better demons tra ted in Figure 3 . 1 4 .  

2 5 0 x  

Figure 3 . 1 1 Wal ls prepared i n  pho sphate buffer without po ly­

ethylene glyco l ( Ba tch 2 ) , viewed wi th Nomarski 

Di f ferential Inte rference demons trating the 

rough crus ty nature o f  the wal l s , due largely to 

apparent precipita tion of tannins in the ce l l  

vacuoles , b u t  otherwise  free o f  cytop lasmi c  

contamina tion . S O O x 
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F igure 3 . 9 :  

F igure 3 . 1 0 : 

F igure 3 . 1 1 :  

MASSEY I 
I I -
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In a l l  wa l l  preparations the bulk o f  wal l  material con s i s ted 

of thin wal led parenchyma , but trache ids wi th secondary 

thickening were observed and some thick " l igni fied '' wal l s . 

Wal l s  prepared in  pho sphate buffer wh ich had not had treatment 

wi th polyethylene glycol appe ared somewhat rougher and as  

though some extra material  ( perhaps tannins ) could be partly 

encrus ting the i r  sur face s . Wal l s  treated wi th PEG appeared 

s l ightly cleaner of surface encru stac ions . 

3 . 7 . 2  Electron Micros copy 

Scanning e lec tron micrographs were obtained ( as de s c r i bed in 

Methods Section 2 . 5 . 2 ) for s amples  of wal ls prepared by the 

wet s i eving met hod . 

F igure s 3 . 1 2 and 3 . 1 3 show wal l s  a t  l 4 0 0x , and 1 6 0 0x , 

demons trat ing the thin sheet l ike nature of the wal l s ,  and 

the lack of cytopla smic contaminan t s . The sma l l  numbe r o f  

granular bodies  lying o n  some o f  the wal l surfaces , may be 

due to a smal l amount of cytopl asmic protein . 

F igure 3 . 14 s hows an overview of a bordered pit in the wa l l  

o f  a l e s s  frequently found d i f ferentiated cell , a s  d i s cus sed 

in Sec tion 3 . 5 . 1 .  Though numerous scans were per forme d , only 

one s uch case wa s found . 

3 . 8  SYNO P S I S  

I t  has been po s s ible to grow and prepare enough c e l l  wal l  

mater i a l  in a n  adequate s tate o f  purity to enable subsequent 

analyses of whol e  wa l l  and fractions of  the wal l .  

A low degree o f  d i f ferentiat ion in the callus was observed by 

l igh t and elec tron microscopy . The uneven d i stribut ion o f  

l ign in , pre sence of a few trache id s , and the l ign in content/ 

was higher than expec ted from undi f ferentiated wa l l s . Neve r­

thele s s  the bulk of the wal l material appe ared to be primary 



Figure 3 . 1 2 :  Wal l  

prepared b y  wet 

sieving ( Batch 1 )  . 

Scanning E . M .  1 4 0 0x 

Figure 3 . 1 3 :  Wal l 

prepared by wet 

s ieving ( Batch 1 )  . 
Scanning E . M .  1 6 0 0x 

Showing po ssible 

prote in body , bottom 

right , which only 

rarely appeared 

throughout the wa ll 

preparati on . 

Fi gure 3 . 1 4 :  Wall 

prepared by wet 

s ieving ( Batch 1 )  . 

Scanning E . M .  3 2 0 0x 

Portion of a wal l  

found containing a 

bordered pit region 

from a trache id . 

1 0 1 .  
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wal l ,  and c e l l  separation technique s ,  or comp l icated methods 

to separate wal l s  after the pur if ication step , were not 

employed . 



4 . 1  I NTROD UCT I ON 

CHAPTE R  4 
HYPOCOTYL STUD I ES 

In the hypocotyl , the primary c e l l  wal led parenchyma tous 

1 0 3 . 

t i s sue i s  found in the in s i tu condi tion . Preliminary data 

on po lysaccharide s from hypocotyl t i s sue was produced ( 1 4 5 )  by 

J . W . L .  Little . In  tha t  work , macerated hypocotyl t i s sue was 

pur i f ied of  cytoplasmic contaminants , and lipids , fats and 

waxe s were removed by acetone extract ion . The resul ting " wa l l "  

wa s extracted with hot ammonium oxal ate , and 1 0 %  KOH (plus  

NaBH4 ) .  The 10%  KOH fraction in the hypocotyl extrac ts  was 

found to be high in xy lose and g lucose , and the gluco se was 

predominantly from a non s tarch g lucan . The extract was 

fractionated wi th a series of  we l l  known reagents ( 5 0 ) . Two 

polymers we re puri fied , a xyloglucan , and an impure xylan . 

The s tructure of  the xyloglucan was reported by methylat ion 

analys i s , but the struc ture of  the partially puri fied xyl an 

was not inve s tigated . The struc ture o f  the xyl an has now been 

inve s tigated in thi s work . To furthe r the invest igat ion of  

the types o f  po lysaccharides that are pre sent in hypocotyl 

primary wal l s , data is a l so pre sented on partial acid 

hydro lysis , and acidic component s , of hemi cellulosic  poly­

saccharides . The re sult s  sugge s t  that the xyl an may be a 

( 4 -0-me thylglucurono ) xyl an . 

4 . 2  STUDY O F  AC I D I C  C OMPONENTS I N  HYPOCOTYL C ELL WA LLS 

4 . 2 . 1  Preparation of Hypocotyl Fract ion 

Hypocotyls  were grown and harve s te d  as described in Section 

3 � 1 . 

Etiol ated hypocotyl ti s sue ( l 8 g )  frozen with l iquid nitrogen , 

was ground in a precoo led mortar with acetone . Cytopl a smic 

contents , pigments , waxes and lipid s  were removed by f i lter ing 

off the acetone extrac t , and by washing several time s with 

acetone . Subsequent extrac tions were carried out in the rat io 

for extractant to residue , of 10 0 : 1 ,  (w/w� 



Figure 4 . 1 :  Hypocotyl Extraction Scheme 

Hypocoty l (wet weigh t l 8 . 9 6 g )  

1 
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( 8 9 0  mg ) 
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1 0 4 . 

1 7 . 9 7  g 

Hot ( 7 0 °C )  Water 
( 4Img ) 

-------7 4 7 1  mg 

l 2 0mg 

1 

2 %  ( Na ) 2
EDTA ( 7 0°C )  pH 6 . 7  

( 3 4 8  mg ) 

l 
Portions were used for 
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! 
lOmg lOmg l Omg 

1 l 1 
0 0 .  SM H S O  4 , l O O  C 2hr 

and Ex�ract hydro l6s ed 
lhr further at 1 2 1  C .  
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Derivatised for 
Gas 1 Chr:c�::::ry 

6 . 4 4mg 6 . 1 3mg 6 . 6 5mg 

7 1  mg 

4 0mg 

1 
Extraction 
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Samp le for 

Paper 
Chromatography 



1 0 5 . 

The ce l l  wal l  remaining a f ter acetone extraction , wa s extracted 

with hot ( 7 0°C )  water for l hr , the suspens ion centri fuged , 

and the supernatant was lyophi l i sed . Thi s  extract conta ined 

the wate r soluble po lysaccharide s , of the wal l  preparat ion . 

The re s i due wa s again extrac ted with 2 %  (Na) 2E DTA , pH 6 . 7  a t  

7 0  - 7 5°C t o  remove c l a s s i ca l  " Pectin s "  ( polygalac turonic ac id)  

as  described in Section 5 . 1 , 5 . 2 . 2 . 2 .  The extract was 

dialysed exhaustively to remove the E DTA , and lyophi l i se d . 

The res idue was then ana lysed for hemice l lulosic  components as 

described here . 

4 . 2 . 2  Ac id Extract ion o f  Sugars 

After EDTA extraction to remove mos t  of  the " Pectin " a s e r i e s  

of mild hydrolyses were per formed on the res idue t o  inve s tigate 

the nature of the polysaccharides present in the hemice l lu lo s ic 

fraction of  the wal l .  Hemicel lulosic and pec tic po ly­

sac charides were so lubi l i sed by thi s treatment and the extract s  

were analysed for mono saccharides and ol igosaccharide s . 

Extraction was carried out with 0 . 2M TFA at l 2 0°C for lhr , 

fo l lowed by enzyme digestion as  de scribed in me thod s , Section 

2 . 3 . 2 .  Lactonisat ion of  uronic acids upon concentration o f  

TFA to drynes s  be fore enz yme dige st ion i s  not a problem ( 17 )  

as conversion of  any lactone s back to the ac ids  has t ime to 

occur in the en zyme buffer as de scribed in Chapte r 2 ( 2 . 3 . 2 ) • .  

Lactone s were te s ted for with so lvent B .  The c arbohydrate o f  

the extrac ts  was separated into neutral and ac idic f rac tions 

as de scribed in  Section 2 . 3 . 4 to  as s i s t  in elucidating the 

amounts of uronic ac id pre sent . 

Neutral sugar data i s  compared between extrac t s  removed by 

hydrolys i s  with 0 . 5M H2 so4 ( 9 2 ,  1 2 2 )  and extrac t s  obtained by 

the TFA-enzyme hydrolys i s  me thod of  Albersheim ( 8 6 )  to compare 

extractabi l i ty and the extent of hydro lys i s  of hemicel lulose 

by the two me thods . 



4 . 2 . 3  Monos acchar ide Compositiona l Ana lys i s  by Gas 

Chromatography 
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4 . 2 . 3 . 1  S eparation and Der ivati sation of Neutral  and Acidic 

Fractions for Gas Chromatogr aphy 

H ydrolys ates extracted with 0 . 2M TFA- enzyme , after addition 

of  standards and reduction with N aBH 4 to ald i to ls and a ldonic 

ac ids as described in Methods , Section 2 . 3 . 2 . 1 , were pas sed 

over Dowex l-X8 an ion exchange resin co lumns , prepared in the 

acetate form ( ea .  2ml of resin)  in sma l l  pas teur p ipettes ( 8 6 ) . 

The  column capac i ty was capab le of exchanging 1 8 0  - 1 9 0mg of  

uronic acid . Solut ions were pas sed over the res in , a lditols 

f rom neutral sugars collected with water wash ings and a ldonic 

ac ids from ac idic sug ar s  were e luted w i th lM HCl , wh ich on 

evaporat ion produced the required lactones from the free 

acids . The lactones from acidic s ugars co l lected from the 

ion exchange e luant , were then reduced to a lditols and 

der ivatised to alditol acetate s , separ ately to the aldito ls 

from neutra l  sugars . The uronic acid s  were hence ana lysed as 

their corresponding neutral a lditol ace t ates , s eparately from 

thos e  of neutral sugars , by gas chromatography as  out lined in 

S e c t ion 2 . 3 . 2 . 1 . 

The O . SM H 2so4 acid hydrolys ates were neutra lised with B aco 3 , 

reduced and der ivat i s ed for gas chromatography as  des cribed 

in S ec t ion 2 . 3 . 1 . 

4 . 2 . 3 . 2  Results from Gas Chromatography - Monos acchar ide 

Compos ition 

Res ults from alditol acetate ana ly s i s  are pres ented for the 

two hydroly t ic method s ; O . SM H 2s o4 ( neutral mono-

s ac charide s )  and 0 . 2M TFA-enzyme ( neutr a l  and acidic 

monos accharide s )  on OV- 2 2 5  ( Co lumn �) . The data from the 

TFA-enzyme experiments are from three s e parate sets of ana lyses 

of  the alditol acetates after separation of neutral and acidic 

sugars by ion exchange , and the acidic fract ion h as alditol 

ace t ates der ived only from ac id ic monomers . Data for the two 

hydrolytic methods is given in T ab le 4 . 1 . 



Tab le 4 . 1 : Re lative Mo le % of Sugar s i n  Extrac ted Frac tions of Hypocotyl EDTA Res i due 

TFA-ENZYME EXTRACTION 0 . 5M H2S04 HYDROLYSIS 
100°C 2hr , + 1 21°C lhr 

Mole % of Total Monosaccharides. Mole % of Neutral Sugars. Mole % of Neutral Sugars . 
Sugar ttydrolysl.s HydrOlYSl.S ttyarO.LYSl.S 

1 2 3 1 2 3 1 2 
- - - - - - - -

Rhamnose 1 . 4 2 . 4  1 . 4  1 . 9 4 . 5 2 . 3 4 . 0 4 . 3 

Fucose 1 . 4 1 . 3  1 . 2  1 . 9  2 . 4  1 . 9 2 . 4  2 . 8  

Arabinose 24 . 0  1 8 . 0  23 . 6  3 3 . 0  33 . 6  38 . 3  30 . 1  35 . 7  

Xylose 19 . 1  1 3 . 1  17 . 7  26 . 3  24 . 4  28 . 7  14 . 1  19 . 0  

Mannose 7 . 0 4 . 4 4 . 7  9 . 6  8 . 2  7 . 6  8 . 1  7 . 1  

Galactose 13 . 1  9 . 6  10 . 6  18 . 0  17 . 9  1 7 . 2  24 . 2  21 . 4  

Glucose 6 . 6 4 . 8 2 . 4 9 . 1  9 . 0 3 . 9 16 . 8  9 . 5  

GalA 23 . 0  4 3 . 8  35 . 4  
GlcA 4 . 8  0 . 0  1 . 2  

4-0-MeGlcAc 0 . 0 2 . 6 1 . 8  

* 16 . 2  20 . 2  1 5 . 0  11 . 6  10 . 8  9 · 2 6 . 9  5 . 8  

* Total % recovery of EDTA Residue Weight 

c This peak co-chromatographed with 4-0-MeGlc from a reduced xylan supplied by the Forestry Research Institute 

I 

1-' 
0 -....) 
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I t  i s  evident from gas chromatogr aphy that the prominent 

s ugars are arab inos e ,  g alactose , xy lose and ga lacturon ic acid . 

The h igh leve ls of arab inose and ga lactose s ugges t  the presence 

of an arab inoga lactan , or pectic type arab in an and galactan . 

H ighe r  xy lose than g lucose is  in ac cordance with the results · 

of  J . W . L . Little for the presen ce of a xylog lucan and a xy l an 

as the dominan t  hemice l lu loses , as for the pr imary t issue of  

other gymnosperms ( 5 4 )  and some angiosperms ( 4 6 ,  4 8 ,  5 6 ) . 

The TFA- enzyme seems to be  more e f f i cient overall in l iberation 

of  monos acchar ides , especial ly arab inose and xylose , and 

g lucose i s  so�etimes produced les s by TFA-enzyme . This could 

be due to limi ted hydrolys is of the xylog lucan as demons trated 

by J . W . L . Little . 

The 4 -0-methy lg lucuronic acid cou ld be attached ( 1 � 2 ) to the 

main chain xy lose in the xy lan ( 4 8 ,  5 0 , 5 1 ,  5 2 , 1 2 4 , 1 2 5 , 1 2 7 ) . 

The uronic acid not extr acted as " Pectin "  by hot water and 

EDTA , but extr actable by the TFA-enzyme treatment appears to 

cons i s t  a lmos t entirely of galacturon ic acid . Such uron ic 

ac id- containing po lymer s egments may be clos e ly as soci ated 

with the hemice l lulose . 

After hot EDTA extraction , wh ich removes degraded polygalact­

uron an by solubilisation and chel ation ( 4 2 ,  4 3 , 1 4 3 ) , the 

hemice l luloses and uroni c  acid materi a l  sti l l  h e ld in the wa l l  

b y  other links , a s  wel l  as much of  the wa ll protein and c e l lulose , 

a�e expec ted to be left unextracted . That mos t  of the uronic 

acid r emain ing i s  s t i l l  g a lacturon i c  acid (with a lesser 

amount of 4-0-methy lglucuron ic ac id , and 4-0-MeGlcA-Xy l ( see 

paper chromatography) ) ,  indicates that a polygalacturonic  

ac id could account for near ly a l l  of  the uron i c  acid  res idues 

of the wa l l . This polymer may be typical of other pectins , 

w i th rhamnose interspersed in galacturonic acid chains . Paper 

chromatograph ic data suggest the exis tence of GalA- ( 1 + 2 ) -Rha . 

Reduct i on and isotopic lab e l ling of me thylated uron ic acid 

res idues ( S ection 6 . 3 � demons trates that GalA is  the maj or 

uron i c  component of the wa l l  pectic fract ion of cal lus , and 

ind i c ates the linkages between GalA res idues . But the 



exi stence of lowe r leve l s  of  uronic acid in a hemicel lulo s ic 

fraction have been demons trated he re . 

4 . 2 . 4 Extent of  Hydrolys i s  with TFA - and Enzyme 

1 0 9 . 

Reduc tion a s s ays were pe rfo rmed with borohydride for total 

sugar and uronic acid as de scribed in  Section 2 . 3 . 3 . 2  accord­

ing to the technique of Timell  ( 10 1 ) , on the TFA-enzyme 

hydro lysate which was used for paper chromatography . As says 

we re per formed on hydrolys ates be fore ion exchange , and on 

neutral and acid i c  portion s after ion exchange . The results 

are expre s sed in the next table . 

Table 4 . 2 :  Summative Leve l s  of  Reduc ing and Non- Reducing 
Sugar Res idue s in TFA-enzyme Extrac ted Fractions 
( Expr e s s ed as % of Total S ugars)  

Total Sugars Uronic Ac id s Ne utral Sugars 
*Total N . R . R Total N . R . R Total N . R . R 

'Ibtal Extract 1 0 0  1 4  8 6  3 2  7 2 5  6 8  7 6 1  

Neutral Fraction 5 9 3 5 6  ( 2 )  0 ( 1 )  5 9  3 5 6  

Acidic Fraction 4 0  8 3 2  3 3  7 2 6  7 1 6 

* N . R . -- Non Reducing Sugar Res idue s 

* R = Reducing Sugar Re s idue s 

The re sults indicated that the re was near comp lete hydro ly s i s  

of  neutral sugars to mono s accharide s . Non-reduc ing sugar residues 

are predominantly uronic acids . Approx imate ly 7 5 %  o f  the 

total uron ic acid was pre sent as  monomers , the remaining 2 5 %  

we re i n  non-reduc i ng po sitions a s  ac idic ol igo s accharide s , 

such as  have been determined by paper chromatography . 

4 . 2 . 5  Paper Chromatography 

4 . 2 . 5 . 1  Separation of Neutral and Acidic Fract ion s for Paper 

Chromatography 

A sample of 0 . 2M TFA-enzyme extract from 4 0mg of EDTA residue 

was quickly t i trated to pH 8 . 0  with O . lM KOH , and 1 . 0  ml of  

l . OM NaHC03/NaOH bu ffer to pH 8 . 5  was added . The s ampl e  



wa s left for 3 0  min . Lactones we re absent from paper 

chromatography in S olvent B .  The sample was then de ion i sed 

on I R-120  ( H
+

) and the effluent and washings brought back to 

1 1 0 . 

pH 8 . 5  wi th a sma l l  amount o f  O . lM KOH . The 5 0  ml solution 

was ion exchanged on Dowex l-X8 , OAc form as de scribed in  

me thods , Section 2 . 3 . 4 . 1 .  Neutral sugars and water washings 

were col l ected , and acidic sugars were eluted wi th 6M HOAc . 

Ac i dic sugars were concentrated under reduced pre ssure at 4 0°C 

on a Rotary Evaporator . 

4 . 2 . 5 . 2  Chromatographic Condit ions 

Approximate ly 2 0 0 �g of sugar ( acidic sugars in 6M HOAc ) was 

spotted on to the p aper . The chromatograms we re run in e thyl 

ace tate/water/ace tic  acid/ formic acid ( 1 8 : 4 : 3 : 1 ) So lvent A 

ove rnight as de scribed in Section 2 . 3 . 4 . 2 .  

Xylo se , galacturonic acid , and glucuron ic acid marke rs ( l O �g 

each) were also run . Rf and R 1 values we re compared xy ose 
with l i terature values for sugars and ol igo s accharide s ( 8 8 ) , 

and with R 1 values for 4 -0-MeGlcA-Xyl from a xyl an xy ose 
fraction i solated f rom Phebal ium wood ( courte sy o f  Dr I . G .  

Andrew) . 

4 . 2 . 5 . 3  Re sul ts 

The TFA-enzyme extract from t he hypocotyl EDTA re s idue , the 

2M TFA hydro lysate of the xyl an fraction isolated from 

Phebal ium and the acid extract from P inus radiata sawdus t  

( from Tiritea Sawmi l l ) , were chromatographed o n  paper afte r  

separation o f  acidic and neutral components in th i s  work a s  

described i n  Section 4 . 2 . 5 . 1 .  Re sults from the pape r 

chromatography sugge sted the pre sence o f  4 -0-methylg luc uronic 

acid and 4 -0-methylg lucurono syl - ( 1 + 2 ) -xylose in both the 

Phebal ium and P ine s awdust ( Table 4 . 3 ,  Figure 4 . 2 ) . The spots 

identi fied as 4 -0-me thylglucuroni c  acid and ( 4 -0-me thyl­

glucuronosyl ) xylose in the P inus radiata sawdust hydro lysate 

gave a red-orange colour re ac tion on a chromatogram deve loped 

with an i l ine hydrogen phthal ate , and the spots fluore sced in u . v . , 



Table 4 . 3 : R 1 Va lues o f  Mono and Ol igos accharides xy o s e  

L i terature ( 8 8 )  

Compound and Rxy lose 

Ga lA- ( 1�4 ) -GalA 
G l cA- ( 1 �4 ) -Gal 
Gl cA- ( 1�4 ) - Xy l  
MeGlcA-Xyl-Xyl 
Ga lA- ( 1 �2 ) -Rha 
* Glc 
* GalA 

0 . 1 8 
0 . 1 8  
0 . 3 8 
0 . 3 8  
0 . 5 3 

0 . 6 3 

Pheb a l ium 

Ani l i ne S tandards ( S )  
Phth a late 

Co lour 

Orange 
Brown 
Red 
Reddi sh 
Orang e-b rown 
B rown 0 . 6 5 ( S )  
Orange 0 . 7 l ( S )  

S amp le 

* GlcA 0 . 6 8 Orange 0 . 7 2 ( S )  
GalA

] G l cA -- 0 · 6 8 

4 -0-MeG lcA- ( 1 �2 ) -Xy l  0 . 8 4 Red-orange 0 . 8 7  
Xy l 1 . 0 0 Red l . O O ( S )  1 . 0 8  

4 -0-MeG l cA 1 . 3 7 Red-orange l .  20 

* F luores c ence w i th An i l ine 

Pine S awdust 

( S )  Samp le 

0 . 2 8 ?  

0 .  4 3 ?  

0 . 7 0 ( S )  
)- o . 6 5  0 . 6 8 ( S )  

o . 8 2 
1 . 0 ( S )  1 . 0 0  

l .  3 1  

Hydrogen Phtha l a te & U . V . �uco s e  f luores c ed yel low , GalA pinky-ye l l ow 
Ch romatograms are no t drawn and G l cA f luores c e s  greeny-ye l low ( lower i ntens i ty )  

--------------- - ··- ---- -------------------------------

TFA- En zymes 

( S )  S amp le 

0 . 3 6 

0 . 5 9 

0 . 7 S ( S )
l 0 . 8 3 ( S )  - 0 · 7 5  

0 . 9 2  
1 . 0  ( S )  1 . 0 7 

l .  3 2  

' ' 

I-' 
1--' 
1--' 
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4 -G-HcGlcA 

4-0-MeGlcA 

4 � -MeGlcA-Xyl 

I 
l J \ 

t ..... _, 

c:: - t 0 "' c:: 
.... \ . o  .... ... 
CJ I ... 
� i CJ 

Ql ... ... .... .... "C "C 
... ... c:: c:: � > Ql > ...... ...... 0 0 CD CD 

Hydrolysate of Pinus radiata sawdust .  
Acidic sugars .  

Hydrolysate of Xylan from Phebalium. 
Acidic Sugars .  

Figure 4 . 2 :  P aper chrorna tography o f  Ac i d  Hydro lysa tes o f  Pin u s  
rad i ata s awdust , and the Phebaliurn Xy l an , a f ter 
Dowex l-X8 se parat ion into acidic and ne utral 
sugar s . _  S o lvent : EtOAc/� 2 0/HOAc/Forrni c a c i d  
( 1 8 : 4 : 3 : 1 ) . Deve loped w1 Eh AgN03 . 

Chrornatograms include s tandards- ( s ) . 
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Xyl (s) 

GalA(s) 

4 -Q-MeGlcA 
r- · 
1 I ( r 
\ ) • -'  

0 

. 
GalA-Rh·U 

Q 
( GlcA-Xyl ) ?  

GalA-GalA 

Hydrolysate with 0 . 2M TFA-enzyme of 
P inus hypocotyl EDTA residue . Acidic 
Sugars . 

I ' 
I 
I 
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4 -0-MeGlcA 

4 -0-MeGlcA-Xyl 

GlcA(s) 

/V .... ,_ ,�\ 
0 ' I o 

� : GalA/ GlcA 
·, ' . 
' I 
" /. I , _.. I ' J \ � 

I" ' ' � 
'0 I u 
pl ·{ \ \._. // 
\ " 
, ..,.  _ _  , 

Hydrolysate of Xylan from 
Phebalium. Acidic Sugars .  

.... c Qj > 
..... 0 a! 

F i gure 4 . 3 :  Paper c hromatography o f  Acid Hydro 1 y s a tes o f  
Hypocotyl EDTA res idue and o f  the Xy l an prepara t i on 
from Phebal ium ( wi th s tandard sugar s )  a f ter 
separation on Dowex 1-X B i nto a c i d i c  and ne utra l 
sugar s .  S o lve nt Et0Ac/H 2 0/H0Ac/Fo rmic Ac id 
( 1 8 : 4 : 3 : 1 ) . D eveloped w 1 th AgN0 3 . 

Chroma tograms inc lude s tandards- ( s ) . 



greeny-ye l low . The approx imate quant itation indicated the 
ratio of 4 -0-MeG lcA/ 4 -0-MeG l cA-Xyl to be 2 : 1 .  Brasch and 

1 1 4 . 

Wise ( 1 0 8 , 1 0 9 )  obta ined ana logous results for the ob s e rvation 
of the s e  uron i c  and aldob iouron i c  mo lecules i n  Pinus radi a t a  
s awdu s t . Other compound s in P ine hemi c e l l u l o s e  we re 
i den t i f i e d  by �l values and co lour react ion s with phthal ate , 
a s  GalA , GlcA , and po s s ib l y  some GlcA-Xyl ( R  1 = . 4 3 3 ) . Other xy 
compounds on the P heb al iurn chromatograms were identi f ied by 

�11 value s as GalA and GlcA and xylose . From the inten s it y  o f  
the spo t s  4 -0-me thylg lucuronic acid and ( 4 -0-me thylg lucurono s y l } 
xylose represent nearly a l l o f  the acidic sug a r s  in the 
P heb al ium hydrolys ate . Tab le and Figure 4 . 3  s how TFA- en zyme data . 

C ompound s de tec ted i n  the TFA-enzyme e xtract had R 1 value s  xy 
c orresponding to G a lA , GalA- Rha , as we l l  as 4 -0 -methy l g l ucuron ic 
a c id , and ( 4 -0-me thy l g lucurono syl ) xyl o s e  according to the 
l i te rature value s and the compari son made with the xy lan , and 
p ine sawdust acidic s ugar s and o l igosac char i de s . 

T he rel at ive intens i t i e s  o f  the spots indicated that GalA was 
the predom inant uro n i c  acid , wi th ( 4 -0-me thy l g lucurono s y l ) 
xylose about 1/2 0 t h i s  amount and othe r o l igo s ac charide s 
( pe rhap s Ga lA-Rha , and Ga lA-Ga lA) l e s s  s t i l l . 

The detect ion o f  4 -0 -me thy l g lucuronic a c id and ( 4 -0-me th y l ­
g l ucurono s y l ) xy lose i n  the TFA-enzyme e xtrac t i s  s i gn i f i c an t  
( 4 8 , 5 0 , 1 0 9 , 1 2 4 , 1 2 6 ) , a s  many plant hemice l lu l o s e  xyl an s , 
i n c luding that from P inus radiata wood ( 3 0 ,  1 0 8 ,  1 0 9 ) , 
contain 4 -0 -me thy lg lucuronic a c id as a c onstitue n t  o f  
( 4 -0-methylg lucurono ) xy l an s  ( 4 8 , 5 0 , 5 1 , 5 2 , 1 2 5 , 1 2 7 ) . The 

me t hy l ation data for the xy l an part ial ly pur i f i e d  from 
hypo coty l , i s  reporte d  in the next section . The p re s ence o f  
4 - 0-methyl g l ucuron ic acid i n  the xy lan wa s not e s tab l i she d . 
The pre sence o f  4 -0-me thy l g lucu ron i c  ac id and ( 4 -0-methy l ­
glucurono sy l ) xy lose i n  TFA- e n z yrne extrac t s  tend s t o  indic ate 
tha t the xylan observed by J . W .  Little i n  the hemi c e l lulo s i c  
fraction o f  pr imary c e l l  wa l l s  o f  P inus radiata i s  a 
( 4 -0 -methy l g lucurono) xy lan (or an Arabino - ( 4 -0-me thy lglucurono ) 

xy l an). 



Tab l e  4 . 4 :  Compo s i tion o f  the Xy lan . 

Mole % Compos i tion o f  Methy l a ted Polysaccharide Sugar 
Res i du e s  

Mono s accharide , 0-Methy l e ther Mol e  % 

Arab i nose 
* 2 , 3 , 5 - 8 . 0  

3 , 5 - 1 . 1  
2 , 5 - 3 . 1  
2 , 3 - 4 . 5  

2 - 0 . 8  

3 - 1 . 4  

Xy l o s e - 0 . 9  
* 2 , 3 , 4 - 2 1 . 8  

2 , 3 - / 3 , 4 - 2 7 . 6  
2 - / 3 - 1 3 . 4 #  

Fuco s e  
* 2 , 3 , 4 - 1 . 2  

Ga lac to s e  * 2 , 3 , 4 , 6 - 1 . 9  
3 , 4 , 6 - t.r 
2 , 3 , 4 - 0 . 7 

2 , 4 - 0 . 9  

Gluco s e  
* 2 , 3 , 4 , 6 - 0 . 4 

2 , 3 , 6 - 4 . 1 
2 , 3 - 8 . 1  

Rh amno se 
* 2 , 3 , 4 - 0 . 4 

3 , 4 - 0 . 5 

# Mai n l y  3 -MeXy l by mas s s pe c tromety ; m/e fragments as i n  
Appe ndix 1 .  

* Derivati ves s ub j ec t  to s ome los s through vo l a t i l i ty . 

tr = trace 

1 1 5 . 



4 . 3  STRUCTURE OF HEMICELLULOSIC XYLANJ BY METHYLATION 

A NALYS I S  

1 1 6 . 

The methy l a tion o f  the hypocotyl xy lan wa s c a r r i e d  out in thi s 
work a s  de s c r ibed in me thod s :  S ect ion 2 . 4 . 3 . 1 . The fo l lowing 
parti a l l y  me thylated derivative s ( Tab le 4 . 4 )  were i denti fied by gas ­
chromatography and ma s s - spectrome try . The r e s u l t s  indicate 
that the ma j o r  con s t i tuent o f  the fraction i s  a 4 - l inked 
xy l an , f rom the high mo le % of 2 , 3 -M��xy lose . B ranching o f  
xy l o s e  res idue s i s  i ndic ated by the h i gh l eve l o f  2 -/ 3 -MeXy l . 
The pre sence o f  terminal arabino s e  a l so in r e l a t ive ly high 
yi e l ds could s ugge s t  that much o f  the branched xy lose i s  
sub stituted with arabino s e  residue s , a s  i n  many primary ce l l  
wa l l  arab i noxylans ( 4 9 , 5 0 , 1 2 5 ) . Xyl o s e  c ou l d  a l so be 
found as branch re s idue s in the xy l an . The data i s  a l so 
con s i s tent w i th the presence o f  some xy loglucan . The 3 -Me Xy l 
imp l i e s  2 -branched xy lose as i s  typ i c a l  o f  ( 4 -0-me thyl ­
glucurono ) xylan s . The lowe r leve l s  o f  galacto s e  are probab ly 
due to contaminat ion f rom an arabinoga l actan . 

4 . 4  CONCLUS I ONS 

S ev er a l  typ e s  o f  po ly saccharide s  appe ar to be part of the 
pr imary t i s sue wa l l  in hypocoty l .  Arabino s e  and galacto s e  
containing po l y s accharides are probably a s s oc i ated largely 
with the po lygalacturon i c  fraction of the wal l . Xy lose and 
glucose conta ining po l y s accharides may be mo re directly 
a s s o c i ated w i th cellulo s e , and l e s s  directly w i th the pectic 
a c i d  component . The predominant pectic mate r i a l  obse rve d  i s  
po lygalac turon i c  acid . Evidence f rom p ar t i a l  acid hydro ly s i s  
wou l d  sugge s t  that the xy lan i s  a ( 4 -0-methy l g l ucurono ) xy l an . 
The re su l t s  con f i rm the pre sence o f  two ma j or hernice l l ulo s e s  
i n  the se wa l l s , and provide some i n i t i a l  bas i s  f o r  compari son 
with data on wa l l s  of c a l lus . 



CHAPTER 5 

ANALYS I S  OF CALLUS CELL WALLS : MAI N  COMPONENTS 

5 . 1  I NTROD U CT I ON 

1 1 7 . 

As d i s cu s sed l n  Chapter 1 ,  var i o u s  models o f  the mo l ecular 
o rgan i s ation i n  cell wal l s  are po s s ible . The e valuation of 
the s e  mode l s  i n  respe c t  to P inus radi ata cal lus c e l l  wal l s  i s  
one aim o f  the s tudi e s  reported i n  thi s chapte r . Evidence 
fo r the exis tance of po l y saccharide s , prote i n s  and l ign i n , 
and the i r  po s s ib l e  arra ngement in the wal l wa s obtaine d  by 
f r a c t i onating the wa l l  by chemi c a l  means , and ana l y s ing the 
fragment s .  A c ompar i s on was made of the compo s i ti o n  of the 
frac ti ons of the two ma j o r  wa l l  preparat ions and an ove ra l l  
p e r spe c t i ve o f  the compo s i t i on and arrangement o f  the c a l l u s  
wa l l  i n  terms o f  po lysac char ide , p rotein and l i gn i n  was 
obtained . 

In o rde r to retain any water s olub l e  polys acchari d e s  that 
might be inte g r a l l y  a s s o c i a ted with the ce l l  wa l l , the f i r s t  
ma j o r batc h  o f  wal l s  ( Ba tch 1 )  prepared for po l y s acchar ide 
ana l y s i s  wa s prepared in 8 0 %  e thanol ( 5 9 , 6 0 , 6 1 ) . 

Ce l l  wa l l s  o f  B atch 1 were sub j e cted to a s e r i e s  o f  
extrac t ion s wi th d i f fe re n t  reagents in order t o  d i s soc iate 
po l y s ac char ide c omponen t s , according to the i r  mode of bonding 
within the ce l l  wa l l . 

Ext r a c t ion with water wa s used f i r s t  to extrac t any water 
soluble components fo l lowe d by c a l c i um-binding or c he l ating 
age n t s  ( ammon ium oxalate , E DTA ) , in an attempt to s o l ub i l i se 
pec t i n . A s e r i e s  o f  a l k a l i  extra c t ions was then emp l oyed to 
extrac t hemi c e l lulo se s and any c omponents bound i n  t he wa l l s  
by e s ter l inkage s .  Thi s procedure was based on the e xtrac tion 
sequence used by Fu et al ( 1 7 6 ) . 

A de l i gn i f ication s tep , emp l oyed by Fu and Tirne l l  in the ir 
extr a c t ion s equence wa s not used in th i s  seri e s  o f  extrac t ions 
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a s  i t  was con s idered that s ome damage to p ro te i n  and a l so 
perhap s to hemi c e l lu lo s e s  might o c c ur through s uch treatment 
( 2 ,  4 9 , 5 0 , 1 3 5 ) . Thi s could i nva l i date any attempt at 

reco n s truct ing the i nte rmo lecular bonding within the wal l . 
De l i gn i f i cation has been shown to be an unne c e s s a ry s tep in 
the extrac t ion o f  hemi c e l lulo s e s  f rom t i s sue s w i th low l ignin 
content such as lupin and mung bean ( 2 , 1 3 2 , 1 3 5 ) . However 
a tentative e s t imate of the l i gn i n  c ontent o f  the c e l l  wa l l  
preparation u se d  he re wa s about 1 0 %  ( S ection 3 . 6 . 4 ) , a va lue 
abou t one -third of that in mature p i ne wood . T h i s  leve l o f  
l i gn i n  might hinde r the extraction o f  hemi ce l lu l o s e s  by 
covalent cros s - l inking o f  the se with l i gnin . L i gn i n-poly­
s ac char ide compl exe s are we l l  known , ( 6 , 9 0 , 1 6 1 ) , a l though 
the nature o f  the l inkage between l i gn in and po lysaccharide 
i s  no t c lear . I n  the s econd batch o f  wal l s  s tudi e s  in thi s 
chapter ( Batch 2 )  , the alka l i  extr a c t i on s equence was fol lowed 
by a mild chlori te de lign i f i cation and a furthe r a lkal i 
extrac tion , in o rder to a s s e s s  the role o f  l i gnin in the 
wa l l  s truc ture . 

Many worke r s  inc luding Alber she im e t  a l  ( 8 )  have prepared 
wa l l s  in aqueous media but Mare s and S tone ( 5 9 ,  6 0 )  have shown 
that s ome wa l l s  prepared in aqueous e thanol s o l ut ion c ontain 
cold wate r extractable po lysaccharide s .  Thi s has been 
suppo rted by the work of Finche r ( 6 1 )  and by a n a l y s e s  of water 
extracted fractions here . In order to inve s t i gate the nature 
of suc h  c o l d  wate r extractable po l y s ac charide s i n  P inus 
radiata c a l lus c e l l  wal l s , Batch l wal l s  we re prepare d  in 8 0 %  
e than o l  and then extrac ted with c o l d  water . 

An extrac t ion with ho t water ha s c ommonly bee n  used in 
prepar ing c e l l  wa l l s  ( 1 9 0 , 1 9 2 ) . P r e l iminary experiments 
w i th smal l  s c a l e  preparations s howed that the tempe rature o f  
water extrac tion had a prof ound e f fe c t  o n  the amount and 
nature of po lysac charide s extracte d .  Thi s  e f f e c t  wa s mo s t  
no ticeable between 7 0 °C and l 0 0°C .  From the r e s u l t s  o f  
Albe r s he im et a l  ( 1 8 9 , 1 9 1 )  it wou l d  b e  expe c te d  that wa ter 
at l 0 0 °C would cause extens ive degradat ion o f  pe c � n ( see 
al s o  re f .  1 4 3 ) . The re s u l t  of the treatment might the re fore 



be s im i l ar to that obta inable by treatment with poly­
g a l ac turona s e . Thus any c ompone nt bound in the wa l l  by 
cova l e n t  l inkage to pec t i n  might be e i the r released or 
re nde red more sus c eptib l e  to sub sequent extractions .  
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T almadge e t  a l  ( 4 7 )  obs erve d such an a f fect on tre a tment o f  
s u spens i o n - c u l tured sycamo re ce l l  wa l l s  wi th polygalacturonase . 
Xy loglucans were r e l ative l y  re s i s tant to extraction by BM 
urea , un l e s s  the wa l l  had been p re tre ated with po lygalacturona s e . 

The d i f ference be twe en 7 0 °C and 1 0 0°C wate r treatments with 
regard t o  amoun t o f  po l y s a ccharide extracted observed in 
p re l iminary expe r iments was pro found . Knee 1 9 7 3  ( 1 9 2 )  
observed a s imi l a r  d i fference be tween extract ion a t  7 5 °C and 
9 5 °C with aqueou s EDTA . Waite and Go rrod ( 1 9 0 ) , adopted 
6 0°C as a sui table temperature for aqueous extract ion of non­
wa l l  componen t s . H i gher tempe ratures extracted appreciable 
non ionic mater i a l . 

In the current s tu dy a tempe rature o f  7 0  - 7 5°C was u s ed for a 
pre l iminary hot water extraction o f  B atch 1 wa l l s . This 
provided a res idue comparab l e  to the Batch 2 wa l l  p reparat ion . 
Ana l y t i c a l  data on the wal l  preparations are gene r a l l y  
expre s se d  on the bas i s  o f  the 7 0°C water res idue . 

The 7 0°C wate r extracted wal l s  o f  B atch 1 were extra c ted in 
two portions and s ubmi tted to d i f fe rent tre a tme n t . 

The f i r s t  po rtion ( Batch l A )  was treated with ammon i um oxalate 
at 7 5°c a s  de s c ribed by Wa i te and Gorrod ( 1 9 0 )  and u s e d  
b y  Fu et a l  ( 1 7 6 )  and many othe r s  for the extrac t ion o f  
pec tin . T h i s  wa s f o l lowed by EDTA , at 7 0°C a s  de s c r ibed 
by Aspin a l l  and Mc Grath ( 1 9 3 )  and o the rs ( 4 2 , 4 3 ) . EDTA i s  
acknowle dged by some workers ( 1 3 2 - 1 3 6 , 1 5 7 , 1 5 8 )  to extract 
pectin more e f fe c t ively than ammonium oxal ate . The previous 
exhau s t i ve treatment with 7 0°C wate r , en sured that any 
extrac tion of po l y s ac char i de s  by oxa late and EDTA at 7 0 - 7 5 oc 
was no t s imply an e f fect o f  ho t water , but was due to the 
pre sence o f  oxa late or EDTA . The se compound s presumab l y  
extrac t p e c t i n  b y  breaking o f  ionic calc ium bridge s wi thin 
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the wa l l  ( 2 1 ,  5 1 ) . Extraction with 1 , 2 -diam inocyc l ohex ane 
N , N , N 1 , N 1 -tetraacetic ac id ( CDTA) has r ec ent ly ( 1 9 8 1 )  ( 2 0 5 )  
a l s o  been shown to have the s ame e f f e c t . 

1 2 0 .  

The wa l l s  treated as above wer e then s ubm itted to a s er ie s  o f  
a lk a l i  extract ions ( c f .  F u  e t  a l  ( 1 7 6 ) ) beginn ing w ith O . lM 
N a 2 co 3 ( 1 4 9 )  and end ing with 2 5 %  NaOH -borate ( 4 9 ,  5 0 ,  1 7 6 ) . 
The Na2 co 3 was expected to c le ave e s ter l inks and extract any 
po lysa cchar ides that were bound s o l e ly by th i s  type of bond 
( 1 4 9 ) . H emice l lu lo s e s  gener a l ly requ ire strong a l k a l i  for 
extract ion ( 4 9 ,  5 0 , 1 2 8 , 1 2 9 )  and glucomannan s requ ire the 
add i t ion of borate for e f f ic ient extr ac t i on ( 4 9 ,  5 0 , 1 5 9 , 1 6 0 , 
1 7  6 )  . S t rong alka l i  w i l l  further S - e l iminate pect in , break 
ester l inks and di s rupt hydrogen bond ing . S od ium hydroxide 
is more e f f i c i ent f or extrac t ion o f  g l uc omannans than KOH ( 5 0 )  
and borate i s  be l i eved to comp l ex with v i c inal c i s  hydroxy l s  
o n  mannos e  pyrano s e  r ings ( 5 0 ) . T h e  a l k a l i re agen t s  u s ed 
were supp lemented with sodium borohydride ( 0 . 5 % )  t o  prevent 
degr adat ion o f  polys acchar ides through the " pee l ing reaction " . 
Redu c t ion o f  est er l inkage s by N aBH 4 wou ld be un l i ke ly , s ince 
these should all be hydroly s ed by pr ior t r eatment s .  

The s ec ond port ion of 7 0 °C water extr acted wal ls ( B atch lB ) 
was exhaust ive ly extr ac ted with water at 1 0 0 °C in o rder to 
incr e a s e  the y i e ld o f  pect in through S - e l imination ( 1 4 3 , 1 9 1 ) . 
T h i s  wa s fol lowed by tre atme nt w ith oxa l at e  and EDTA to 
remov e  ca 2+ -br idge s and extract further pectin as for Batch 
lA wal ls . A treatment with 6M urea was t hen u s ed be fore the 
a lka l i  extra ct ion ( N a2 co 3 O . lM f o l l owed by 2 5 %  NaOH -borat e ) . 
Extract ion o f  po lysacchar ide with chaotrop i c  reagen t s  has 
been r epor ted ( 2 ,  4 6 , 1 3 2 ) . 

Urea i s  a denaturing agent , wid e ly used for separat ing non­
cova l ent ly l inked prot e in subun i t s  but a l s o  used for denatur ing 
nuc l e i c  a c ids and some p o ly s ac ch ar ides ( 1 9 4 ) . Grant et a l  
( 1 9 5 )  have shown that urea wi l l  d i s so c iate a po lyur on ide - g lucan 
comp lex f rom wh ite mus t ard s eeds . Monro e t  al showed 
that BM urea as we ll as 6M guan id in ium th iocyanate ( GT C )  
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e xtracted a port ion o f  the hemic e l lu l o s e  from lupin hypocoty l  
c e l l  wa l l s  ( 2 , 1 3 2 ) . The urea treatmen t  w a s  l e s s  e f fe c tive 
than GTC . Other reagents that have been u s e d  for extrac t ing 
non-cova l e n t l y  l inked po ly s ac char ide s ( 19 2 )  inc l ude guan id ine 
hydroch lor ide , dimethyl formam ide , d ime thy l  s uphoxide , e thy lene 
d iamine , c h l o r a l  hydrate , and s imp ly high s a l t  c oncentration s . 
S ince urea i s  an e f f i c ient prote in denaturant at re lat ive l y  low 
concentration s ,  i t  was cons idered that 6M urea might extract a 
ma j or por tion o f  the non-cova lently linked protein f rom the 
wa l l s , w i thout extracting muc h  po lysaccharid e . Hence i t s  u s e  
w i th Batch l B  wa l l s . The extract ion o f  po l y s acchar ide s with 
8M urea and 6M GTC was tested w i th Batch 2 w a l l s . 

The f i r s t  wa l l  preparat ion ( Batch 1 )  was e f fe c te d  i n  8 0 %  
e than o l  - i n  o rder to retain wate r - s o l ub le w a l l  polysac charide s . 
The s e  could then be s tud ied in water extrac t s  o f  the wal l s . 

A second batch o f  wa l l s ( B atch 2 )  was prepare d  b y  an aqueous 
procedure , as de s c r ibed by Ta lmadge , Alber she im et a l  ( 4 7 )  
except that they were treated w i th alka l i  at 7 0 °C to gelatinise 
the s tarch b e fore treatment w i th a -amylase . Th i s  me thod o f  
s tarch remova l contras ted wi th the wet s ieving procedure used 
for Batch 1 wa l l s . The B atch 2 wa l l  prepar ation obtained c ould 
b e  compared d ir ec t ly with the 7 0 °C water re s idue of B atch 1 

w a l l s . I t  w a s  thus pos s ib l e  to c ompare thre e  d i f ferent 
e xtraction s equenc e s , commenc ing f rom the 7 0 °C water res idue s 
o f  lA , lB and 2 ;  re spec tive l y . I t  s hould be noted however 
that B atch 2 wal l s  were der ived from a d i f ferent c a l lus 
preparation from B atch 1 wa l l s  ( s e e  Chapter 3 ) , a lthough both 
wer e  from the s ame s tock . Thu s  d i f f e rence s b e tween Batch 1 

and Batch 2 w a l l s  might be expected acco rding to the s tate o f  
g rowth o r  d i f ferentiat ion at the t ime o f  harve s ting . 

The extra c tion sequence used for B atch 2 wa l l s  w a s  b a s ed 
partly on e xpe r i ence from Batch 1 wal l s , but w ith 
add itional feature s  introduced to explore mo re f u l l y  the 
nature of the bond ing between po lysacchar ide s . The 
f i r s t  extrac t ion was with water at 1 0 0 °C ,  because r e s u l t s  
w i t h  B atch 1 s howed more e f fic ient remova l o f  p e c t i n  by th i s  



procedure . On e aim o f  the extr action s equenc e was to 
determine how pect in that was not extrac ted by hot water 
might be bound in the wa l l s . 

1 2 2 . 

The s econd extract ion was with 2 %  E DTA at 1 0 0 °C to ensure 
disrupt ion o f  ca2 + -br idge s .  S ome worker s ( e . g .  B a i l ey and 
Kaus s , Monro et al ( 1 3 2 - 1 3 6 ) , Kne e  ( 1 9 2 ) ) have reported 
virtua l ly comp lete remov a l  o f  pectin under the s e  cond i t ion s . 
I t  i s  therefore l i ke ly that pect in rema in ing af ter such 
treatment might be cova lent ly l inked to other wa l l  p o l yme r s . 

The next extractions were des igned to d i srupt non-cov a l en t  
l inkages as e f f ective l y  a s  pos s ib le . Urea i s  a denaturant 
wide ly used for such purpo s e s . Others inc lude guan idin ium 
hydroch lor ide , pot a s s ium th iocyanate , d imethy l formamide e t c  
( 1 9 4 )  but Von H ippe l  and Wong ( 1 9 6 )  showed that guan id in ium 
th iocyanate ( GTC ) was a mor e potent chaotrop ic ( d i srupt ive ) 
agent than any other t e s t ed . Thus the independent act ion o f  
the guan idinium and thiocyanate ions i s  comb ined i n  one 
reagent . Mon ro et a l  showed that 6M GTC e xtracted 
hemi ce l lu lose more e f f e c t ive ly from depectin ated lupin 
hypoc oty l ce l l  wa l l s  than d id BM urea ( 1 3 2 ) . Appa ren t ly the 
xy log lucan was more quant itat ive ly extracted by GTC but the 
xy lan was not . The l atter was mo s t ly extr ac ted by subs e quent 
mi ld a lkali tre atment . 

After 1 0 0 °C E DTA treatment ,  the Batch 2 wa l l s  were d ivided 
into two por t i ons . One p or t ion was extracted with B M  urea 
fo l l owed by 6M GTC ; the other port ion was extracted by t he 
same two reagent s in the r ever s e  order . The res idues wer e  
comb ined . Thu s the r e l a t ive potency o f  both reagents for 
extr act ion of ce l l  wa l l  po lymers could be compared and yet 
both port ion s were exhau s t ively extracted with both reagent s .  
The urea conc entrat ion u s ed here was higher than with B atch 1 
wa l l s , the ob j ect being to extr act mor e hemice l lu lo s e . 

After exhaus t ive GT C and urea extract ion , the wa l l  res idu e s  
were then treated with O . lM Na2 co3 t o  c le ave e s t er l i nkages 
as in Batch 1 .  However , with Batch 2 wa l l s , exhau s t ive 
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N a 2 co 3 extr act i on was f o l lowed b y  exhau s t ive extract ion w i th 
8M ure a ,  and then aqueous EDTA at 1 0 0 °C .  T h i s  was done t o  
ensur e  max ima l extr act ion of those po lymers that m i ght b e  
bound non - c ov alently in the wa l l  afte r  hydro lys i s  o f  e s te r  
l inkages ( 8 ,  1 4 9 ) . 

The wa l l  r e s idue of B atch 2 w a l l s  was then s ub j e c ted to the 
s ame alka l i  extr ac t i on sequence as for B atch 1 wal l s , f or 
extract i on o f  hemice l luloses , a s  f or a var iety of ang i osperm 
monocots ( 1 9 ,  2 0 , 5 9 , 6 0 , 6 1 ,  1 5 1 ) , d i cots ( 1 3 0 , 1 3 1 )  and 
gymnos perm p lants ( 4 9 ,  5 0 , 1 2 8 ,  1 2 9 , 1 4 8 ) , but w i th a n i trogen 
atmos phere t o  inh ib i t  alka line degr adat ion by the pee l ing 
react i on ( 1 5 0 ) , r ather than NaB H 4 as u s ed in B atch 1 w a l l s . 

The c e l l  wal l r e s idue after the alka l i ne extr action s equenc e  
may be c ompared w ith the f in a l  r e s idue s o f  B at ch l A  and. 
B at ch lB extract ion s equen ces . Extract i on by 2 5 % N aOH -borate 
is common ly u s ed to r emove the more tenaciou s ly bound hem i ­
c e l lulos e s  f rom holoce l lu los e , l eaving an a - ce l lu l o s e  wh ich i s  
near ly pure ce l lulos e .  However ,  the r e s idue s from 
extract ion o f  c a l lus wal ls , wh i ch had not been de l i gn i f ied , 
con ta ined s ub s t an t i a l  amounts of l ignin , prote in and non­
ce l lu l o s i c  carbohydrate ( inc lud ing p e c t i c  mater i a l ) . The 
c la s s i c a l  methods f or remov ing l i gnin ( 1 5 1 ,  1 5 2 )  c aus e s ome 
degrad at ion of polys a c char ide s and protein ( 2 ,  1 3 5 ) , but 
S e lvendran ( 3 2 ,  3 3 ,  6 7 , 1 5 1 )  has shown that a b r i e f  tre atment 
with ac id- c h lor i te ( 1  hr at 7 0 °C ins tead of the usual 4 - 5  hr 
approx . )  c au s e s  min ima l pr ote in des truc t i on , the on ly 
s igni f i c ant changes be ing oxidat i on o f  Met , C y s , Tyr , Lys 
and Arg inine s ide chai n s . Moreover the bu lk of the r e s idua l 
wal l protein was extracted by th i s  treatment . K ibb lewh ite 
( 1 8 8 )  has used an even mi lder a c i d - ch lor i te de l ign i f ic ation 

pro cedure ( 3  days at room temper atur e )  in order t o  minimi s e  
deg radation . H i s  pr ocedure was adopted here f or treatment 
o f  the NaOH -bor ate r�s idue . The cour s e  of de l ign i f icat ion 
was mon itored by the b leaching of the r e s idue s . T h i s  was 
an indication o f  the depo lymeris at ion of the l i gnins . On ly 
2 4  hr tre atment was in fact used here . A further a lk a l i  
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extraction o f  the res idue after ch lor ite tr eatment was deemed 
nece s s ary , in order to e xtrac t  hem i ce llulos e s  rendered a l k a l i  
extr actable b y  t h e  d e l i gn i f ic ation s tep . Wh i le a c id - ch lorite 
degr ade s  the l ig n in by oxidation of C - C  and C -0-C b ond s , i t  
may n o t  release polys a c charides l inked t o  i t  wh ich may a l s o  
b e  l inked or hydrogen bonded s t i l l  t o  other po lymers s uch a s  
c e l lu lose and there fore ore further a l k a l i  fracti onat i on was 
inc luded to as s i s t  s o lub i l i s ing any mater ial which had at 
least in part b een he ld i n  the wa l l  b y  cros s - l inking w i th 
l ignin . 

Pract i c a l  detai l s  concern ing the extraction s equen c e s  u s ed 
are g iven in the next s e c t ion . 

5 . 2  EXTRACT I ON S EQU E N C E S  

Chapter 4 has c ommented o n  the pos s ib i l i ty o f  the ex i s tence 
of arab inoga lactan s , or arab inan and g a l actan , ar ab in oxy l an s  
and s ome xy log l u c an in the pr imary hypo coty l t i s sue . More 
emphas i s  has been p laced on the results from the ca l lu s  
t i s sue ; on which t h i s  and the f o l lowing chapter concentrate . 
A detai led frac t i onat ion s cheme was c arried out on e ach c e l l  
wal l  preparation ( B atch 1 and Batch 2 wa lls } . 

5 . 2 . 1 Prel imin ary Fractionat ions 

a} The wa l l  pur i f i cation te chn ique in 8 0 %  e thano l i n i t i a l ly 
was tested on a sma l l  amount o f  c a l lus grown a s  d e s c r ib ed 
in 3 . 2 ,  from c a l lu s e s  origina l ly s upplied by F . R . I . An 
oxa late extr acted fraction from th i s  wal l prepar a t i on was 
u s ed for hydr o ly s i s  s tud ies to ob tain s ome approxima t i on s  
t o  degradation and depolymer i s at ion p arameter s a s  
d e s cr ibed in Me thods Chapter 2 .  The we ight o f  c a l lus wal l 
prepared was 6 0 0mg . Of th is , 2 0 0 mg was extracted with 
2 0ml 0 . 5 % ammonium ox alate at 7 5 °C for 1 hr f o l lowed b y  
1 8m l  1 0 %  KOH . 
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b )  Another port ion ( 4 0 0mg ) o f  the above wa l l  wa s extrac ted 
with 0 . 5 % ammonium oxa late to g ive a frac t io n  7 0mg , a nd 
the r e s idue wa s again extracted wi th 1 0 %  KOH to g ive a 
fract ion 6 lmg . Some o f  th i s  oxa late f r ac t ion ( 4 0mg ) was 
hydro l y sed with 2M TFA and the hydrolys ate u sed for 
qua l i tat ive paper chromatograp hy , of sugars and 
o l igo s ac charide s in the fraction . The r e s u l t s  are 
di s cu s sed brie f l y  in the fo l lowing S ec t ion ( 5 . 3 . 1 ) . 

c )  A sma l l  amount o f  c e l l  wa l l  ( 2 0mg)  from Batch 1 pur i f ied 
by the we t s ieved method was extracted with ; 
1 )  c o ld water , 
2 )  hot water ( 9 5 °C )  
3 )  ho t ammonium oxalate ( 7 0  - 7 5 °C ) . 
4 )  1 0 %  KOH at room temperature . 

Wate r so lub le fractions were l yoph i l i sed and co l le c te d .  
Oxa late and KOH extracted fractions we re pas s ed ove r 
S ephadex G-2 5 and lyophi l i s ed . S ampl e s  o f  these fract ions 
were hydro lysed with 2M TFA as de s c ribed i n  S e c ti on 2 . 3 . 1 . 1 .  

d )  A larger amoun t o f  c e l l  wa l l  o f  Batch 1 was extracted 
with ; 
1 )  Co l d  H 2o ,  
2 )  7 0 °C hot water , 
3 )  7 5°C hot oxa l ate 
4 )  7 0°C hot EDTA pH 6 . 7 
5 )  O . lM Na2co 3 pH 1 1 . 3  
6 )  1 0 %  KOH , and 
7 )  3 -1 7 %  NaOH-B0 3 , 
to g ive a f inal re s i due . Wate r extracted fractio n s  were 
l yophi l i sed , and al l other f ractions we re pur i f i e d  by 
pas sage over S ephadex G - 2 5 ,  then lyophi l i s ed . S amp l e s  
o f  fractions we re hydro l y se d  with 0 .  5 M  H N  o3 ; o . 5 %  ure a . 

Ana lytical data for the s e  prel iminary fractionations are 
re fer red to in Sect ion 5 . 3 . 1 .  The frac t ionation s cheme s 
Path A and Path B for Batch 1 wa l l s  were dev i se d  partly on 
the bas i s  of the se pre l iminary r e s u l t s . 
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5 . 2 . 2  Frac tionation o f  Batch 1 Wal l s  

The ma j o r  fractionation s cheme for wet s ieved wa l l s , prepa red 
in 8 0 %  aqueous e thano l ( Batch 1) was as de s c r i bed below ; s e e  
a l so F i gu re 5 . 1 .  A s  di scussed i n  Chapter 3 t h e  wal l prepar­
ation s we r e  relat ive l y  free o f  s tarch s o  an a -amy l as e  p r e ­
treatment s t e p  wa s no t included . Al l extractions were 
performed with a rati o o f  extrac tant t o  ce l l  wal l  we ight o f  
l O O : l ( w/w � Each extrac tion wa s carried out with s t i rring 
for 1 hour . Al l extracted material was co l l e c te d  by 
centri fugation at app rox . l O O O g .  The wal l mat e r i a l  ( 3 0 0mg 
dry we igh t )  was div ided approx imate l y  in hal f and each por t ion 
we ighed . E f fective l y  two fractionation s cheme s we re carried 
out on the two por t ions o f  1 7 0  mg dry we ight ( P ath A) and 
1 3 0  mg dry we ight ( P ath B )  . 

5 . 2 . 2 . 1  Removal o f  Water So lub l e  Poly s accharides 

S ince s i eving of the ce l l  wa l l  in 8 0 %  e thanol a f forded 
retention o f  the water s o lub le po lysac char ides ( 6 0 , 6 1 )  i t  
was de s i rable to r e cover the s e  from the wa l l  preparat ions 
separate l y , not to wai t  unti l  the se a re s o l ub i l i s ed in a 
sub s equen t  aqueous extraction s tep . D i rect extraction by 
s t i rring the wal l  i n  4°c water was c a r r ied out twi ce for 
both P ath A and P at h  B .  After each extrac tion s amp l e s  were 
cent r i f uged at � l O O O g for 5 minutes and s upernatants we r e  
co l l e c ted . 

Extrac t s  f rom both paths we re poo led to give a common fraction 
at thi s point . The 7 0°c water extrac t ion was repeated 3x fo r 
e ach path , and supe rnatant s  to both paths were poo led . A l l  
wa l l s  t o  both path s we re then washed and the s upernatant 
wa shings were added to the 7 0°C water extract . The 4 °C and 
7 0°C wate r extrac t s  were lyophi l i s e d  and s tored i n  vacuo ove r 
KOH pe l l e t s , be fo r e  reco rding the dry we ight o f  the s e  
fraction s . 

5 . 2 . 2 . 2  Removal o f  Pectic Po lysaccha r ide s  

Wa l l s  i n  P ath A were extrac ted with 0 . 5 % ammonium oxa l ate 
at 7 5°C and 2 %  ( sodiurn ) 2 EDTA pH 6 . 7 a t  7 0 °C and each 
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extr ac t i on was r epe a ted three times . Extr acts to e ach 
fract ionation were p oo led , di alysed e xhaus tive ly and 
lyoph i l i s ed . Re s idues to b oth p aths were washed w i th w arm 
( 7 0 °C )  water and added t o  the EDTA e xtr acts . 

Wal l s  in P ath B were fraction ated w i th 1 0 0 °C w ate r , 0 . 5 % 
ammonium oxal ate 7 5°C ,  and 2 %  ( s od i urn ) 2 EDTA pH 6 . 7  at 7 0 °C .  
The extract ion with 1 0 0 °C w ater was r epe ated three t imes and 
s upernatants a fter c entr i f ugation were co l lected and 
lyophi l i s ed . Further pec t in r emoval was as s i s ted by 
extraction with hot EDTA ( removing me t a l  ion l inks to pe c t in 
carb oxy l group s )  . The s e  e xtraction s  were a l s o  repe ated three 
times , and s upernatants pooled , d i a ly s e d  exhau s t ive ly again s t  
d i s t i l led w ater , and lyophi l i s ed . 

5 . 2 . 2 . 3  Removal of Hydrogen-bonded C omponents 

The E DTA res idue has been e xt racted in Path B with 6M ure a  
a t  room temper atur e .  Extr ac t i on was r epeated three t ime s . 
S upernatants and wash ings ( co ld wate r )  were d i a ly s ed 
exhaustive ly and lyoph i l i s ed . 

5 . 2 . 2 . 4  Removal o f  Hemice l lu los i c  P o ly s ac char ides 

Extraction with O . lM s odium c arb on ate ( pH adj us ted to 10 . 0  
w i th l . O M HC l )  was used in both p aths . S uch weakly a l k a l ine 
c ond i t i on s  are j us t  s uf f ic ient for hydro ly s i s  of e s ter l inks 
( 1 4 9 ) . W a l l s  of both path s were extracted thre e t imes w i th 

0 the N a2c o3 ( O . lM pH 10 . 0 ) at 4 C .  A graded s e r i e s of 
alkal ine extractions have b een used ( 0 . 5 % ,  1 0 % , 2 4 %  KOH ) here 
for P ath A,  to ob s erve po lys a ccharide removed w i th a lk a l i  
s tr ength . S odium borohydr ide ( 0 . 5 % )  was i n c l uded in the 
extractions to remove redu c ing ends of extr acted p o lys accharides 
to prevent degradat i on by the " pe e l ing react ion '' ( 1 5 0 ) . The 
l as t  f r a c t ionation i n  P ath A was w ith 2 5 % N aOH - 4 %  Bor i c  a c i d . 
For P ath B on ly one a lkal i extract ion was performed, w i th 2 5 % 
NaOH - 4 %  Boric acid . A l l  a lka l i  extracti on s  were repeated 
three times , s upern atants for e ach fraction poo led , and 
neutr a l i s ed with 6M ace tic acid , dia lysed e xhaus tive ly against 
d i s t i l led water and lyophi l i s ed .  Re s i due s were w as hed and 
dr ied over P 2 o5 then s tored in vacuo over KOH pe l le t s  be fore 
weigh ing . 
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Figure 5 . 1 :  Ma j or Fractionation S c heme for Ce l l  Wa l l s  o f  
Batch 1 

Ce l l  Wa l l s , Batch 1 ( 3 0 0rng) 

Prepared by wet sieving i n  8 0 %  e thano l 

Batch lA : ( Path A ) 1 o .  5 %  

Re s idue 
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Re sidue 
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*10% KOH ( 0 . 5% NaBH4
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24% KOH ( 0 . 5% NaBH4 ) 
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3 -

25% Na0H-B03 ( 0 .  5 %  NaBH
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0 
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* 2 5 %  NaOH-B0�-
( 0 . 5\ 

NaBH4 ) 

Fina l Re s idue 

* Frac tiorn whic h  we re me thylated ( Chapter 6 )  
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5 . 2 . 3  Frac tionation of Batch 2 Wal l s  

Detai led P roc edure . The f r ac t ion s cheme i s  summari sed i n  
F i gure 5 . 2 .  Al l extraction s  on " Ce l l  Wa l l "  we re carried o u t  
w i th extrac tant rat i o s  and t ime s a s  i n  S e c t i on 5 . 2 . 2 .  
Extracted mate r i a l  ( supernatan t )  was c o l l e c ted by centri fugat­
ion a t  approx imat e l y  l O O O g . 

5 . 2 . 3 . 1  Water S o lub le Poly s ac c har ide s 

Wa l l s  were prepared a s  d i s c u s s ed i n  Chapter 3 S e ction 3 . 6 . 2 .  
The two wa ter extr ac tion s used on Batch 1 wal l s  ( 4 °C and 
7 0 °C water fraction s ) c orre s pond to the compl e te bu f fe r  
extrac tion and a-amy la s e  treatment u s ed here i n  wal l  
prepar ation . The material was not dried i n  be tween the s e  
a n d  sub s equent s tep s , as i t  wa s not de s irab l e  t o  a l te r the 
s o l ub i l i ty propert i e s  of cytopl asmic substance s ( protein 
e t c )  whi ch might con taminate the wa l l  i f  no t removed by 
b u f f e r  was h ing . 

5 . 2 . 3 . 2  Removal o f  Hot Wate r - S o luble and P e c t i c  Po lysaccha r i de s 
0 A s  for Batch 1 wa l l s  P ath B ,  a l O O  C water treatment was u s ed 

to extract pec t i c  polysac c aride s by B -e l iminat ion ( 1 4 3 ) . I t  
was found that th i s  removed a ma j o r component o f  the wa l l  i n  
terms o f  dry weight s .  

S ub s equently to thi s  the wal l  was treated with 1 0 0°C ,  2 %  
( s odium ) 2 EDTA pH 6 . 7 .  The extraction wa s repeated 3 t ime s 

and the extrac ted s o lution c o l l e c te d  a s  supernatant a fter 
centri fugation . Extracts were poo led , dialysed exhaus t ive l y , 
and free z e  dried . They we re kept i n  vacuo ove r KOH be fore 
weighing . 

5 . 2 . 3 . 3  Extrac tion o f  Hydrogen -Bonded Polyme r s  

After extrac t ion w i th ho t E DTA the re s idue was d ivided in to 
two equal por tions by we ight and both po rt ions t reated with 
chaotropic reagents to remove hyd rogen bound po lyme r s  ( as in 
the d i agram) . Por t ion B was extrac ted twi c e  with l O Ornl , 8M 
urea ( 2 , 4 6 , 5 9 )  a t  room tempe rature overn i ght and again for 
1 h r , and then with 6M guan idinium t h iocyanate , for 1 2 hr at 



F igure 5 . 2 :  Frac tionati on S cheme for B atch 2 Wa l l s  

Buffer extractions , used �­
to prepare the wall . 

Callus 

1 4°C H20 

Re s idue 
l 7 o0c H2o 

Re s idue 
I 
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C e l l  Wa l l  2 . 5lg ( Dry weight calculations ) 

Re s idue 
1 6M GTC ( B2 ) 

Re s idue 

* Fractions which were 
methylated , (Chapter 6 )  . 

Re s i due ( 1 )  

j 1oo0c 
Re s idue l loo0c 
Re s idue 

50/50 
(w/w) 

H 0 * 2 

EDTA 

6M GTC (A1 ) *  

Re s i due 
I sM Urea (A2 ) 

Re s idue 

O . lM Na2co3 ,pH 10 . 0  
Re s idue 

I SM Urea (C ) 
Re sidue 

l 1oo0c EDTA 

Re s idue 
j o . 5% KOH , N2 

Re sidue 
1 10% KOH , N2 * 

Re s idue 
1 24% KOH , N2 

Re s idue l 2 5% Na0H-4%H3Bo3 , N2 
Re s ' due 

-

Cl02 /HOAc 

10% KOH ,N2 
Re s i due ( 2 ) 
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room temper a ture ( Vo lume GTC = 3 0  ml , wt sample approx . l . O g 
dry we ight ) . 

Po rtion A wa s extracted 3 time s wi th 3 0  ml , 6 M  guanidinium 
thioc yanate ( 2 ,  1 3 4 )  a t  room temperature ove rni ght and twi c e  
again fo r 1 hr and then with B M  urea ( 1 0 0  m l  ove rnight ) , a t  
room tempe rature . Extrac t s  t o  each f rac tionat ion we re poo l e d , 
dialysed and lyophi l i s ed and s tored over KOH in vacuo . 

At the con c lusion o f  the chao t rop i c  extrac t i ons , the r e s i due s 
to the two p aths wer e  recomb i n ed , and a s ingle extraction 
path was fo l lowed . 

5 . 2 . 3 . 4  C l eavage o f  E s t e r  L i n k s  Within the Wa l l s  

a )  After remova l  o f  the bulk o f  p e c t i c  and non-covalent 
bound mate r i a l , an extract ion step was inc l uded with 
O . lM sod ium carbonate pH 1 0 . 0 ,  at 4 °C .  The extrac tion 
wa s carr ied out 3 time s a t  4 °C and the s upernatants a f te r  
centri fugation were comb i ned , dia l y sed and l yophi l i s e d . 

b )  A further three one hour extrac tions we re carried out 
with BM urea ( l O O  m l s , re s idue we ight approximate l y  l B O O  
mg ) at room tempe rature . 

Extrac t s  we re poo le d , d i a lysed and lyophi l i s ed . 

c )  A further three one hour extrac tions with 2 %  EDTA pH 6 . 7  
( 8 0  ml s ,  re s idue we i ght appro x . 1 7 0 0  mg ) at l 0 0°C were 

carried out . 

5 . 2 . 3 . 5 Extraction o f  Re s idua l  Hemi c e l lu l o s e s  

A sequence o f  a lkal i extractions w a s  c arried o u t  on B atch 2 
wal l s  anal agous to the a l ka l i  extra c t s  of B atch l .  A s e r i e s  
o f  0 . 5 % , 1 0 %  and 2 4 %  KOH frac t ionations we re carried o u t  wi th 
four , lhr ex trac tions for each fract ionat i on . Ni trogen wa s 
bubb led through the mixture dur ing ex trac tion ( 1 2 9 )  in the 



p l ace o f  0 . 5 %  NaBH4 as in extrac t i ons on Batch 1 wa l l s . 
S upernatants to e ach frac ti ona tion were poo l e d  a fter 
c e ntri fugati on , dialysed and lyoph i l i sed . 

The re s i due was then extrac ted w i th 2 5 %  NaOH - 4 %  Boric 
acid ( 3 x lh r )  i n  the pres ence of nitrogen . After 
ce ntri fugati on , the s upe rnatants were c o l le c te d , poo le d , 
di a ly s ed exhau s t ively and lyophi li sed . The res idue was 
washed and washings we re adde d to the supernatants to be 
di a ly s ed . 

The re s i due ( 9 0 2  mg ) , was then divided i n  h a l f  by we igh t ,  
for s ubs equent analyses and s ome furthe r fractionations . 

5 . 2 . 3 . 6  Ch l o r i te Extraction 

The res i due from above was s ti rred i n  1 5ml of wate r , 
0 . 7  gm o f  sodium chlorite adde d and app rox 2 . 5  ml o f  
g l a c ia l ace ti c acid was added w i th s t i rring a t  room 
temperature o ve r  3 0 minute s . The pH was k e p t  cons tant , 
pH 4 - 5 ,  ove r the reac tion pe riod ( 2 4 hr)  w i th sma l l  
addi tions o f  glacial acetic acid . Afte r  the co lour o f  
the mi xture was reduced to a pale c ream ( 2 4 h r )  the 
s us pens i on was centri fuged a t  about 1 0 0 0  g f o r  1 0  min , 
and the s upe rnatant and res i due washings were c o l l e c ted 
di alysed and lyophi l i s ed . 

1 3 2 .  
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5 . 2 . 3 . 7  P o s t  Chlor i te A lk a l i  E xtract ion 

The r e s idue a f te r  ch l or i te extract ion w as further extracted 
w i th 10 % KOH ( 0 . 5 % in N aBH 4 ) and the extract co l le c ted and 
pur i f ied as be fore . 

5 . 2 . 3 . 8  The F i n a l  Re s id ue 

This was washed and free z e -dried , and dr ied to c on s t an t  
we ight over KOH i n  vacuo . This was ana lys ed for uron i c  a c id , 
monos ac char ide and ami n o  acid c ontent . 

D ivi s i on o f  the re s id ue p r i or to ch lor i te extr a c t i on was as 
near as pos s ib le in equal parts by mas s  of the mater i a l . A l l  
extr acts were e xhau s t ive ly d i aly s ed , and then lyoph i l i sed . 
The f i n a l  res i dues were r i gorous ly washed p r i or to dry in g . 

5 . 3 ANA LYT I CAL DATA 

An a l y s e s  per f ormed . T o  ind i c ate the natur e o f  the 
s tructur a l  po ly s accha r i d e s  of the w a l l  each fract i on w as 
ana ly s ed for : 

1 )  c on s t i tuent neutral s ugars b y  hydroly s i s  w i th 0 . 5M 
HN0 3/0 . 5 % urea , der ivatis ation o f  neutr a l  mono­
s ac char ides to ald i to l  ace tate s ,  and subsequent g a s ­
chr omatography , as des cribed in S ec t ion 2 . 3 . 1 ; 

2 )  the d i s tr ib ut i on o f  " pe c t i n "  ( po lygalactur on i c  a c i d )  
by spectrophotomet r i c  as s ay for uron i c  a c i d  ( S e ct i on 
2 . 2 . 2 ) . 

The protein c omponent o f  the w a l l  was examined by the amino­
acid ana lyses o f  f ractions ( S e c t i on 2 .  2 .  3 - 4 )  . 

The pos s ib le r o le of l i gn in in the w a l l  was inve s t igated by 
an aly s i s  for l i gn in in f r actions by co lorimetr i c  as s ay 
( S e ct i on 2 . 2 . 5 ) . The b onding o f  l i gnin to other w a l l  
components w a s  inve s t ig ated further b y  chlor ite extraction o f  
the alkali res idue . T h e  nature o f  p o ly s ac char i de and prote in 
c omponen ts removed w i th , or l ab i l i s ed by , th e ch lor i t e  



extract ion , h ave a l so been ascertained from the sugar and 
amino ac id ana lyse s o f  the s e  fractions . 

5 . 3 . 1 Re sul t s  to P re l iminary Wa l l  Fract ionat ions 

1 ;3 4 . 

The results o f  mono s a ccharide ana lys i s  on the oxa late fraction 
( Se c tion 5 . 2 . la )  are d e s c ribed i n  Chapte r 2 .  

Qu a l i tat ive p aper chroma tograph i c  re s u l t s  on the hydro l y s a te 
o f  the oxa late fract ion ( Se c tion 5 . 2 . lb )  were obtained after 
separat ion o f  neutral and acidic component s  ( S e ction 2 . 3 . 4 . 1 ) 
and chromatography o f  the neutr a l  and ac idic fractions a s  i n  
s e c t ion 2 . 3 . 4 . 2  w i t h  S o l vent: A .  That c a l lu s contained much 
GalA , some GalA-rhamno s e  and some ( 4 -0-methy l g l uc u rono sy l )  
xylose in i t s  ac id ic port ion was demon s trate d . 

Data from mono saccha r i de analys i s  on fraction ations o f  5 . 2 . lc 
and d ,  are given in T ab l e s  5 . 1  and 5 . 2  re spe c t ive l y . 

Table 5 . 1 :  S ugar s Recovered as Pe rce ntage s o f  Ce l l  Wa l l  We ight s 

Rh a Fuc Ar a Xy l Man Gal Glc 

F RACTION 

Cold H2 o ( 2 0°C )  0 . 0 2 0 . 0 1 0 . 1 7 0 . 0 6 0 . 0 1 0 . 3 0 0 . 2 7 
Hot H2 0 ( 9 5°C )  0 . 3 0 0 . 1 0 3 . 2 0  0 . 3 0 0 . 2 0  2 . 7 0 2 . 5 0 
Hot Oxal ate (75°C) 0 . 2 0 0 . 1 0 3 . 4 0 0 . 4 1  0 . 1 0 2 . 3 0 0 . 7 0 
1 0 %  KOH ( 2 0°C )  0 . 1 0 0 . 1 0 2 . 2 0  0 . 9 0 0 . 1 2 2 . 2 0 1 . 3 0 

The neutral s ugar componen t s  o f  po lys accharide s were seen to be 
pres ent in approx . the same proportion s  for p e c t i c  and alka l i  
extrac t s  a s  i n  hypocoty l . 

The data in Table 5 . 2  shows th at l e s s  sugar a s  a percentage o f  
total c e l l  wa l l  we ight i s  removed by lower tempe rature aqueous 
extractions , than by 9 5 °C H 20 as shown in Tab le 5 . 1 . 
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Tab l e  5 . 2 : Sugars Recove red a s  Perc entage s o f  C e l l  Wal l  
We ight 

Rh a Fuc Ara Xyl Man Ga l Glc 

FRACTION 

Co ld H 2 o ( 0°C )  0 . 0 1 0 . 0 1 0 . 3 7  0 . 1 0 0 . 0 4 0 . 2 1 0 . 1 0 
Hot H 2 0 ( 7 0 °C )  0 . 0 4 0 . 0 1 0 . 2 8  0 . 0 7 0 . 0 3 0 . 9 0 0 . 9 9 
Oxa l ate ( 7 5° C )  0 . 0 3 0 . 0 1 0 . 3 7 0 . 0 6 0 . 0 5 0 . 2 0 0 . 3 1 
EDTA pH 6 . 7 ( 7 0 °C )  0 . 1 2 0 . 0 3 2 . 1 4 0 . 0 3 0 . 1 1 0 . 5 5 1 . 5 0 
Na2 co3 ( pH 1 1 . 3 )  0 . 0 8 0 . 0 0 0 . 6 0 0 . 0 2 0 . 0 1 0 . 3 2 0 . 1 0 
1 0 %  KOH 0 . 1 2 0 . 1 6 1 . 1 8 l .  3 6  0 . 1 8 l .  0 0  l .  5 0  
1 7 % NaOH -borate 0 . 0 3 0 . 0 1 0 . 2 5  0 . 0 4 0 . 0 1 0 . 1 4 0 . 0 5 

The s ugar s arabinose and galac to s e  a re dominant i n  both scheme s , 
sugge s t ing c a l lu s  wa l l s  are r i c h  i n  pe cti c type polyme r s . 
H i gher xylo s e  and glucose in a l k a l i  extrac t s  sugge s t  the 
pre s ence o f  a xylog l ucan , ( a s o b s e rved for hypocotyl by 
J . W . L .  Little ) . The pre l iminary re s u l t s  here are furthe r 
born out in the results o f  the fo l lowing large scale 
extractions on c a l lus . 

5 . 3 . 2  Gro s s  Summat ive Ana l y s i s  o f  Main Components ( B atch 1 

and 2 Wal l s )  An Ove rvi ew o f  the Ma j or Components o f  

Callus Wa l l s  

Tab le s 5 . 3 and 5 . 4  summa r i s e  t h e  gro s s  ana l y t i c a l  feature s 
o f  the two main wal l p reparat ions obta ined from analys i s  for 
ind ividual neutral sugar s , uron i c  acids , amino a c i d s  and 
l i gnin . 

For B atch 1 wa l l s  the r e  i s  cons iderab l e  neutra l c arbohydrate , 
uron ic ac id and protein removed in al l fract ion s . I n  both 
p a thways EDTA removed a s ign i f i c ant amount of p e c t i c  mate r i a l  
that wa s no t ex trac ted b y  oxa la te . A further sub stant i a l  
amount was removed b y  Na 2 co3 i n  both pathway s . 
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Tab le 5 . 3 : Gros s Ana lys i s  o f  C e l l  Wa l l  Frac tions : B a tch l 
Wa l l s  rn g/g 7 0 °C Water Res i due 

Neutral U ronic 
Sugar Ac i d  

4 °C H 20 7 . 5  8 . 0  
17 o0c H 2 0 1 4 . 7  6 . 4 

PATH A 

Oxa l a te 1 4 . 7  5 . 4  
EDTA 9 . 5 1 6 . 9  
Na 2co 3 1 4 . 7  1 4 . 8  
0 . 5 %  KOH 2 2 . 1  9 . 5 
1 0 %  KOH 6 6 . 0  1 6 . 1  
2 4 %  KOH 4 7 . 9  7 . 8  
2 5 %  3 -NaOH-B0 3 2 5 . 0  7 . 1 
Res i due 8 0 . 0  2 7 . 1  

PATH B 

1o cfc H 2o 8 8 . 3  5 0 . 8  
Oxa late 9 . 5 1 1 . 6  
EDTA 8 . 4 1 3 . 7  
Ure a 6 . 7 3 . 5  
Na 2co 3 1 0 . 3  1 2 . 3  

3 - 9 4 . 0  1 4 . 2  NaOH-B0 3 
Res i du e  5 1 . 5  3 0 . 8  

N . O . : a reading was not obtained 

P rote i n  

1 . 3  
1 . 8  

1 . 3  
1 . 0  
1 . 2  
2 . 4  
8 . 7  

2 4 . 4  
1 0 . 6  

7 . 9 

4 . 8  
1 . 5  
1 . 0  
2 . 4 
l . l  

1 6 . 0  
1 2 . 9  

L ignin 

3 . 2  
7 . 1 

N . O  
L . A 
0 . 8 
6 . 5  
8 . 1 
9 . 1 
5 . 2  
3 . 8  

9 . 1 
L . A 
L . A 
0 . 4 
L . A 
6 . 1  

2 0 . 0  

L . A . : a neg l i g i b le ab s orbance imp l i e d  a very l ow leve l o f  
l ignin 



The princ ipal di f fe rence b e tween P a th s  A and B i s  i n  the 
l 0 0°C wate r  extrac t i on of P ath B .  Th i s  re sul ted in 
extraction o f  much p e c t i c  mate r i a l  wh i ch woul d  othe rw i s e  
mo s tly have appe ared in the a l k a l i  f ra ctions . Thus the 
a l k a l i  fractions o f  P ath A ,  contained more uron i c  a c i d  
than the a lkali f r ac t ion o f  P ath B .  

1 3 7 .  

I n  addi tion to pe c t i c  mate r i a l , l 0 0 °C wate r extracted much 
neutral carbohydrate in P a th B .  The l eve l s  o f  neutral 
carbohydrate in b o th the alkali fractions and the final 
re s i due we re greate r in P ath A .  I t  i s  no teworthy that 
the re s i dues of b o th paths contained approximate ly equa l 
amoun ts o f  uron i c  a c i d . 

I t  i s  pos s ib l e  th at the re l e a s e  o f  b o th neutral carbohydrate 
and uronic acid by wate r at l 0 0 °c was due large ly to the 
S - e l iminative cle avage o f  the po lyga l ac turo n i c  a ci d , a l th ough 
i t  co uld a l s o  be due in part to increased s o l ub i l i ty o f  
ce r tain poorly s o l ub l e  po ly s ac charides ( see Chapter 7 ) . I t  
i s  there fore l ik e l y  that much , though not a l l  o f  the neut ral 
carbohydrate in th i s  fraction would have been covalently 
l inked to pectic mate r i a l  in the une xt racted wal l . The 
na ture of the neut r a l  carbohydrate in this l 0 0 °c wate r 
fraction has been s tudie d  i n  s ome de t a i l and i s  reported i n  
s ub s equen t s e c tions o f  th i s  the s i s . 

The re ten tion o f  s ub s t an t i al amoun ts o f  non- c e l l ul o s i c  
polys ac charide i n  the final re s i due may be due t o  c ro s s ­
l inking b y  l i gnin . The l ign in a s s ay s  were un fortunate ly 
s ub j e c t  to con s i de rab le e r ror ow ing t o  s o lub i l i ty p rob lems 
( s ee S e c tion 2 . 2 . 5 , 5 . 3 . 5 ) . 

I n  both path s , prote in was s omewhat re s i s tant to e xtrac t i on 
( Tab le 5 . 3 ) . In P ath A ,  abo ut 1 0 %  o f  the total prote in wa s 

extra cted p rior to alkali ( 1 0 %  KOa ) and about 7 5 %  by the 
a l k a l i  sequen ce . I n  P ath B ,  the corre sponding f i gure s were 
app roximate ly 3 0 %  and 3 5 %  respective l y . The higher f i rs t  

0 f i gure being due part ly to the l O O  c water tre atmen t ,  and p ar t ly 
to the ure a extract ion . I t  i s  notab l e  that 6M ure a extracted 
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Tab l e  5 . 4 :  Gro s s  Ana lys i s  o f  C e l l  Wa l l  Frac tions : Batch 2 
Wa l l s  - mg/g 7 0 °C Water Res i du e 

Neutral Uronic Protein Hydroxyprol ine 
Sugar Ac i d  Mo l e  % Protein 

BUFFER EXTRACTS 
-

4 °C H2 0 1 5 . 7  1 7 . 4  2 9 . 3  0 . 7  
17 o 0c H2 0 1 5 . 4  5 2 . 9  2 . 7  2 . 0 

WALL FRACTIONS 

1 0 0 °C H 2 0 3 4 . 3  2 9 . 0  1 5 . 7  2 . 9  
1 0 0 °C E D TA 1 8 . 8  4 . 8  1 . 7  2 . 9  

6M GTC ( Al ) 2 4 . 4  1 . 3  2 . 1  3 . 8  
8M Urea ( A 2 ) 0 . 4 0 . 0 7  0 . 9 3 . 8  
8M Ure a ( B l ) 7 . 9  0 . 7 2 . 7  4 . 7  
6M GTC ( B 2 ) 1 1 . 6  0 . 8  0 . 6  4 . 5  

O . lM Na 2 co3 0 . 2  0 . 3  0 . 3 2 . 7 
8M Urea ( c )  0 . 5  0 . 3 0 . 6  4 . 1 
1 0 0 °C EDTA 3 . 5  2 . 4  0 . 9 3 . 9  

0 . 5 % KOH 6 . 0 1 . 5  1 . 7  4 . 3  
1 0 %  KOH 1 7 . 5  4 . 1  4 . 1 5 . 0 
2 4 %  KOH 3 . 4  1 . 3  2 . 4 4 . 2 
2 5 %  3 -NaOH -B0 3 8 . 4  2 . 1  5 . 0 4 . 5  

C l02 /HOAc 1 6 . 0  3 . 3  1 5 . 2  5 . 7  
1 0 %  KOH 1 4 . 6  5 . 3  6 . 1 1 4 . 5  

Res idu e  1 9 . 3  4 . 6 1 . 8  1 6 . 3  
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a higher proportion of the to tal pro tein , than o f  the total 
carbohydrate . 

In B atch 2 wa l l s  ( Table 5 . 4 )  again the content o f  both neutral 
carbohydrate and uroni c acid was high in the l 0 0 ° C water f r a c t ion 
but a much greater amount of uron ic ac id was lost i n  the 7 0°C 
water frac tion ( in B atch 2 wa l l s ) . This may have been due to 
an inherent d i f ference between Batch 1 wa l l s  and Batch 2 
wa l l s  re f l e c t ing t he i r  d i f fe rent origins o r  i t  may have 
resul ted f rom a c hange in wal l structure brought about by the 
pro longed bu f f er washing that had to be used i n  the wa l l  
preparatio n . 

The e l evated leve l s  o f  prote i n  i n  the wate r fractions o f  the 
Batch 2 preparat ion woul d  be c ytop l a sm i c  in origin . 

The use o f  6M GTC w a s  shown to c ause e xtrac tion o f  much mo re 
neu tral carbohydrate ( sub s equently shown to be mos t l y  hemi ­
ce l lu lo s i c ) than e i ther 6M urea ( Batch 1 )  o r  BM urea ( Batch 
2)  • 

The l eve l o f  neutr a l  ca rbohyd rate remaining to be extracted 
by alka l i  was the r e fore lower in B atch 2 wa l l s . On the othe r  
h and the l eve l o f  protein extracted by chaot rop i c  reagents i n  
the B atch 2 sequence was o n l y  a l i ttle highe r than that 
extracted from Batch 1 wal l s  by 6M urea . 

Ac id chlorite treatme n t  l ab i l i sed mo s t  o f  the non-ce l lu l o s i c  
carbohydrate and nearly a l l  the remain ing p rote i n  from the 
alkal i res idue . The lab i l i s ed mate r i a l  appea red e i ther i n  
the chlo r i te extra c t  or in the subsequent a lka l i  extrac t s . 
Labi l i s atio n  o f  po l y s accharide by chl o r i te suppo rts the 
po s s ib i l i ty of c ro s s - l inking by l ign in in the untre ated wa l l .  
A cros s - l i nkage through prote i n  i s  a l s o  conce ivab l e . T h i s  
would b e  s upported by the o b s e rva tion by Se lvendran ( 1 5 1, 3 2 ) 

tha t chlor i te lab i l i s e s  mo s t  o f  the a l k a l i - re s i s tant wa l l  
prote in from wa l l s  o f  a parenchymatou s ,  and pre s umab l y  non 
l ign i f ied , ti s sue o f  bean pod s . 
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The composit ion o f  fract ions in t erms o f  ind iv idua l neutr a l  
sugars and amino ac id s ,  ha s been exam ined to determine the 
natur e and type o f  po ly sacchar ide s and protein components of 
the s e  fra c t i on s . Po ly s acchar id e s  infer red from neutr a l  
sugar compo s it iona l data were c on f irmed b y  methy l at ion 
s tud ie s , Chapter 6 .  The prot e i n  component s are descr ibed 
in t h i s  chapt er . 

5 . 3 . 3  S ugar An alys is . Batch 1 and B atch 2 Wa l l s  
Resu l t s  and Di s c u s s ion 

a) B atch 1 Wa l l s ( Tables 5 . 5 ,  5 . 7 ) . 

The sugar ana lys is here on the P inus radiata c a l lu s  w a l l  
demon strates the pr e s ence of ar ab ino s e , xy lo s e , manno s e , 
galactose and g lucose as we ll as the deoxy s ugars rhamno s e  
and fuco s e . Uronic ac id i s  d i s tr ibuted through a l l  the 
fract ions obta ined for extr ac tion s  on B atch 1 w a l l s . 
Although ident i f ication of galac turo n i c  acid wa s conf irmed 
in only a f ew frac t ions , the acc ompanying pr e s ence of rhamno s e , 
and the l inkage ana lys i s  for rhamnos e , ga la c t o s e  and arab ino s e  
r epor ted i n  Chapter 6 ,  sugg est that a l l  fract ions conta ined 
pe c t i n  ( polygalacturonic a c id) . It was not c omp l ete ly 
removed from wal l s  of e i ther ba tch ( s ee a l s o  Table 5 . 6 ) by 
the e xtrac t ion s wh ich c l a s s i c a l l y  d e f ine the pectic 
subs tances ( 1 0 0 °C H2 o ,  ox alate and EDTA) , but cons iderable 
amoun t s  wer e s t i l l  be ing removed by the alka l i  extracts and 
h igh l ev e l s  rema ined beh ind in the r e s idue a f t e r  a l l  a lka l i  
extrac t i ons had been comp leted . 

Propor t ions o f  d i f fe rent neutra l  s ugar s v ary between 
fr ac t ions . Ar abinose was the mos t abu ndant neutr al s ugar 
in mo s t  fract ions . The galactos e/ar ab inose ratios vary 
great l y  and the g a lactose was greater than the arab inos e  in 
the 7 0 °C H 2 o and oxa late fraction of P ath A. Ga lactos e  and 
arab i no s e  are typ ic a l  pectic component s but the varying r a t i o  
actua l ly re f l ects the pre s ence o f  a non-pe c t i c  ga lactan i n  
cer tain fractions a s  demons trated in Chapter 6 ,  s imilar t o  
the s o l ub le ar abinogalactans of the type found in c on i f erous 
wood s ( 5 0 ) . 
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Tab le 5 . 5 :  Sugar Re s idue s in each F r ac tion o f  Gre en Ca l lus 
Batch 1 Wa l l s  - rng/g 7 0 ° C  Water Re s idue 

Uron ic 
Ac id Rh a Fuc Ar a Xyl Man Ga l Glc 

" GalA" 

4 °C H 2 0 8 . 0 1 0 . 0 3 0 . 0 7 3 . 2 4 0 . 5 2 0 . 0 3 2 . 9 8 0 . 6 3 
7 0 oC H20 6 . 4 4 0 . 1 3 0 . 1 9 4 . 0 5 0 . 3 9 0 . 3 2 6 . 5 5 3 . 0 8 

• 

PATH A 

Oxa l ate 5 . 4 2 0 . 0 6 0 . 1 8 3 . 9 4 1 . 2 0 0 . 3 5 4 . 6 2 4 . 3 9 
EDTA 1 6 . 9 4 0 . 4 6 0 . 1 2 5 . 3 7 0 . 3 4 0 . 1 3 2 . 1 1 0 . 8 8 
Na 2co 3 1 4 . 7 7  0 . 2 9 0 . 0 6 8 . 6 9 0 . 2 3 0 . 1 2 4 . 2 1 1 . 0 5 
0 . 5 % KOH 9 . 5 2 0 . 2 3 0 . 1 2 1 3 . 1 5 0 . 1 2 0 . 0 6 7 . 0 2 1 . 4 0 
1 0 %  KOH 1 6 . 0 5 0 . 2 3 2 . 0 8 1 5 . 4 4 1 3 . 5 5 1 . 1 1 1 3 . 2 2 2 0 . 3 5 
2 4 %  KOH 7 . 8 4 0 . 1 8 1 . 2 2 1 6 . 5 8 6 . 2 9 2 . 4 6 1 2 . 9 8 8 . 1 9 
2 5 %  3 -NaOH -B0 3 7 . 0 8 0 . 1 8 0 . 2 4 1 2 . 0 1 1 .  2 0  1 . 1 1 8 . 0 7 2 . 2 2 
Re s i due 2 7 . 1 2 0 . 8 1 0 . 7 0 4 3 . 9 1 3 . 9 4 0 . 2 3 7 . 7 8 2 2 . 6 3 

PATH B 

1 0 0 °c H 2o 5 0 . 8 0 0 . 3 8 0 . 4 5 5 2 . 5 6 0 . 7 5 0 . 4 6  2 6 . 3 8 7 . 3 4 
Oxalate 1 1 . 6 4 0 . 1 5 0 . 0 8 3 . 9 6 0 . 0 8 0 . 4 6 2 . 6 8 2 . 1 4 
EDTA 1 3 . 7 2 0 . 2 3 0 . 0 8 4 . 5 6 0 . 0 8 0 . 0 4 2 . 6 8 0 . 7 7 
6M Urea 3 . 5 0 0 . 0 3 0 . 0 8 2 . 2 4 1 . 1 3 0 . 0 8 1 .  6 8  1 . 4 5 
Na2co3 1 2 . 2 6  0 . 3 1 0 . 0 3 7 . 6 3 0 . 0 8 0 . 0 3 1 . 7 6 0 . 4 6 
NaOH -BO�- 1 4 . 1 8 0 . 8 3 3 . 4 8 1 8 . 1 0 1 8 . 5 4 4 . 8 9 2 0 . 9 5 � 7 . 2 2 
Re s idue 3 0 . 8 3  2 . 3 5 1 . 5 0 2 5 . 4 9 2 . 7 7 0 . 4 3 ;u . o 8  5 . 8 9 
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Tab le 5 . 6 : Sugar Res idues in Each F r ac tion o f  Green C a l lu s  
Batch 2 Wa l l s  - rrig/g 7 0 ° C Water Res i due 

Uronic 
Ac id Rh a Fuc Ara Xyl Man Gal G l c  

''Gal� 

BUFFER E XTRACTS 

4 °C H 2 0 1 7 . 4 0 0 . 7 9 0 . 3 0 4 . 3 0 0 . 4 4  0 . 6 7  6 . 2 2 2 . 9 5  
t7 o 0c H 2 0 5 2 . 9 3  0 . 6 0  0 . 3 0 8 . 4 1  0 . 2 9 0 . 9 2  3 . 8 7 l .  0 0  ' 

WALL FRACTIONS 
10 0 °C H 2 0 2 9 . 0 0 1 . 3 9 0 . 3 6 1 3 . 2 7 0 . 3 1 0 . 2 8 1 6 . 5 3 1 . 9 5  
l 0 0 °C EDTA 4 . 8 2 1 . 1 6 0 . 2 8 1 2 . 5 5 0 . 6  8 o +  3 . 8 4 0 . 2 7  
6M GTC ( Al ) 1 . 3 0 0 . 4 9  0 . 9 6  5 . 2 6 5 . 5 8  0 . 7 2 5 . 1 8  6 . 1 7  
8M Urea ( A2 ) 0 . 0 7  0 . 0 1  0 . 0 2  0 . 1 7  0 . 0 3  0 . 0 4  0 . 0 8  0 . 0 2  
8M Urea (B 1 ) 0 . 6 6  0 . 0 3  0 . 1 5 1 . 7 9  1 . 9 1  0 . 3 9 2 . 3 9 1 . 2 2 
6M GTC ( B 2 ) 0 . 8 0 0 . 2 0 0 . 4 5  1 . 9 1  2 . 5 5 0 . 3 8 2 . 7 9  3 . 3 7 
O . lM Na2 co3 0 . 2 9 0 . 0 1 0 . 0 1 0 . 0 7 0 . 0 1  o +  0 . 0 5 0 . 0 1  
8M Urea ( c )  0 . 3 3 0 . 0 1  0 . 0 1  0 . 2 6 0 . 0 2  0 . 0 2  0 . 1 7 0 . 0 4 
l O O q:  EDTA 2 . 4 3  0 . 1 6 0 . 0 8  1 . 7 5 0 . 1 7  0 . 1 0 1 . 2 4 0 . 0 5  
0 . 5 % KOH 1 . 5 2 0 . 1 3 0 . 0 9  2 . 7 5 0 . 6 0  0 . 1 3 1 . 5 1 0 . 7 6  
1 0 % KOH 4 . 1 0 0 . 4 0 0 . 6 4 3 . 5 1 3 . 0 3  1 . 4 1  2 . 1 1 6 . 4 5  
2 4 %  KOH 1 . 3 4 0 . 1 0  0 . 0 6  1 . 4 3  0 . 2 2  0 . 2 3 0 . 8 4 0 . 5 2  
2 5 %  3 -NaOH-B0 3 2 . 1 0 0 . 3 7 0 . 1 4 2 . 8 3 0 . 7 2  1 . 1 6 1 . 8 7 1 . 2 8 
Res i du e  ( 1 )  1 0 . 2 0 1 . 4 2  0 . 9 6  2 1 . 7 6  3 . 2 2 0 . 8 6 5 . 8 0 6 . 0 6  
C 1 0 2/HOAc 3 . 2 6 0 . 4 0 0 . 2 6  1 1 . 2 0 0 . 7 0  0 . 2 2  3 . 0 2  0 . 2 4 
1 0 % KOH 5 . 3  0 . 5 2 0 . 3 4 8 . 1 2  0 . 9 6 0 . 2 4 3 . 7 4  0 . 5 6 
Res i due ( 2 )  4 . 5 6 0 . 6 4 0 . 5 0 8 . 0 4 0 .  7 8 0 . 5 2  5 . 4 0  3 . 4 0  

' 
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Table 5 . 7 :  I ndividua l S ugar Res idues i n  Each F r a c tion o f  
Green Ca l lus - B a tch 1 vla l l s : � rno l e s/g 7 0 °C 
Wa ter Res idue 

Uronic Total Acid Rh a Fuc Ara Xyl Man Gal Glc Neutral "GalA ' 

4°C H 0 4 5 . 5  0 . 2  0 . 5 24 . 5  3 . 9 0 . 2  18 . 4  3 . 9 51 . 6  
2 po0c H2o 36 . 5  0 . 9 1 . 3  30 . 6  3 . 0 2 . 0 40 . 4  19 . 0  9 7 . 2  

PATH A 

Oxalate ( 7S°C )  30 . 7  0 . 4 1 . 2  29 . 9  9 . 1  2 . 2  28 . 5  27 . 0  98 . 2  

EDTA ( 70°C) 96 . 2 3 . 2  0 . 8 40 . 7  2 . 6 0 . 8  1 3 . 0  5 . 4 66 . 4  

Na2co3 ( 4°C )  83 . 9  2 . 0  0 . 4 65 . 8  1 . 7 0 . 7 26 . 0  6 . 5  1 0 3 . 1  

0 . 5 % KOH 54 . 0  1 . 6 0 . 8 99 . 5  0 . 9  0 . 4 4 3 . 3  8 . 7  1 5 5 . 1  

10% KOH 91 . 1  1 . 6 14 . 2  116 . 8  102 . 6  6 . 9  81 . 5  1 2 5 . 5  449 . 1  
24% KOH 44 . 5  1 . 2  8 . 3  1 2 5 . 5  47 . 6  1 5 . 2 80 . 1  50 . 5  3 28 . 3  
25% 3-NaOH-B03 4 0 . 2 1 . 2  1 . 6  90 . 9  9 . 1  6 . 9 4 9 . 8  1 3 . 7  1 7 3  . l  

Residue 154 . 0  5 . 6  4 . 8 3 3 2 . 3  29 . 9  1 . 4 48 . 0  1 3 9 . 6  561 . 4  

PATH B 

l00°C H20 288 . 4  2 . 6 3 . 1 397 . 8  5 . 7  2 . 8  162 . 7  4 5 . 3  619 . 9  
0 Oxa1ate ( 70-75 C) 66 . 1  1 . 1  0 . 5  30 . 0  0 . 6 2 . 8 16 . 5  1 3 . 2  64 . 6  

EDTA ( 70-73 °C) 77 . 9  1 . 6 0 . 5 34 . 5  0 . 6  0 . 3 16 . 5  4 . 7 5 8 . 7  

6M Urea 19 . 9  0 . 2  0 . 5  1 7 . 0  8 . 6  0 . 5  10 . 4  9 . 0  4 6 . 1  

Na2co3 ( 4°C) 69 . 6  2 . 1 0 . 2  5 7 . 7 - 0 . 6  0 . 2 10 . 9  2 . 8 7 4 . 5  
3-NaOH-B03 80 . 5  5 . 7  23 . 8 1 3 7 . 0  140 . 3  30 . 2  1 29 . 1  167 . 9  6 3 3 . 9  

Residue 175 . 0  16 . 0  10 . 3  192 . 9  21 . 0  2 . 6 80 . 6  36 . 3  3 5 9 . 8  

Total Path A 594 . 6  16 . 7  3 2 . 1  901 . 3  20 3 . 4  34 . 3  3 7 0 . 0  376 . 8  1934 . 7  
Total Path B 777 . 4  29 . 3  3 9 . 0  867 . 0  177 . 3  39 . 3  4 26 . 7  280 . 0  1857 . 5  

Ave Totals 686 . 0  2 3 . 0  3 5 . 6  884 . 2  190 . 4  36 . 8  398 . 4  3 28 . 4  1 896 . 1  
0 70°C ( inc 4 , H20) 768 . 0  24 . 1  3 7 . 4  9 39 . 3  197 . 3  39 . 0  4 57 . 2 351 . 3  204 4 . 9  
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Tab l e  5 . 8 : I nd ividu a l  Sugar Res i dues i n  Each Fracti on o f 
Green C a l lus - Batc h  2 Wa l l s : � mo l e s /g 7 0 °C 
Water Res i due 

4° H 0 c 2 
70°C H20 

- · . . 

WALL FRACTIONS 

l00°C H20 
l00°C EDTA 
6M GTC (Al ) 

8M Urea (A2 ) 

8M Urea ( Bl ) 

6M GTC ( B2 ) 

O . lM Na2co3 
8M Urea (C ) 
100° EDTA 
0 . 5% KOH 
10% KOH 
24% KOH 

3-25% NaOH-B03 
Residue ( 1) 

ClO/HOAc 

10% KOH 
Residue ( 2) 

Totals from 70°C 
H20 Residue 

Totals ( inc 
0 0 4 + 70 C H20 ) 

f 
Uronic 
Acid Rh a Fuc 
"GalA" 

9 8 . 8  5 . 4  2 . 1 

300 . 5 4 . 1  2 . 0 

164 . 6  9 . 5  2 . 5  
27 . 4 7 . 9  1 . 9 
7 . 4 3 . 4  6 . 5 

0 . 4  0 . 1  0 . 1 
3 . 7 0 . 2  1 . 0 

4 . 5 1 . 4  3 . 1  

1 . 7 0 . 1  0 . 1 

1 . 9 0 . 1 0 . 1 

13 . 8  1 . 1 0 . 5 

8 . 6 0 . 9  0 . 6 

23 . 3  2 . 7  4 . 4 

7 . 6 0 . 7 0 . 4 

11 . 9  2 . 5  1 . 0 

57 . 9  9 . 6  6 . 6 

1 8 . 5  2 . 7  1 . 8 

30 . 1  3 . 6  2 . 3 
25 . 9  4 . 4 3 . 4 

343 . 3  3 8 . 8  24 . 4  

742 . 6  4 8 . 3 28 . 5  

Ara Xyl Man Gal Total Glc Neutral 
per path 

32 . 6  3 . 3  4 . 1 3 8 . 3  1 8 . 2  103 . 9  

6 3 . 6  2 . 2  5 . 7  23 . 9  6 . 2 107 . 7  

100 . 4  2 . 4  1 . 7 102 . 0  12 . 1  2 30 . 5  

9 5 . 0  5 . 1  M 2 3 . 7  1 . 7  1 3 5 . 2  

39 . 8  4 2 . 2  4 . 5 3 1 . 9  38 . 0  83 . 2-* 

1 . 3  0 . 2  0 . 3 0 . 5  0 . 2 1 . 3  

1 3 . 6  14 . 5  2 . 4  14 . 7  7 . 5 2 7  . o  
14 . 5  19 . 3  2 . 4 1 7 . 2  20 . 8  39 . 2_ 

0 . 5 0 . 1 0+ 0 . 3  0 . 1 1 . 3  
2 . 0  0 . 2  0 . 1 1 . 0 0 . 3  3 . 7 

1 3 . 3  1 . 3  0 . 6 7 . 6  0 . 3 24 . 7  

20 . 8  4 . 5  0 . 8 9 . 3 4 . 7 41 . 7  

26 . 5  22 . 9  8 .  7 1 3 . 0  3 9 . 8  118 . 1  

10 . 9  1 . 7 1 . 4 5 . 2  3 . 2  2 3 . 4  

21 . 4 5 . 4 7 . 2 11 . 6  7 . 9 56 . 9  

164 . 7  24 . 4  5 . 3 3 5 . 8  3 7 . 4  141 . 9-;k 

B4 . 8  5 . 3  1 . 4 1 8 . 6  1 . 5 58 . 1  

61 . 4  7 . 3 1 . 5 2 3 . 1  3 . 5 51 . 3  

60 . 8  5 . 9  3 . 2 3 3 . 3  21 . 0 66 . 0_ 

5 32 . 4  l00 . 2  3 1 . 4  2 80 . 9  * 
129 . 4  113 7 . 0  

* 
6 28 . 6  105 . 7  4 1 . 2 343 . 1  15 3 . 8  1348 . 6  

For Column Totals ,  "GalA"-Glc , values for chaotropic reagents (Al - B2 ) were 
halved (to give the total actually removed over this divergent part of the 
scheme ) and , after the NaOH-BO�- extraction , the values from the chlorite 
extracted path were used ( i . e . , Residue ( 1 ) values are not used) . 

1 •  Half values here , show the actual sugar leve ls removed where the 50/50 
divisions by weight occur in the scheme . * The chlorite extracted path values 
were doubled to derive totals . 
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G lucos e and xy lose r e s i dues were high i n  alk a l i  f r ac tions and 
in P a th B the alka l i  fraction has both g lucos e and xy los e 
leve ls grea ter th an arab i no s e . Th is re f le c ts the hemi ce l lu l os e  
content o f  the a lk a l i  fractions . The g lucos e level was s ome­
what hi ghe r i n  a l l  f r ac tions prior to the a lk a l i  frac tiona tions . 
For the alkali frac tions , xy lose and g lucos e leve l s  were 
approxima tely equa l .  The pres ence o f  th es e two sugars 
probably r e f l e c ts the remova l of xy l og lucan of the type 
ob served by J . W . L .  L i ttle ( 1 4 5 )  in P i nus radi ata s ee d l i ng 
hypoco ty l s . I t  i s  demons trated i n  Chap ter 6 th a t  bo th xy lan 
and xy loglucan were p res ent . 

Th e pres ence o f  g lucose and xy lose i n  the 4 °C water fraction 
may i ndicate a xy loglucan present . S t arch should no t be 
s igni ficantly s o lub i l i s ed at 4 °C and xy l oglucans extracted 
w i th cold water have bee n reported be fore in th e l i teratu r e  
( 4 6 ) . The g lucose levels in h o t  aqu eous extracts ( oxa l a te , 

EDTA , and l 0 0 °C wate r )  may b e  due to residu a l  s t arch 
s o lub i l isation , and the g luco s e  i s  higher than th a t  expe c ted 
for xy loglucan . The s e  extracts gave pos i tive re s u l ts 
to .the r 2/K I s tarch a s s ay . The pres ence of s tarch was 
confirmed by meth y l ation ana l y s i s  ( 9 3 ,  9 5 )  in Chapter 6 .  
Methyl ation ana lyses a l s o  confirm the pres ence o f  l i nkag es 
char acteri s t i c  o f  xy loglucan rather than starch in th e cold 
wa ter extracts ( s e c t i on 6 . 2 ) . 

Arab i nos e ,  g a l a c to s e  and rhamno se to s ome extent p ar a l le l  
uronic ac i d  i n  th e i r  di s tribut ion and were pres ent i n  a l l  
frac t ions . Th ey are e s pe c i a l ly high i n  wate r f rac tions and 
i n  the res i du e . The pos s ib i l i ty exi s t s  for b o th p e c t i c  type 
ga lactans and pectic arab inans to be pres ent , o f  th e type 
found in sycamo re ( 4 7 ) , rapes eed ( 4 8 ) and coni f erou s t i s s u e  
( 1 2 7 ' 1 3 7 ' 1 3 8 , 1 3 9 ' 1 4 0 ) . 

The rhamnos e/uron i c  acid ratio is low in wate r frac tions 
(�  1 : 1 0 0  or le s s )  and thi s  imp l i e s  the presence o f  

predominan tly uninterrup ted homogalac turonan b ackbones . 
Th e methy l ation re su l ts o f  Chapter 6 s ugges t tha t  g a l ac turonic 
ac id i s  re lativ e ly unb ranched , in c omponents l iber a ted by 
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water fractions ( ho t  H 2 o ,  oxa l a te , EDTA) by S - e l imination and 
2+ . Ca chelatlo n . 

The rhamno s e/GalA ratio i s  s omewh at lower i n  the hot aqueous 
extracts than noted for pectins obs e rved by Albersheim ( 4 7 )  
I s h ii ( 2 0 6 )  . 

The rhamnos e/uronic a c i d  ratio i s  h i gher i n  l a ter fracti ons 
becoming more comparab l e  w i th , or s l i ghtly h i gher th an s ome 
other pectins in the l i te rature ( 8 ) . The b r anching reg i on 
o f  pe c tin i s  more res i s tant to e x traction , and may invo lve 

cova lent l i nk s  i n c ludi ng l i gn i n  c ro s s  l i nking . Th e high 
rhamno s e  in the res i du e  i s  a lso noted in th i s  regard . 

A l though mos t  uroni c ac i d  i n  the water frac tions has very 
l i tt l e  associ ated rhamno s e , the g a lactose and arab i nose 
po lyme rs o f  these frac t i ons may s ti l l  be pe c ti c  fragments as 
di s cu s s ed in Chapter 7 .  

The ob s ervati on th at g a l a c turonan and rhamnoga l ac turonan 
appear to be wide ly di s tributed b e tween wa l l  fracti ons , as do 
arab inose and galactose and lowe r amounts o f  o ther sugars 
mi ght be exp la ined i f  thes e we re bonde d to ano ther s tru c tural 
component not yet extrac ted . L i g n i n  might b e  respon s ib l e  
f o r  b i nding res idual pe c ti c  s ub s tances ( and lower amounts o f  
hem i c e l lulos e s ) in the ce l l  wal l  ( 6 , 7 ,  3 7 , 1 6 1 ) . 

Mannos e i n  the water and a lk a l i  fractions i s  i ndi c ative o f  
the pres ence o f  some water s o lub le ga l a c tog lucomannan , and 
s ome alk ali so lub le g lucomannan , the latter b e i ng more 
re s i s tant to e xtraction than xy lan or xy log lucan , s i nce i t  
requ i re s  2 4 %  KOH for maximum extra c t i on compared to 1 0 %  KOH 

for xy lose and glucos e .  Some fur the r mannan i s  removed on 
add i t i on of borate whi ch comp le xes w i th man nos e .  The leve l 
o f  g lucomannan in thi s t i s s ue i s  apparently much lowe r than 
tha t  o f  xy log lucan . 

Th e leve l s  o f  fucose are very low th roughou t the fractions 
here except for th e s trong a lk a l i  frac tions ( 1 0 %  and 2 4 %  KOH 
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P a th A ,  and 2 5 %  NaOH- BO�- Path B )  , and there i s  s ome i n  the 
c o ld water frac tions . Th i s  suggests tha t  th e xy log lucan 
indic ated by the xy l o s e  and g lucose i n  these frac tions is a 
fucog a l ac toxyloglucan . Th i s  i s  di s cu s s ed fur ther i n  Chapter 
6 ,  where fu cos e is identi f ied as termi na l fu c os e , po s s ib l y  
a s s oc i ated w i th xy log lucan as f o r  s ee d  amyloi ds ( 4 6 , 4 8 ) . 

The pres ence o f  fucos e in the re s i due i s  no t exp l a i ned , but 
thi s may be present i n  a fucos e-r i ch xy loglucan ( Tab le 5 . 5 ,  
5 . 7 ) . S uch an obs e rvat ion a l s o  app l i e s  to B atch 2 wa l l s , 
parti cu lar ly the ch l o r i te extrac t and the f i n a l  re s i due 
( Tab le 5 . 6 , 5 . 8 )  . 

b )  B atch 2 Wal l s  ( Tab les 5 . 6  and 5 . 8 ) 

� e  data g enera l ly bear out the resul ts from sugar analy s e s  
on Batch 1 wa l l s . S i gni f i c an t  arabinose and g a l a c to s e  i n  

0 0 th e pho sphate bu f fer extrac ts ( 4  C and 7 0  C )  may again 
i ndic ate the p re s en ce of water s o lub le arab i noga l ac tan ( 5 0 ) . 
Th e lower leve l s  o f  arabino s e  i n  the s e  walls than i n  tho s e  
o f  Ba tch 1 coul d be mainly due to lowe r leve l s  o f  l 0 0 °c water­
extrac tab l e  arabi nos e .  

The i n creased leve l o f  arab i no s e  in the 7 0 °C water fraction 
c ould be due to s ome pe c t i c  ar abinan removed a t  the higher 
temperature . Arab i no s e  and g a l acto s e  are p romi nent sugars 
in th e l 0 0 °C water extrac tion , probab ly in p ar t  s i gni fyi ng 
pectic arabi nan and galactan removed by S - e l imi nation . The re 
i s  h igh arab ino s e  in the l 0 0 °C EDTA fraction and th i s  i s  
l i ke ly t o  b e  pe ctic arab inan . 

U roni c  ac i d  i s  more read i ly extrac ted by 7 0 °C H
2

o than for 
Ba tch 1 .  There fore there i s  a lower level o f  u ron i c  ac i d  i n  
the 7 0 °C wate r  re s i due o f  ba tch 2 .  The h i gher rhamnos e  levels 
i n  the water frac tions than for the corresponding fractions 
in Batch 1 partly paral lels the increas ed u roni c  acid i n  
the s e  frac tions , but s ome frac tions have a very h i gh rhamno s e/ 
uroni c a c i d  ratio ( 4°C water and l 0 0 °C E DTA ) . 
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Only low leve l s  o f  xy lose an d g lucose ( or for B a tch 1 )  are 
removed i n  the l 0 0 °C wate r and l 0 0 °C EDTA frac tions , whi ch 
appear to remove predomi nantly the p e c t i c  arab i nan , g a lac tan , 
rhamnoga lac turonan a nd pe rhap s some non-pecti c arab i noga l ac tan . 

Extraction w i th 6 M  GTC and BM urea a fter degrad ation o f  
pectin b y  l0 0 °C wa te r  a nd E DTA enab l e d  a n  inves tiga tion o f  the 
chao trop i c  remova l  of po lyme rs . Such remova l i s  s ub s equent 
to s ome degradation of pe c ti n , but b e fore a f fe c ting further 
bonding w i th weak o r  s trong alkali treatment . 

BM u rea and 6M GTC extrac t both hemi ce l lulos e s  and 
arab i nos e-galacto s e  polyme rs . Remova l  of approxima te ly equa l 
parts o f  xy los e and g lucose i n  the GTC and ure a fractions 
s ugge s t s  th e pres ence of a xy loglucan , a trend s imi larly 
ob s e rved for the a lk a l i - extracted f r ac tions o f  B a tch 1 w a l l s . 

The h i ghe s t  leve l s  o f  hemi ce l lu l o s e  were ob s erved for the 6 M  
GTC fraction , th i s  b e i ng the s tronge s t  chao trop i c  reagen t . 
Th e ratio o f  xy l o se/glucose i s  high i n  the 8M urea e x tract 
whi ch imp l i e s  pos s ibly the predomi nance of a xylan r a the r 
than a xyloglucan . The xy lose leve l i s  lower i n  the 6 M  GTC , 
whe re probab ly mo re e f f i c i ent extrac tion o f  both xy l an and 
xylog lucan has o c curre d . Leve l s  of xy loglu can then f a l l  unti l 
the alk ali extra c ti ons are commenced . High e s t  leve l s  are 
removed by 1 0 %  KOH , at room temperature and b y  2 5 %  NaOH­
bor ate which a l s o  r emoves s ome mannan . The xy lose/glucose 
ratio is hi ghe r i n  GTC ( A1 ) than i n  1 0 %  KOH . The amount o f  
xylose i n  th e two frac tions i s  about equal , but g lucos e i s  
tw ice a s  high i n  the 1 0 %  KOH frac tio n . I n  con j unction w i th 
re s u l ts from me thy l a t i on analy s i s  ( Chap ter 6 )  i t  i s  con f i rmed 
th at xy lan is approx . 4 0 %  extracted by GTC , and xylog lu c an 
approx . 3 0 % . Th i s  contras t s  w i th the ob se rva tion o f  Monro 
e t  al ( 1 7 0 )  who ob s e rved th at GTC extracted 9 0 %  o f  the 
xy loglucan from depe c t i n a ted lupin hypocoty l  wa l l s , but 
ve ry li ttle xy l an . 

Albe rsheim ( 4 6 )  a l s o  note d  tha t  xylog lucan was extra c te d  by 
8M urea from depe c t inated w a l l s  o f  s yc amore suspens ion 
cu l tured ce l l s . 
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Manno se i s  again rather res i s tant to extraction as for 
B a tch 1 wa l l s . The re are high manno s e  va lue s i n  the 2 5 %  
NaOH-bora te frac tion and i n  the f i na l  re s i du e , but a lower 
va lue i n  the 2 4 %  KOH fraction th an i n  the 1 0 %  KOH fraction 
is surpr i s i ng . 
KOH fraction , 

Mannos e  appe ars to reach a peak i n  the 2 4 %  
Path A o f  Batch l wa l l s . I t  i s  pos s ib le th at 

the 2 4 %  KOH extraction condi ti ons we re not as vi gorous as 
in B a tch l .  

The sodium carbonate extraction l ab i li s e d  s ome pe c ti c  mate ri a l , 
mu ch o f  whi ch ( arab i no s e , galactos e ,  u ronic a c i d  and low 

0 rhamnos e )  was extracted by subs equent BM u re a  and l O O  C EDTA . 

The ch lori te tre a tment o f  the a lk a l i  res idu e , and sub s equent 
1 0 %  KOH extraction removes arab i nose , galacto s e , rhamnos e 
and uroni c acid i n  both frac tions a t  r e l a tive leve l s , showing 
l i ttle vari ation except i n  the arab inos e/ga l a c tose ratio 
whi ch imp l i e s  the eo-extraction of arabi nan , g a l a c tan and 
rhamnogalac turonan as a pe c ti c  comp lex . But extraction i s  
s t i l l  no t complete , and pe c ti c  mate r i a l  remai n s  i n  the 
re s i due ( Tab le 5 .  6 ,  5 .  8 )  . 

Both xy los e  and g luco s e  are present i n  the NaOH-borate re s i due , 
a l though xy lo s e  i s  mos tl y  extracted by chlorite and 

a lka l i whe reas g lucose i s  no t .  The h i gh xy l o s e/glucose ra tio 
in chlori te and subs equen t a lk a l i  frac tion imp l i e s  that s ome 
xylan may be cros s l inked by lignin a nd i s  released after 
C lo 2 tre atment . 

The g luco s e  in the final re s i due probably repre s ents some 
xy logl ucan , and ce l lulose whi ch is n o t  extracted by ch lori te 
and a lk a l i  b ut may be s u f f i ciently d i s orde red by prior 
alkal i treatmen ts to be hydro lysed by nitr i c  a ci d .  

Thu s  i t  s eems like ly that some xy l an ( approx 2 5 - 3 0 %  o f  the 
tota l s ee Tab le 5 . 1 0 ,  and Tab le 6 . 3 )  i s  lignin bou nd , but 
xylog lucan l arge ly may no t be . 

Lignin- xy l an comp lexes have bee n reported i n  the l i terature 
( 1 6 1 ,  1 6 2 ) . 



Xy log lucan i s  approxima t e l y  9 0 %  extrac ted in pr e chlor ite 
fraction s , and about 5 %  i s  pr e s ent in C l02 and s ubs equent 
KOH fract ions as suming the g lucose i s  from a x y l o g lucan . 
Thus only 5 - 1 0 %  i s  l ignin bound . 

Conc lus ions 

1 5 0 . 

1 )  Xy log lucan i s  ind icated in water f ractions ( 4 °C water ) 
some in GTC , 1 0 %  KOH , and lower amoun ts in s tronger 
a l ka l i  extrac t ion s . Xy log lucan that can b e  r emoved by 
chaotrop ic rea gent s a f t e r  c leavag e of po l yg a lac turon i c  
ac id i s  probab l y  l inked d ir ectly or indir e c t ly to pec t in 
and by hydrogen bond s to other po lymers , such a s  
c e l lu los e . T h i s  wou ld agree with Alber s h e im ' s  mod e l  ( 8 ) . 

However , the add iti ona l xyloglucan requiring a l k a l i  f or 
r emova l ( before the ch lor ite extract) as we l l  a s  l inkage 
to pectin and hydr ogen bond ing to cel lu l o s e  may have 
l inks to other polymer s such as l ignin , the l inkage 
( pos s ibly e s t e r s  (1 6 2) }  breaking down und er more r ig or ou s  
a lka l i  treatment . There appears t o  be very l i t t l e  
xylog lucan i n  the a l ka l i  res idue , at le ast , l it t le 
extracted by c h lorite and alka l i . The pr e s ence o f  
fucose in the f inal r e s idue i s  not we ll understood , but 
could be due to a fuc o s e - r ich xlyoglucan . 

2 )  Xylan pos s ib l y  occurs t o  s ome ex tent in water frac t ions . 
The 1 0 0 °C EDTA frac t i on has a h igh xylo s e/g lu c o s e  r a t io , 
and extract ion with 8 M  urea and 6M GTC r evea l s  that 
xy lan is mor e lab i l e  than xylog lucan . However , s ome 
xylan appears to be pr e s ent in a lka l i  f r a c t ions . That 
wh ich i s  pr e s ent in c h l or ite lab i l i s ed fract ion s wou ld 
appear to be l ignin bound . 

3 )  Mannan s are s een to b e  extracted by water and a l k a l i ,  
wh ich imp l i e s  the pres ence o f  water-s olub l e  g luc oga l ac t o ­
mannans and a lka l i - s o lub l e  g lucomannans r e spect ive l y . 
The g lucomannans are more res i s tant to extract ion than 
other hemi c e l luloses . 
Mannans are not an impor tant hemic e l lu lo s e  of the s e  wa l l s 
from the r e s u l t s  of fract iona t ions of Batch 1 and 2 wa l l s . 



1 5 1 .  

Low mann an leve l s  through out , ind i cate the l ow leve ls o f  
g luc o o r  g a lactog lucomannans in the s e  w a l l s . The pres ence 
of mannose , toge ther with par t i a l  l i g n i n  format i on , s ugge s t s  
a low l eve l o f  s e condary th i cken ing i n  the w a l l s  a s  mannan s 
are us u a l ly pres ent on ly in secondary ce l l  w a l ls ( 3 ,  2 7 ) . 
J . W . L .  L i ttle ob s e rved an increase in the pe r centage of 
manno s e  w i th increas ing age of hypocoty l ti s s ue in P inus 
r adiata etio lated hypocoty l s  ( 1 4 5 ) . 

4) Pe ctin . The c omponents o f  pe ctin are ob served throughout 
the w a l l  fract i ons . In the water fr ac t i ons , low rhamnose 
imp l i e s  a pectin with a h i gh homog a la ctur on an b a ckbone . The 
higher extrac t i on of ur on i c  acids i n  the wate r extracts o f  
B atch 2 may be due to a d i f ferent method o f  p repar ation o f  
w a l l  and , in part , t o  di f f e rences in s amp le mater i a l . I n  
sub s equent extracts ( EDTA onwards )  the rhamnos e/g a la cturon i c  
ac id r at i os vary between 1 / 1 0  t o  1 / 3 0 , s ugge s t ing a pectin 
inter spersed w i th rhamnos e ( 4 7 ,  2 0 6 ) . The r h arnn os e/uron i c  
rat i o  i s  very h i gh for the f i r s t  E DTA fr act i on i n  B atch 2 .  

H ighe s t  leve ls of the pec t i c  po lymers are removed by 
cond i t i ons which S - e l iminate and degrade pe c t in . S ub s t an t i a l  
amoun t s  o f  uroni c  acid wer e removed b y  s trong alka l i  even 
after extraction by hot wate r , b o i l ing E DTA and with 
chaotrop i c  re agents . There s eems no obvious r e as on why 
pectin should n ot be extrac ted by 1 0 0 °C EDTA treatment , un le s s  
i t  i s  l inked t o  s ome other p olymer i n  the w a l l .  P e ct i n  
extracted b y  chaotropi c  r eagents a f ter the 1 0 0 °C EDTA 
treatment might be cova lent ly l inked to hemi ce l lulos e s . The 
s ame might app ly to pectin s ub s equen t ly extracted by a lk a l i . 
The d i f f erence in extrac t ab i l i ty o f  th e latter two pectin 
frac t i ons wou ld be due t o  a d i f f e rence in th e b ond ing o f  
hemi c e l lulo s e  o f  th e two f r actions i n  the w a l l .  

After extract i on wi th 2 5 % N aOH -b orate , ab out 2 0 %  o f  the 
pe c t i c  components s t i l l  remain l oc ked in the re s idue . 
Ac id ch lor i te l iber ate s much o f  the r emaining ar ab inose 



Table 5 . 9 :  Polysac charide Sugar Re s idue s ,  Protein and Hydroxypro l ine , Batch l Wa l l s  
% o f  Total s Ac counted for i n  7 0°C Wa ter Re s idue 

GalA Gal Ara Rh a Glc Xy l Fuc Man Protein Hydroxypr o l i ne 

4 ° + 7 0° C H 0 2 12 . 2  1 4 . 9  6 . 2  5 . 0  7 . 0 3 . 6  5 . 1  5 . 9  6 . 3  4 . 6  

PATH A 
Oxa late & EDTA 2 1 . 3  l l .  2 7 . 8  2 1 . 2  8 . 6  5 . 8  6 . 2  8 . 5  3 . 9  1 . 7  

Na2co3 14 . 1  7 . 0  7 . 3  1 2 . 0  1 . 7  0 . 8  1 . 2  2 . 1  2 . 1  0 . 4  

Alkal i Extrac ts ( KOH ) 3 1 . 9  5 5 . 4  3 7 . 9  2 6 . 3  4 9 . 0  7 4 . 4  7 2 . 9  6 5 . 2  6 1 . 8 4 6 . 2  

Alka l i  & Borate 6 . 7  1 3 . 5  1 0 . 1  7 . 2  3 . 6  4 . 5  5 . 0  2 0 . 0  1 8 . 5  1 5 . 7  

Re sidue 2 5 . 9  1 3 . 0  3 6 . 9  3 3 . 3  3 7 . 1  1 4 . 7  1 4 . 9  4 . 2 1 3 . 7  3 5 . 9  

PATH B , 

0 lOO C Wa ter 3 7 . 0  3 8 . 1  4 5 . 9  8 . 9  1 6 . 2  3 . 2  7 . 9  7 . 2  1 2 . 1  7 . 9 

Oxa l ate & EDTA 1 8 . 5  7 . 7  7 . 4  8 . 9  6 . 4  0 . 6  2 . 7  7 . 9  6 . 3  3 . 3  

6M Urea 2 . 6  2 . 4  2 . 0  0 . 8  3 . 2 4 . 8  1 . 3  1 . 2  6 . 1  1 . 7  

Na2co3 9 . 0  2 . 5  6 . 7  7 . 1  1 . 0  0 . 3  0 . 6  0 . 4  2 . 7  2 . 0  

Alk al i  & Borate 1 0 . 4  3 0 . 3  1 5 . 8  1 9 . 5  6 0 . 0  7 9 . 2  6 1 . 1  7 6 . 8  4 0 . 3  2 2 . 3 

Re s idue 2 2 . 5  1 8 . 9  2 2 . 3  5 4 . 7  1 3 . 0  l l . 9 2 6 . 4  6 . 7  3 2 . 5  6 2 . 8  I I 
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Table 5 . 1 0 :  Polysaccharide Sugar Re s idues ; 0Protein and Hydroxyproline . Batch 2 Wal l s  
% o f  Total s  Accounted for i n  7 0  C Water Re s idue 

GalA Gal Ara Rh a Glc Xy 1 Fuc Man Pro tein Hydroxypro line 

4° and 7 0°C H20 1 2 0 . 0  2 3 . 0  1 8 . 1  2 4 . 5  1 9 . 0  6 . 0  1 6 . 7  3 2 . 0  5 7 . 0  8 . 1  

H2 0 & EDTA 1 0 0°C 5 8 . 0  4 4 . 7  3 6 . 7  4 5 . 1  1 0 . 6  7 . 5  17 . 9  5 . 5  2 9 . 7  15 . 1  

Chaotropi c  Reagents 2 . 4  l l . 5 6 . 5  6 . 5  2 5 . 6  3 8 . 3  2 2 . 0  15 . 2  5 . 4  4 . 1  

Na2 co 3 & Lab i l i sed 5 . 0  3 . 0  3 . 0  3 . 1 0 . 5  1 . 6  2 . 8  2 . 2  3 . 0  2 . 0  

Alkal i  Extracted 15 . 0  1 4 . 0  1 4 . 9  1 7 . 6  4 3 . 0  3 4 . 7  2 6 . 2  5 7 . 6  2 3 . 0  1 8 . 2  

c1o2 & Lab i l i sed 13 . 0  15 . 0  2 7 . 5  16 . 3  4 . 4  1 2 . 6  1 6 . 8  9 . 0  3 6 . 0  5 3 . 0  

Re s idue 7 . 0  1 2 . 0  1 1 . 4 1 1 . 4  1 6 . 0  5 . 3  1 4 . 1  1 0 . 3  3 . 0  7 . 7  

----------- -- - -----

' 
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1 5 4 . 

on degrading lignin , and further arabinose , galactose and 

galacturonic a c i d  i s  re leased with 10 % KOH . I t  i s  

concluded th at parti al l igni fication of  thes e  wa l l s  i s  

re sponsible for c ros s - l i nking wi th some o f  the pe c ti n ,  as 

we l l  as neutral pe c ti c  po lyme rs , hemi ce l luloses and pos s ib ly 

pro tein . 

5 )  The non-pe cti c arabinoga lactan , ( s ee methy lation analys i s  

Chapte r 6 )  i s  te ntatively as s igned as an integral component 

in  the se wal l s . 

6 )  E s te r link s  to ligni n ( Labi le to Na2co3 ) ,  mig� enab le 

extrac tion of s ome polyme rs by sodium carbonate as s ee n  

here . Linkage o f  polysacchari de s  to lignin by e ther 

bonds ( 1 6 1 ,  1 6 2 )  might render polyme rs unextrac tab le u nde r 

any o f  the cond i ti ons u sed here ( except by acid ch lor i te )  

and would explain the occurrence o f  sugars i n  the re s i dues 

after all alka li  fractionati ons . I t  i s  pos s ible tha t  

alkali may cleave some b onds t o  l ignin ( po s s ibly e th e r  

bonds , see Sec tion 5 . 3 . 5  regarding the pos s ib i l i ty of  

alkali cleavage of ether bonds ) , and tha t  hemi ce lluloses 

no t re le ased by GTC , ure a , or Na2co
3 are then re le ased 

wi th alk ali . 

However much carbohydra te may be linked by a lkali  re s i s t an t  

e.the r  bonds , and i t  i s  s uggested that the parti a l  

ligni fi cation i s  important i n  the interpretation o f  the 

results obtaine d  on Batch 2 walls . 

5 . 3 . 4  Amino Aci d  Analys i s ; Batch 1 and Batch 2 Wal ls 

Resu lts and Discuss i on 

As discussed in S e c tion 1 . 3 . 7 ,  protein contai ning hydroxypro l i ne 

has long bee n regarded as a ce ll wa l l  component of land p lants . 

In  the primary ce l l  wall i t  appe ars to be important s truc tura l ly 

in cros s - l inking polys accharide s  in  s ome manner ( 2 8 ) . Res u l ts 

for amino acid ana lyse s  are s ummari sed in Tab les 5 . 1 1 - 5 . 1 4 .  

The di stribution of  to ta l protein and hydroxyproline among 

frac tions are detai led in Tab le 5 . 9 ,  5 . 10 .  



Tab le 5 . 1 1 :  Individual Amino Acid Res i dues in each Fraction of Batch 1 Walls as Mo le % of Total Protein 

4°C H20 

70°C H20 
7 . 8 , 4 . 4  
8 . 0  4 . 1  

PATH A 
Oxalate 7 . 5  
EDTA 9 . 3  
Na2C03 8 . 2  
0 . 5% KOH 11 . 8  
10% KOH 12 . 2  
24% KOH 3 11 . 1  25% NaOH-B03 10 . 0  
Residue 6 . 6  

4 . 4  
3 . 6  
4 . 9  
6 . 0  
5 . 2  
4 . 7  
4 . 4  
3 . 8 

6 .  7 1 9 .  2 

7 . 1  10 . 8  

13 . 3  
7 . 9  
7 . 5  
8 . 4  
6 . 7  
5 . 3  
5 . 3  
4 . 6  

14 . 0  
1 0 . 7  
9 . 6  

1 0 . 9  
12 . 2  
12 . 9  
11 . 9  
6 . 3  

PATH B 
l00°C H20 
Oxa late 
EDTA 
Urea 
Na2C03 

9 . 4  4 . 0  7 . 0  10 . 2  
8 . 2  3 . 5  10 . 9  11 . 2  
6 . 6  4 . 1  10 . 9  11 . 4  
8 . 5  4 . 6  11 . 9  14 . 4  
8 . 7  3 . 7  9 . 1  1 2 . 5  

3-NaOH-BOJ 
Residue 

14 . 4  4 . 6  6 . 3  1 3 . 0  
8 . 3  4 . 6  5 . 3  10 . 6  

5 .  2 1 12 . 2 ! 6 .  o I 2 .  5 6 . 4  16 . 0  6 . 7  2 . 2  

3 . 6  
4 . 0  
5 . 4  
6 . 1  
3 . 9  
6 . 2  
6 . 7  

12 . 7  

20 . 3  
19 . 8  
18 . 1  
16 . 3  
9 . 5  
6 . 9  
6 . 2  
5 . 0  

7 . 5  
6 . 8  
6 . 5  
7 . 8  
9 . 0  
9 . 0  
8 . 8  
6 . 0  

0 . 4  
2 . 4  
1 . 4  
1 . 8  
0 . 7  
0 . 1  
0 . 2  
0 . 5 

6 . 6  17 . 3  7 . 4  1 . 3  
4 . 7  14 . 6  6 . 5  2 . 1  
1 . 4  16 . 0  5 . 6  2 . 5  
4 . 1  15 . 3  8 . 3  0 . 7  
4 . 5  15 . 1  6 . 4  2 . 9  
4 . 9  6 . 7  8 . 3  0 . 5  
9 . 1  5 . 7  8 . 6  1 . 7 

5 . 7  

5 . 0  

3 . 8  
4 . 5  
5 . 9  
5 . 2  
6 . 8  
8 . 0  
8 . 5  

11 . 7  

0 . 9  

0 . 5 

0 . 5  
0 . 7  
0 . 5  
0 . 4  
0 . 8  
1 . 0  
0 . 6  
0 . 7  

6 . 6  <0 . 1  
5 . 9  0 . 6  
4 . 9  0 . 1  
5 . 4  0 . 6  
5 . 3  0 . 8  
7 . 5  1 . 1  
8 . 5  1 . 0  

3 . 2  I 5 . 6  I 2 . 0  , 2 . 9 , 5 . 4  
3 . 6 1 5 . 6 1 2 . 4  2 . 7  4 . 7  

2 . 9  
3 . 7  
3 . 8  
3 . 1  
4 . 9  
5 . 3  
5 . 7  
5 . 9  

5 . 0  
6 . 0  
7 . 6  
5 . 7  
7 . 8  
8 . 7  
8 . 8  
5 . 4  

3 . 6  5 . 4  
2 . 9  5 . 3  
3 . 4  6 . 1  
3 . 4  6 . 1  
3 . 2  4 . 9  
5 . 4  8 . 4  
4 . 5  7 . 6  

2 . 9  
2 . 3  
3 . 2  
2 . 2  
3 . 7  
4 . 1  
3 . 8  
4 . 5  

2 . 6  
3 . 1  
4 . 6  
3 . 0  
4 . 4  
4 . 5  
4 . 8  
2 . 9  

3 . 4  
2 . 4  
2 . 0  
1 . 4  
1 . 5  
2 . 1  
2 . 6  
3 . 9  

2 . 9  4 . 1  4 . 1  
2 . 8  3 . 3  4 . 5  
3 . 1  3 . 3  3 . 5  
2 . 5  3 . 3  3 . 0  
2 . 6  4 . 4  1 . 9  
3 . 3  4 . 1  2 . 3  
3 . 2  3 . 0  3 . 2  

3 . 6 , 15 . 0  
2 . 1  9 . 9 

2 . 8  
1 . 2 
0 . 7  
1 . 3 
2 . 1  
3 . 5  
3 . 4  
3 . 5  

1 . 4  
1 . 5  
2 . 5  
1 . 2  
1 . 7  
1 . 7 
1 . 5 

2 . 7  
10 . 8  
9 . 2  
5 . 8  
4 . 8  
3 . 1  
4 . 4  
4 . 0  

4 . 9  
9 . 2  

11 . 0  
5 . 2  
8 . 4  
4 . 5  
3 . 5  

1 . 8  

2 . 0  

2 . 4  
1 . 1 
1 . 0 
2 . 7  
3 . 7  
3 . 2  
3 . 9  

11 . 8  

3 . 6  
2 . 3  
3 . 6  
1 . 4  
3 . 9  
2 . 9  

10 . 1  

f-' 
lJ1 
lJ1 



Table 5 . 1 2 :  Individual Amino Ac id Re s idue s in Each Frac t ion of  Batch 2 
Total Protein 

Wal l s  as Mole % of 

0 
4 C H20 
70°C H2o 

0 lOO C H2o 
100°C EDTA 
6M GTC ( Al ) 
BM Urea (A2 ) 
BM Urea (Bl ) 
6M GTC (B2 ) 
O . lM Na2co3 
BM Urea (C )  
l00°C EDTA 
0 . 5 % KOH 
10% KClH 
24% KOH 
25% NaOH-BO�­
*ClO-/HOAc 
*l0%2KOH 
*Residue ( 2 )  
Residue ( l )  

10 . 0  1 4 . 9  
12 . B  5 . 3  

9 . 7  5 . 0  
9 . 3  5 . 4  
9 . 7  5 . 2  
B . 2  5 . 4  

10 . 3  4 . 9  
10 . 3  5 . 1  
B . 4  4 . 7  
9 . 1  5 . 2  
9 . B  5 . 6  
B . 5  6 . 2  

11 . 1  5 . 0  
9 . B  4 . 6  

1 0 . 9 4 . 3  
10 . 3  4 . 1  
7 . 3  3 . 5  
6 . 7  3 . B 
9 . 6  3 . 3  

17 . 2  1 13 . 1  
7 . 6  14 . 5  

6 . 9  10 . 0  
B . 2  10 . 4  
7 .  3 11 . 5  
B . l  lO . B  
7 . 3  10 . 1  
B .  5 11 . 1  

11 . 2  11 . 2  
6 . 4  10 . 4  
7 . 9  10 . 3  
7 . B  11 . 1  
8 . 3  12 . 4  
7 .  3 11 . 0  
6 . 8  13 . 0  
4 . 2  lO . B  
5 . 4  7 . 2  
5 . 9  5 . 2  
4 . 4  9 . 2  

6 . 1  

6 . 1  

6 . 7  
7 . 4 
7 . 7  
6 . B  
6 . B  
6 . 5  
5 . 7  
7 . 7  
6 . 3  
6 . B  
5 . B  
6 . 7  
7 . 1  
9 . 7  

15 . 3  
16 . 3  
10 . 7  

13 . 9  

12 . 9  

9 . 9  
9 . 7  

10 . 4  
10 . 2  
B . 3  

10 . 3  
10 . 9  
9 . 6  
9 . 5  
9 . 6  
7 . 3  
B . 7  
6 . 3  
4 . 3  
4 . 4  
4 . 0  
4 . B  

7 . 9 1 1 . 9  
9 . B  0 . 3  

B . B  0 . 6  
9 . 5  0 . 6  
9 . 0  O . B  
9 . 6  O . B  
9 . 4  O . B  
9 . 3  0 . 3  
9 . 3  1 . 5  
9 . 6  0 . 7 
9 . 3  O . B  
B . 9  0 . 4  
9 . 4  0 . 5  

lO . B  0 . 7  
9 . 2  0 . 8  
9 . 2  0 . 7 
5 . 6  O . B  
5 . B  0 . 7  
B . 7  1 . 0  

5 . 4  

5 . 7  

6 . 6  
6 . 2  
6 . 9  
6 . 9  
6 . B  
6 . 2  
7 . 4  
6 . B  
6 . 1  

10 . 1  
6 . 6  
7 . 1  
7 . 4  
9 . 7  

11 . 7  
ll . B  
B . 6  

* � Cystine = cysteic acid , Methionine = methionine sulphone estimated 
Tyrosine partly destroyed after oxidation by chlorite 
Arginine , possibly converted to ornithine by chlorite treatment 

1 . 1  , 3 . 0  1 6 . 5 , 3 . 2 , 3 . 4 , 3 . 6  
O . B  3 . 5  5 . 6  3 . 3  2 . 5  3 . 5  

1 . 4  4 . 3  B . 4  3 . 3  4 . 1  5 . 0  
1 . 4  4 . 4  7 . 9  3 . 6  4 . 2  3 . 6  
0 . 9  4 . 3  B . 3  3 . 0  3 . 9  2 . 3  
1 . 6  4 . 5  B . 5  3 . 3  3 . 5  2 . 6  
1 . 5  4 . 5  B . 7  3 . 5  3 . 9  2 . 3  
1 . 4  4 . 1  7 . 3  3 . 4  3 . B  2 . 5  
1 . 0  2 . B  6 . B  3 . 4  3 . 7  3 . 0  
1 . 5  4 . 6  7 . 7  3 . 9 4 . 3  2 . 5  
1 . 2  4 . 1  B . O  3 . 7  4 . 3  2 . B  
1 . 3  3 . 9  B . O  2 . 9  3 . 9  1 . 9  
1 . 0  4 . 5  B . 5  4 . 1  3 . 9  1 . 6  
1 . 2 4 . 4  B . B  3 . 2  4 . 2  2 . 4  
0 . 4  4 . B  9 . 1  3 . 5  4 . 6  2 . 6  
2 . 0  5 . 7  9 . 2  0 . 5 4 . 1  7 . 1  
1 . 0  4 . 9  5 . 7  1 . 0  2 . 6  5 . B  
O . B  5 . 4  4 . 7  2 . 1  2 . 4  6 . 5 
1 . 2  4 . B  B . 2  3 . 2 3 . 7  2 . B  

l . B , 6 . 2 
1 . 6  2 . 1  

2 . 4  4 . 1  
2 . 0  3 . 3  
1 . 3  3 . B  
1 . 4  3 . 9  
1 . 9  4 . 3  
1 . 7  3 . B  
3 . 0  3 . 5  
l . B  4 . 1  
2 . 2  4 . 1  
1 . 2  3 . 0  
2 . 0  3 . 1  
1 . 5 3 . 4  
1 . 5  3 . 3  
2 . 4  3 . 1  
2 . 9  1 . 9  
2 . 6  1 . 9 
2 . 1  4 . 3  

0 . 7  

2 . 0  

2 . 9  
2 . 9  
3 . B  
3 . B  
4 . 7  
4 . 5  
2 . 7  
4 . 1  
3 . 9  
4 . 3  
5 . 0  
4 . 2  
4 . 5  
5 . 7  

14 . 5  
14 . 5  
9 . 5  

Lysine totals include a · amino-adipic acid from lysine and may include ornithine which co-chromatographs with lysine I-' 
Ul 
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Table 5 . 1 3 :  

4°C H20 

70°C H20 

P A TH A 
Oxalate 
EDTA 
Na2co3 
0 . 5 % KOH 
10% KOH 
24% 
25% 

KOH 3_ NaOH-BO) 
Residue 

PATH B 
l00° c H2o 
Oxalate 
EDTA 
Urea 
Na2C03 3-NaOH-B03 
Residue 

Individual Amino Acid Res idues in Each Fraction of Batch l Walls , as � mole s/g 
70°c Water Res i due 

I 0 . 89 1 0 . 50 I 0 . 77 1 1 . 05 1 0 . 60 1 1 . 3 9 1 0 . 7 0 1 0 . 28 1 0 . 64 1 0 . 10 I 0 . 37 1 0 . 65 1 0 . 2 3 1 0 . 3 3 1 0 . 62 1 0 . 42 1 1 . 72 1 0 . 2 0 

1 . 36 0 . 69 1 . 22 1 . 84 1 . 09 2 . 7 3 1 . 14 0 . 3 8 0 . 86 0 . 08 0 . 61 0 . 97 0 . 40 0 . 47 0 . 79 0 . 36 1 . 69 I 0 . 3 4 

1 . 00 0 . 58 1 .  76 1 .  86 0 . 47 2 . 69 0 . 99 0 . 06 0 . 50 0 . 06 0 . 3 9 0 . 66 0 . 3 9 0 . 34 0 . 46 0 . 3 7 0 . 36 0 . 3 1 
0 . 85 0 . 3 3  0 . 7 2 0 . 97 0 . 37 1 . 81 0 . 62 0 . 22 0 . 4 1 0 . 06 0 . 3 4 0 . 5 5 0 . 21 0 . 28 0 . 22 0 . 11 0 . 98 0 . 10 
0 . 95 0 . 56 0 . 87 1 . 11 0 . 63 2 . 10 0 . 7 5 0 . 16 0 . 69 0 . 06 0 . 44 0 . 88 0 . 38 0 . 53 0 . 24 0 . 09 1 . 07 0 . 1 0  
2 . 79 1 . 42 1 . 99 2 . 57 1 . 45 3 . 85 1 . 84 0 . 42 1 .  24 0 . 10 0 . 74 1 .  36 0 . 52 0 . 7 3 0 . 3 3 0 . 3 1 1 .  39 0 . 64 

12 . 7 7 5 . 3 9 7 . 02 12 . 79 4 . 04 9 . 88 9 . 42 0 . 66 7 . 14 0 . 86 5 . 15 8 . 2 1 3 . 81 4 . 63 1 . 61 2 . 17 4 . 99 3 . 90 
22 . 12 9 . 42 10 . 53 25 . 64 12 . 2 3 13 . 7 5  17 . 79 0 . 2 7 15 . 82 2 . 08 10 . 69 17 . 28 8 . 2 5 8 . 94 4 . 28 7 . 00 6 . 2 0 6 . 39 
9 . 58 4 . 26 5 . 13 11 . 46 6 . 42 5 . 96 8 . 44 0 . 26 8 . 14 0 . 53 5 . 43 8 . 50 3 . 66 4 . 59 2 . 51 3 . 2 3 4 . 27 3 . 7 1 
4 . 7 3 2 . 69 3 . 34 4 . 52 9 . 12 3 . 62 4 . 36 0 . 3 2 8 . 44 0 . 50 4 . 23 3 . 93 3 . 2 3 2 . 06 2 . 84 2 . 49 2 . 86 8 . 50 

3 . 87 1 . 66 2 . 90 4 . 24 2 . 7 3  7 . 17 3 . 08 0 . 52 2 . 7 5 0 . 02 1 .  50 2 . 2 5 1 . 19 1 .  70 1 . 69 0 . 60 2 . 03 1 .  51 
1 . 16 0 . 50 1 .  56 1 . 60 0 . . 67 2 . 08 0 . 93 0 . 3 0 0 . 84 0 . 09 0 . 41 0 . 7 5 0 . 40 0 . 47 0 . 65 0 . 21 1 . 3 1 0 . 3 2 
0 . 59 0 . 3 7 0 . 98 1 . 02 0 . 12 1 .  44 0 . 50 0 . 2 3 0 . 44 0 . 01 0 . 3 1 0 . 55 0 . 28 0 . 3 0 0 . 3 1 0 . 2 3 0 . 99 0 . 3 2 
1 .  97 1. 06 2 . 7 5 3 . 3 2 0 . 96 3 . 54 1 .  92 0 . 16 1 .  2 5  0 . 14 0 . 78 1 . 41 0 . 59 0 . 77 0 . 69 0 . 28 1. 21 0 . 3 2 
0 . 89 0 . 3 7 0 . 92 1 .  26 0 . 45 1 .  5 3 0 . 64 0 . 29 0 . 53 0 . 08 0 . 3 2 0 . 49 0 . 2 7 0 . 44 0 . 19 0 . 17 0 . 85 0 . 3 9 

2 0 . 94 6 . 69 9 . 10 18 . 92 7 . 15 9 . 2 5 12 . 12 0 . 77 10 . 87 1 . 66 7 . 86 12 . 18 4 . 74 6 . 00 3 . 37 2 . 45 6 . 56 4 . 2 8 
9 . 90 5 . 43 6 . 27 12 . 58 10 . 80 6 . 7 8 10 . 15 2 . 03 10 . 11 1 . 20 5 . 29 8 . 99 3 .  84_ 3 .  59 3 .  77 1. 74 4 . 13 12 . 0 3 

I-' Ul 
-....J 



Table 5 . 1 4 :  Ind ividual Amino Acid Re sidues in Each Fraction of  Batch 2 Wal l s  as � rno le s/g 
7 0° Water Re s idue 

4°C H 2 0 27 . 54 113 . 5l ll9 . 7 1 l35 . 97 ll6 . B7 I3B . 3 5 I2 1 . 65 15 . 3 3 Il4 . 94 1 3 . 07 1 B . 22 1 1B . OO I B . 90 l9 . 24 ll0 . 02 14 . B4 117 . 00 I 2 . 01 

70°C d 2 o I 3 . 26 1 1 . 3 5 

0 100 C H 20 14 . 12 7 . 33 
100°C EDTA 1 . 49 O . B6 
6M GTC (A1 ) l . B9 1 . 02 
BM Urea (A2 ) 0 . 69 0 . 45 
BM Urea (Bl ) 2 . 60 1 . 3 3 
6M GTC ( B2 ) 0 . 60 0 . 29 
O . lM Na2C03 0 . 23 0 . 13 
BM Urea ( C )  0 . 54 0 . 30 
lOOOC EDTA 0 . 7B 0 . 45 
0 . 5% KOH 1 . 40 1 . 02 
10% KOH 4 . 2 3 1 . 91 
24%  KOH 3 2 . 2 2 1 . 06 
25%  NaOH-B03 5 . 06 1 . 97 

*Cl02/HOAc 14 . 36 5 . 72 
* 1 0% KOH 4 . 15 1 . 97 
* Re sidue { 2 )  1 . 09 

Residue 

* see Table 5 . 1 2 

1 . 94 I 3 . 7 1 1 1 . 55 I 3 . 3 0 I 2 . 50 IO . BB I 1 . 45 10 . 21 1 0 . 90 I 1 . 42 I O . B5 1 0 . 64 

9 . 9B 114 . 57 9 .  7 5  114 . 46 ll2 . Bl iO . B4 9 . 60 2 . 03 
0 . 9B 0 . 2 2 
1 . 3 5  0 . 17 
0 . 57 0 . 14 

6 . 2 7 ,1 2 . 19 ,4 .  7 5 , 5 . 95 
0 . 7 1 1 . 27 0 . 5B 0 . 67 1 . 3 2 

1 . 43 
0 . 6B 
1 .  B5 
0 . 49 
0 . 3 0 
0 . 37 
0 . 64 
1 . 31 
3 . 15 
1 . 67 

1 . 66 
2 . 23 
0 . 90 
2 . 56 
0 . 65 
0 . 3 0 
0 . 61 
O . B3 
l . B2 
4 .  7 2  
2 . 50 

l . lB 
1 . 49 
0 . 57 
1 . 7 2 
0 . 3 7 
0 . 16 
0 . 45 
0 . 51 
1 . 12 
2 . 2 0 
1 .  51 

3 . 12 5 . 94 3 . 27 
5 . 94 1 5 . 14 1 3 . 53 
3 . 0B 4 . 07 B . 69 

1 .  55  
2 . 02 
O . B4 
2 . 10 
0 . 60 
0 . 29 
0 . 57 
0 . 76 
1 .  57 
2 . BO 
1 .  9B 
2 . 92 

1 .  53 o .  09 
1 . 7 5 0 . 1 5 
O . BO 0 . 07 
2 . 3 7 0 . 21 
0 . 54 
0 . 25 
0 . 57 
0 . 7 5 

0 . 02 
o . 04 
0 . 04 
0 . 07 

1 . 46 0 . 07 
3 . 5B 0 . 19 
2 . 47 0 . 1 5 
4 . 2 3 0 . 3 B 

O . B4 
0 . 37 

1 . 7 1 0 . 3 7 1 . 14 
0 . 3 6 O . OB 0 . 24 
0 . 2 0 0 . 03 . O . OB 
0 . 40 0 . 09 
0 . 49 0 . 10 
1 . 67 0 . 2 1 
2 . 53 0 . 3 7 
1 . 62 0 . 2 B 
3 . 43 0 . 2 0 

0 . 2 7 
0 . 3 3 
0 . 64 
1 .  7 2  
1 .  00 
2 . 24 

1 . 62 0 . 5B 0 . 7 5  
0 . 71 0 . 2 7 0 . 2 9  
2 . 2 0 0 . 89 0 . 99 
0 . 42 0 . 2 0 0 . 2 2  
O . lB 0 . 09 0 . 10  
0 . 4 5 0 . 2 3 0 . 2 5  
0 . 65 0 . 3 0 0 . 3 5  
1 . 3 1 0 . 4B 0 . 63 
3 .  2 4  1 .  55  1 .  4 7 
2 . 00 0 . 7 2 0 . 95  
4 . 20 1 . 62 2 . 11 

5 .  9B ,l2 . 84 10 .  98 11 3 . 60 12 .  00 
2 . 53 3 . 2 0 0 . 44 6 . 61 0 . 7 0 

7 . 93 ,12 . 94 1 0 . 7 3 15 . 74 
2 . BO 3 . 23 0 . 59 1 . 45 

0 . 34 
7 . 90 

0 . 90 10 . 4 1 1 0 . 55 1 0 . 51 

7 . 34 3 . 49 5 . 96 4 . 19 
0 . 57 0 . 3 1  0 . 52 0 . 47 
0 . 44 0 . 2 5 0 . 74 0 . 7 4 
0 . 2 2 0 . 1 2 0 . 3 3 0 . 3 2 
0 . 58 0 . 49 1 . 08 1 . 2 0 
0 . 14 0 . 1 0  0 . 22 0 . 2 6 
O . OB O . OB 0 . 10 0 . 07 
0 . 15  0 . 1 0 0 . 2 4  0 . 2 4 
0 . 22  O . lB  0 . 3 3  0 . 3 1 
0 . 3 1 0 . 1 9 0 . 50 0 . 7 1 
0 . 61 0 . 7 6 1 . 1 9 1 . 90 
0 . 56 0 . 3 5  0 . 7 8 0 . 95 
1 . 20 0 . 7 1  1 . 52 2 . 06 
9 . 96 3 . 3 5 4 . 3 3 8 . 03 
3 . 27 1 . 62 l . OB B . 2 4 
1 . 06 0 . 42 0 . 3 2 2 . 3 7 

..... 
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Reference to Table 5 . 9 reveals that , i n  Batch 1 walls prote i n  

i s  mos t ly removed by the a lkali  extrac ts but with a s igni fi cant 

proportion found remaining i n  the res i dues . Al though pro te i n  

i n  the alkali extrac ts o f  Ba tch 1 walls  contai ns hydroxy­

proline , levels o f  hydroxypro li ne are offset by the re lative ly 

l arge leve l s  o f  prote in removed and the protein  appe ars to be 

hydroxypro line-poor . 

The di s tribution o f  hydroxyproline i s  somewhat di f ferent i n  

that a higher propor tion rema ins behind after a l l  extrac tions . 

The res idue appe ars to pos s e s s  a hydroxyproline -rich pro te i n  

( 1 2 %  Hyp , Tab le 5 . 1 1 )  a re s ul t  s imilar to tha t  obtained by 

Se lvendran with bean ti s sue ( 3 2 ,  3 3 , 6 7 ,  1 4 7 ) . 

In  Path B ,  the a lkali  extrac tion o f  p rotein ( including 

hydroxypro line ) i s  less  comp le te , but the res i due i s  s ti l l  

hydroxypro line- rich . 

In  Path B ,  a higher amount o f  hydroxyproline i s  observed i n  

the 10 0 °C water extracted fraction , than fo r the other non­

alkali extrac ts , and the frac tion contains s igni ficant 

hydroxypro line-containing pro tein . Thi s  fraction also 

contains a high per centage o f  the total wal l  pectin ( s ee 

Tab le 5 . 9 ) . For s ubsequent fractions ( after Na
2

co3 ) in both 

paths , there i s  a p ara l le l  d i s tribution of pectin and hydroxy­

proline-protein . About 5 0 %  o f  the hydroxyproline is re s i s tant 

to alkali in the wa lls of  Batch 1 ,  along with pe ctic 

components . 

In  Batch 2 wal l s , the trends are simi l ar to thos e  obs erved for 

Batch 1 ,  but the s lightly higher prote in ( and hydroxypro l i ne )  

in the l0 0°C water frac ti on ,  probab ly re fle cts the presence of 

cytopl asmic pro tein . Hydroxyproline is extrac te d  mos tly by 

l 0 0 °C wate r ,  the s tronger alkali fractiona ti ons , and the 

chlori te/ace tic acid tre atment in Batch 2 wa l ls . Chaotrop ic 

re agents show li ttle improvement over 6M urea at removi ng 

protein . 
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Treatment with ch lorite/ace t i c  aci d , lab i lis ed most of the 

prote in from the alkali res idue . Approximate ly 7 0 %  of the 

remaining protein is extracted by the ch lor i te and this  i s  

hydroxypro line-poor . Approximate ly 3 0 %  is  extracted b y  the 

subs equent alka li treatment but this is hydroxypro line-rich . 

The se results contras t w ith those o f  S e lvendran who found that 

the ch lorite re leased fraction was r ich in hydroxyproline­

containing protein ( 3 3 ,  6 7 , 14 7 ) . 

The minor res idue after the ch lori te and alkali  tre atment 

contains a sma l l  leve l of hydroxyproline-ri ch protein ( about 

8% of the tota l wal l  hydroxyproline ( s ee Tab le 5 . 10 ) ) .  

I t  c an be s een that although hydroxyproline leve ls are high 

for hot water and a lkali extracts , total prote in is  again 

e levated in these fractions of  B atch 2 walls . In B atch 1 

walls the highest  hydroxyproline/protein ratio is  found for 

mater i al not extracted by any treatment . S imilar ly in B atch 

2 walls  the high hydroxypro line prote in is  not extracted by 

a lkal i . 

I t  i s  conc luded that there are three main protein fractions : -

1 )  the water fractions wh ich , though contain ing hydroxy­

prol ine , are loose ly bound and hydroxypro line-poor . 

2 )  the a lkali and ch lorite extracted prote ins whi ch are 

t ight ly bound but hydroxypro line-poor , b ut wh i ch may 

h ave properties con s i s tent with a cros s - linking role ( 2 1 2 ) . 

3 )  the prote in releas ed by ch lor i te and sub s equent treatment 

with alkal i , which is tigh t ly bound and hydroxypro line­

r i ch . 

These  conc lus ions are b orne out by amino ac id analyses ( Tab les 

5 . 1 1 - 5 . 1 4 ) . 

I t  also  appears that the pectic s ubs tances remaining in the 

wall  after Na2 co3 tre atment may be as soc iated w ith prote in . 

The protein of the pine callus wall  cou ld b e  linked to pectin , 

s ome of  wh ich could in turn be linked to other po lys accharide s . 



The association between pectin ( ga lacturon ic ac id)  and 

hydroxypro line -r ich protein is highest in the res idue s . 

1 6 1 .  

That hydroxyproline-rich protein is  lab i l i sed f o llowing a 

ch lorite pretre atment tends to s uggest that the Hyp-rich 

protein is  invo lved in cros s - link ing with lignin in these 

wa l l s . Thus protein c ou ld be b inding pectic s ub s tances in 

the wall and , to s ome e xtent , lignin may be bind ing both 

protein and pectin ( 6 , 7 )  in the wal l . ( Tab les 5 . 9  and 5 . 10 )  

A s tudy of the amino acid compos ition of the ce ll wall 

fractions ( Tab les 5 . 1 1 and 5 . 1 2 )  supports the ide a of  three 

dis t inct prote in fractions ; a loos e ly-bound col lection o f  

proteins and two integra l wal l protein fractions 

( hydroxypro line-poor and hydroxypro line-r ich ) . A s igni fican t  

ob s ervat ion i s  that t h e  hydroxyproline-rich prote in fractions 

are also high in pro line ( espec ially the pos t-chlor ite a lkali 

extract and f inal re s idue in Tab le 5 . 12 where .total Pro and 

Hyp content i s  3 0 - 3 1  mole % )  . 

I t  is  conven ient to d i s cus s the amino ac id compos i tions of 

thes e  fr actions in re l ation to the results of ana logous 

fractions reported by S e lvendr an ( 3 2 ,  3 3 , 6 7 , 14 7 )  and Monro 

et al ( 1 3 2 - 1 3 6 ) . A s ummary compar ison is  pre sented in 

F igures 5 . 3  and 5 . 4 .  

Monro et al  ( 1 3 2 - 1 3 6 ) extracted lup in and mung bean wal ls 

with 10 % KOH at 0°C ,  without extracting prote in . At 2 0 °c 

however , 10 % KOH extracted mos t  of the hydroxyproline and 

protein , and the cac 1 2 ;r 2 precipitate of thi s  fraction 

res ulted in a purif ied protein rich in hydroxyproline 

( F igures 5 . 3  and 5 . 4 ) . The final supernatan t contained a 

lower hydroxypro line protein ( 1 1% Pro and Hyp ) . S ub s equent 

extraction with 2 4 %  KOH at 2 0 °C ,  removed further prote in , 

leaving a re s idue of 11% of the wall prote in wh i ch was 4 0 %  

in Pro and hydroxypro line . 

S e lvendran ( 3 2 ,  3 3 , 6 7 ,  1 4 7 ) , with walls  pur i f ied in aqueous 
0 detergent buffer , found that 4N KOH at 2 7  C e xtracted 

hydroxypro line-poor proteins . Extrac tion of  the a lkali 
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Figure 5 . 3 :  F low Diagram for Preparation of  Fractions containing 
Prote in 1 from P inus 1 Pha seolus and Lupin . 

FENEMOR SELVENDRAN 

Cell Walls  Cell Walls  r H2o extraction H 0 extraction 

3-Alkali {KOH) + Na0H-B01 ) 

-
ClO /HOAc 

Alkali ( 10% KOH) 

Residue 

Hyp-poor 

protein 

Hyp-poor 

protein 

Hyp-rich 

prctein 

MONRO 

Residue 

Cell Walls  

H2o extraction 

Alkali ( 10% KOH , 0 + 2 0°C )  

[ 
Hemicellulose B 

Alkali  residue 

Clo2 / HOAc 

Phenol Phase 
Hyp-poor 
protein 

Hyp-poor 

protein 

water phase 

Hyp-rich 

protein 

Hemicellulose A 

Hyp-poor 

protein 

Hyp-rich 

protein 
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Figure 5 . 4 :  Protein Composition with Extractant for Pinus , 
Phaseolus and Lupin .  

FENEMOR 

P inus radiata ca l lu s . 

Pre-extrac ted with , cold , 

hot wat e r , hot EDTA , 

8H urea , and Na
2

co
3

. 

�yp-poor ( 1 1% P ro + Hyp) , 
Alkali --- low Lys , Moderately 

Extraction !high val ine 

1 
Alka l i  Hyp-rich ( 20% Pro + Hyp) , 

Residue Low in Ser , Ly s ,  but 

high Val . 

I 
I 
! 
I 
l 
I l 

e1o; 
Hyp-poor ( 1 St Pro + Hyp) , I 

Extraction 
Low Ser , Gly ;  high 

Va l compare s to H.yp-rich 
I 
I 1 1----------J I 

KOH Hyp-rich ( 3 0% Pro + Hyp) 

Extraction 
Low Ser , Lys ; high Va l .  

Residue 

Final __ _ 
Hyp-rich ( 3 1 %  Pro + Hyp) , 

Low Ser , Lys ; H igh Val 

Hyp- Shows results for 

r ich -- . f . t .  f t . 
Prote in 

pur1 1ca 10n o pro e1n 

from c1o; and Alkal i  

(Monro) 

I 
I 
I 
I 
I I 
l 
I 
I 
I 

SELVENDFAN 

Mature runner bean , part 

parenchyma (or whole)  . Ball 

milled . Pre-extracted with 

sodium deoxycholate and 

Phenol -acetic-wa ter , then 

hot 2% hexametaphosphate . 

f"!yp-poor ( 9% Pro + Hyp) , 

high Lys . 

Hyp-r ich ( 2 5 %  Pro + Hyp) , 

high Ser , Lys ;  Low I le 

'--------J I 
Hyp-rich ( 3 3 %  Pro + Hyp) 

high Ser . 

Pheno l/wa ter par t itioning 

- H
2

o phase with ( 4 3 - 5 0 %  

Pro + Hyp ) . 

1 1-16% Ser . 

10-12% Lys .  

I 
I 
I I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I I 
I 
l 

MONRO e t  al 

hypoco tyl . Pre-

extracted with ho t 

neutral detergen t .  

Hyp-rich ( 3 1 %  Pro + Hyp ) , 

high Ser , 

h igh Lys . f" 
.__ __ ______jl 

Hyp-rich ( 3 1 %  Pro + Hyp) 

Low Ser , Asp , Glu, Ala ; 

high G l y  and Phe . 

r. CaC1
2

/I 2 pre c ipitat-
10n - Hyp-rich protein (-. 

( 4 5% Pro + B yp) . 

1 0 %  Ser ; 1 0 %  Lys .  

+ 

Supernatant -� L---�H�y�p�-�p�o�o�r�_________j 



Tub l e  5 . 1 5 :  Am i no Acid Mole % Compo s i t i o n  for Analogous Frac t ions o f  P i nu s , Pha s e o l u s  a n d  Lupin 

1 0 %  
KOH 

Ba tch 2 

Aspr,lrtic ac i d  Asp 1 1 . 1  

•aceonine 'lhr 5 . 0  

S e r i ne Ser 8 . 3  

G l u tamic 
a c i d  Glu 1 2 . 4  

Pro l i ne Pro 5 . 8  

G l y c i ne Gly 7 . 3 

A l an i n e  Alu 9 . 4  

H a l f  C y s t ine '>As 0 . 5  

V a l ine Val 6 . 6  

M e th i onine Met 1 . 0  

I so le u c i n e  Ile 4 . 5  

Leuc i n e  Leu 8 . 5  

Ty ros i ne '!Yr 4 . l  

Pheny l a l a n i n e  Phe 3 . 9  

Ly s i ne Lys 1 . 6  

H i s t i d i ne His 2 . 0  

Arg i n i n e  Arg 3 . 1  
i" l lydroxypro 1 i ne Hyp 5 .0 

tr = trace 

FENEMOR 
N aOH - N aOH-
-so l - -so l - c 10; F i n a l  F i n a l  

R ' d 
Residue Ex truc t KOll Residue 

8 i! S �  
h 

u� B a tch 1 - B a tch 2 B a tch 2 Ba tch 2 

- -

a te P a th A 

9 . 6  6 . 6  

3 . 3  3 . 8  

4 . 4  4 . 6  

9 .  2 6 . 3  

1 0 . 7  1 2 . 7  

4 . 8  5 . 0  

8 . 7  6 . 0  

l . O  0 . 5  

8 . 6  1 1 . 7  

1 . 2  0 . 7 

4 .  8 5 . 9  

8 . 2  5 . 4  

3 . 2  4 . 5  

3 . 7  2 . 9 

2 . 8  3 . 9 

2 . 1  3 . 5  

4 . 3  4 : 0 
9 . 5  1 1 . 8  

1 0 . 3  7 . 3  6 . 7 

4 . 1  3 . 5  3 . 8  

4 . 2  5 . 4  5 . 9  

1 0 . 8  7 . 2  5 . 2  

9 . 7  1 5 . 3  1 6 . 3  

4 . 3  4 .  4 4 . 0  

9 . 2  5 . 6  5 . 8  

0 . 7 0 . 8  0 . 7  

9 . 7 1 1 . 7  l l .  8 

2 . 0  1 . 0  o . a  
5 . 7  4 .  9 5 . 4  

� .  2 5 . 7  4 .  7 

0 . 5  1 . 0  2 . 1  

4 . 1  2 . 6 2 . 4  
7 . 1  5 . 8  6 . 5  

2 . 4  2 . 9  2 . 6 

3 . 1  1 . 9  1 . 9  
5 . 7  1 4 . 5  1 4 . 5  

4 M  
KOH 

1 1 . 2  

4 .  7 

8 . 0  

1 1 . 2  

5 . 6  

8 . 9  

8 . 7  

0 . 3  

4 .  7 

0 . 7  

3 . 2  

9 . 1  
2 . 7  

3 . 7  

7 . 5  

1 . 6 

4 . 3  
3 . 2  

SELVENDRAN 

KOH C l 0 2 . 
h 

* F i na l  
- Y,:"y p-

Res i du e  Extract 
P 

n� . Residue 
ro e � n  

7 . 7  8 . 7  5 . 2  9 . 3 

3 . 7  3 . 2  2 . 2  4 .  8 

1 2 . 3  1 1 . 4  1 6 . 4  7 .  6 

7 . 2  9 .  5 4 .  6 7 . 7  

7 .  5 7 . 6  6 .  0 4 .  5 

6 . 7  7 .  0 3 . 1  9 . 6  

7 . 0 4 . 0 1 . 7  9 . 6  

t r  t r  tr t r  

3 . 8  5 . 1  2 . 9  6 . 1  

t r  0 . 4  tr t r  

1 . 7  1 . 7  0 . 5  5 . 5  

5 . 7  3 . 5  0 . 6 1 1 . 1  

2 . 9  0 . 6  0 . 5  0 . 3  

3 . 0  0 . 1  0 . 3  5 . 9  

8 . 2  1 0 . 2  1 0 . 1  6 . 3  

1 . 9 o . o  1 . 2  0 . 5  

2 . 0  1 . 2  0 . 5  3 . 9  

1 7 . 8  2 5 . 8  4 3 . 5  7 . 2  

MONRO e t  a l  

Hyp- Hyp -
rich Poor* A l K a l i  

C.OJ.Cl2fl2 Fraction Residue 
Precipitate 

2 . 8  8 . 0  4 .  4 

1 . 8  3 . 7  1 . 7  

9 . 7  1 3 . 6  2 . 3  

3 . 5  1 5 . 1  4 .  2 
8 . 7  2 . 5  1 0 . 1  

1 . 1  8 . 9  1 2 . 6  

2 . 3  3 . 7  3 . 1  

0 . 0  0 . 0  0 . 0 

4 . 6 3 . 6  5 . 1  

0 . 2  1 . 1  0 . 3  

1 . 4  3 . 1  4 .  6 

2 . 4  5 . 4  5 . 0  

6 . 5  4 . 4 2 . 0  

0 . 9  2 . 8  6 . 5  

9 . 9 6 . 4 5 . 5  

6 . 6  1 . 6  1 . 6  

0 . 5  3 . 6  o . a  
3 6 . 3  9 . 5  2 9 . 6  

! I 
I 

I-' 
0"1 
� 
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res i due wi th chlori te/ace tic acid removed the bulk of  the 

protein and hydroxypro line (Hyp-ri ch pro tein}  and the wall 

re s i due pro tein  was low in pro line and hydroxypro line . 

Tre a tment o f  the wal ls with chlor i tejace tic acid prior to 

KOH extrac tion also removed hydroxypro line-ri ch protein , and 

pheno l/water parti tioning of thi s prote in gave a puri fied 

frac tion 4 3 %  in p roline and hydroxypro l i ne comparable to the 

puri fied Hyp- ri ch pro tein from chlori te treatment subs equent 

to 4M KOH . 

The amino acid compos i tions o f  P i nu s  fractions , i ndicate tha t  

loosely bound proteins ( extracted by 1 0 0°C H 20 through to 

Na 2 co 3 trea tment)  are low in hydroxypro line , b ut re lative ly 

h igh in glutamate , g lycine and o ther ami no acids ( Tab les 

5 . 1 1 ,  5 . 1 2 ) . 

Th e amino acid compos ition of the loo s e ly bound proteins 

varies cons iderably ( particu larly arginine and s erine )  

according t o  the extrac tion procedure . Glycine is  higher 

i n  Batch 1 th an Batch 2 walls . The compos i tion resemb les 

th a t  of cytoplasmic proteins ( 4
°

C H 20 extrac ts , Batch 2)  and 

compare s w i th the buffer- so lub le pro te ins from Se lvendran ' s  

wa l l  preparation ( 3 2 , 3 3 ) . The vari ation i n  compos i tion i s  

probably due to the exis tence of  s everal di f ferent prote i ns . 

I t  i s  also pos s ible that an arab inogalactan protein i s  

pres ent i n  the water- extracted fractions ( 19 7 ) , pe rhaps 

accounting for the hydroxproline content ( see Tab le 5 . 1 6 ) . 

The wal l proteins of  Pinus appe ar to fall  i nto two categorie s . 

The tigh tly bound , low hydroxyproline proteins , removed b y  

a lkali have amino acid compos i tions s imilar to thos e  extrac ted 

by aqueous extractions , but a lower l evel of g lyci ne i s  

e xtracted b y  alkali . This compares w i th Se lvendrans 

hydroxyproline poor protein except  for th e rela tively high 

valine and low lys ine . Monro found that alkali removed both 

hydroxypro line -rich and Hyp-poor pro teins , bu t th is  hyd roxy­

prol ine poor pro tein  seems to be rather d i f ferent to the 

one found for Pinus ( see Tab le 5 . 1 5 ) . The a lkali  extracted 
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Table 5 . 1 6 :  Mole % Compo s i t ion of Amino Acids in  the Arabino­

galactan-Prote in I sol ated from P inus taeda c a l l u s ­

( 1 9 7 ) . 

Aspartic acid 8 . 9  Isoleu cine 2 . 4  

Threonine 5 . 2  Leucine 6 . 5  

Ser ine 1 5 . 1  Tyros ine 1 . 5  

Glut amate 1 0 . 3  Phenyla lanine 2 . 2  

Prol ine 2 . 6  Lys ine 4 . 1  

Glycine 1 7 . 4  Hi stidine 1 . 2  

Alanine 9 . 8  Arginine 3 . 6  

� Cystine 0 . 0  Hydroxyprol ine 2 . 7  

Val ine 3 . 8  Undetermined 2 .  3 

Methionine 0 . 4  



pro teins o f  both Ba tch 1 and Batch 2 wa l l s  are c los e ly 

comparable , though Pro line and Hydroxypro l ine levels are 

s li ghtly higher for Ba tch 2 wal l s  over Batch 1 .  
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Th e second tightly bound prote in i s  hydroxyproline- rich . I t  

i s  no t extracted by alkali , a n  observation comparab le to 

Se lvendran ' s  re sults . The alkali res idue ( for both Batch 1 

and 2 wal ls ) has a s imilar compos i tion to tha t  o f  Selvendran 

except for high va line , low s erine and lysine in walls of 

P i nus radi ata . Th is  cou ld be due to plant type difference s .  

I t  is  no teworthy that the hydroxypro line- ri ch prote in o f  

P i nus radi ata ( Tab les 5 . 1 1 ,  5 . 1 2 , 5 . 1 5 )  h as h igh Pro and low 

Hyp compared wi th the hydroxypro line-rich pro te i n  of 

Se lvendran . The lower degree o f  hydroxyl ation of  proline i n  

th e Pinus radi ata hydroxyproline-rich pro tein  could be du e to 

growth di fferences since hydroxyproline and proline to tals are 

the s ame for both pro teins from Pinus and Ph aseolus . The 

removal of  hydroxypro line -p rotein is enab le d by chlori te 

extracti on , but in Phaseol�s i t  i s  removed by ch lorite , whe re­

a s  in  Pinus i t  s tays behind and i s  sub sequently extracLed by 

a lkali ( Tab les 5 . 1 2 ,  5 . 1 4 ,  5 . 1 5 ,  Figures 5 . 3 ,  5 . 4 ) . 

Treatment with chlorite liberates predominantly pro tein and 

arabinose ( Table 5 . 1 0 ) . Thus the components are pos s ib ly 

lignin bound . But S e lvendran ' s  chlor ite treatment is  

requi red to liberate hydroxyproline-rich pro tein  from 

relatively non ligni fied walls . I n  Pinus , the arabi nos e/ 

hydroxyproline ratio i s  approximate ly 1 0 : 1  therefore 

indi cating an arabin an rather than j u s t  arab i nos e-hydroxy­

prol ine arrangements as in extens i n .  In the fol lowing a lkali  

extrac t ,  the ratio i s  lower , approxima te ly 6 : 1 and the 

arabinose may be associ ated wi th arabinose-hydroxypro line 

linkage s , s i nce gymnosperms have predominantly ( arabi nose )  3 _ 4 -

hydroxypro line in the ir wal l  protein  ( 3 1 ,  1 6 5 ) . Thus this 

pos t chlorite alkali extrac t contains the bu lk o f  the high 

hydroxypro line-con taining protein , whi ch may pos s e s s  tri or 

te tra-arabinosides on the hydroxypro l i ne res idue s . 
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In th e final extrac tion re s i due the arabinos e/hydroxypro line 

ratio i s  approx . 2 0 : 1 .  Th i s  final res i due may contain 

re sidual pe ctic material ( GalA , Gal , Ara)  pos s ibly bound by 

res i dual lignin . 

Thus protein in  the " pectic " and alkali  extracts of  the 

Pinus though containing hydroxypro line is no t hydroxyproline­

rich . I t  is  pos s ible tha t  an arabinoga lactan type protein 

could b e  pre sent i n  these frac tions ( 1 9 7 ) , b u t  it is onli 

specu l ative that this could provide linkage b e twee n pectic 

polymers and xylog lucan as in  the Albersheim mode l ( 8 ) . The 

hydroxypro line- rich prote i n  is  s trong ly bound i n  the a lkali  

re s idues , and i ts lab i l i s ation after ch lori te treatment 

would appe ar to i ndi cate that it i s  cross l i nked w i th ligni n . 

5 . 3 . 5  Lignin Analys is  to Batch 1 Wal l s : Res u l ts and Dis cus s i on 

Pine cal lus walls were shown to pos s e s s  U . V .  flourescence , and 

to stain with phlorogluci nol ( Section 3 . 7 . 1 ) , which may be 

indicative of l i gnification . In  view of  the fact tha t many 

of the sugars and much o f  the uroni c acid i s  retained i n  the 

res i dues to Batch 1 wal l s  afte r  a l l  extrac ti ons , lignin as says 

were performed on these frac tions . The as s ay was not ful ly 

quanti tative due to prob lems of  incomple te s o lub i li s ation of  

lignin in th e ace tyl b romide solution . Such co lourimetric 

ass ays for lignin conte n t  were not repeated on walls  of  

Batch 2 ,  howeve r in  Batch 2 walls , i nterac tion of  lignin 

wi th wa ll po lyme rs is  implicated by the res u l ts of chlori te 

extraction . For Batch 1 walls the presence o f  l ignin was 

demons trated by posi tive as say res ul ts for s everal frac tions . 

Though no t de te cted i n  oxa late or EDTA frac tions to e i the r 

path and only s li ghtly in Na 2
co

3 extracts , i t  i s  higher i n  

the alkali extracts , the hot water extrac ts and in  the 

res idues . The level i n  the residues may we l l  be  a gross 

undere s timate because o f  the di fficulty observed in  the 

abi li ty of the ace tyl b romide to solubi li s e  a l l  of the lignin 

pre sent on heating a s  i n  Section 2 . 2 . 5 .  Data from Batch 1 

wa l ls is  given in Tab le 5 . 1 7 . 
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TABLE 5 . 1 7 :  Lignin Leve l s  in  Each Frac t ion . Batch 1 Wal l s  

a )  mg Lignin per fraction 

b) Lignin in fract ion as % total wall we ight 

a b 

4 °C H 20 0 . 8 6 0 . 3 0 

7 0 °C H 20 l .  9 2  0 . 6 4 

P ath A Oxa l ate o+ o+ 
EDTA o+ o+ 
Na2 co3 0 . 1 2 0 . 0 7 

0 . 5 % KOH 1 . 0 0 0 . 6 0 

1 0 %  KOH l .  2 4  0 . 7 3 

2 4 %  KOH l .  4 0  0 . 8 2 

2 5 %  NaOH-BO�- 0 . 8 0 0 . 5 0 

Re s idue 0 . 5 9 0 . 4 0 

P ath B 0 l O O  C H 20 l .  0 7  0 . 8 2 

Oxalate o+ o+ 
EDTA o +  o +  
6M Urea 0 . 0 5 0 . 0 4 

Na2 co3 o+ o +  
2 5 %  NaOH-BO; - 0 . 7 2 0 . 6 0 

Re s idue 2 . 3 5 1 . 8 0 



1 7 0 . 

The re tention of  sugars , uronic acid , protein  and lignin i n  

the wall  res i dues h a s  been demons trated b y  two methods , for 

thes e  wa l l  preparations . It is l ike ly that the high res i dual . 

content of  pectic subs tances , and hydroxyprol i ne protein i n  

the c a l lus wal ls , afte r  a lkali extraction is  due to cro s s  

linking of these  polymers wi th lignin . 

Mos t s tudi es on base-catalysed c le avage o f  e ther linkag es i n  

lignin h ave been performed at e levated temperatures ( 2 10 ) . 

Arylg lycerol S-ethe rs have been shown to be l ab i le ( 16 2 ) . It  

is no t expe cted however that much hydrolys i s  wou ld occur at 

room temperature unde r the condi tions used i n  thi s  s tudy 

except perhaps through ary l  a-e ther bonds ( 1 6 2 ) to carbohydrate 

wh i ch are lab i le in alkali at lower tempe rature . The 

lab i l i ty of a wide range of carbohydrate-li gnin bonds to 

a lkali  has no t been inves t igated in de tai l .  I t  is  pos s ib le 

that some po lys accharide may be released by hydro ly s i s  of  

e ther linkages even though lignin breakdown i s  i ns igni ficant . 

Lignin assay on the alkali  extract s uggested s ome solub i l i s ­

ati on a t  ligni n  b y  alkal i , but the identi ty o f  the u . v . 
absorbing components in the ace ty l-bromi de e xtrac t was no t 

con f i rmed , al though the U · V · spe c trum res emb led that expe c ted 

for l ignin ( see Figure 4 4 ,  wi th maxima at 2 8 0 and 3 2 0 nm ) 

more close ly than that o f  pro tein . 

5 . 4  D I SCU S S I O N 

5 . 4 . 1  Comparison betwee n Batch 1 and Batch 2 Wa l ls 

The fo l lowing points o f  comparison be tween B atch 1 and Batch 

2 wa lls  emerge from the resul ts p resented i n  this  Chapter . 

Total leve ls o f  neutral and aci di c sugar are both lowe r for 

Batch 2 wal l s  than for Batch 1 wa l l s . However cons iderab le 

uroni c acid i s  removed in the aqueous puri fication s tep in 

Ba tch 2 ,  and if this is also inc luded in the tota l , the 

le vels o f  uronic acid in the two ba tches a re s imi lar . 
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The total protein in the two wal l  Batche s are comparab le , 

about 5 0  mg/g 70 °C water residue . The high pro te in level i n  

the aqueous ( 4°C H 20 )  fraction in preparation o f  B atch 2 wa l l s ­

wou ld be cytop lasmi c p roteins . Th is does not occur i n  the 

cold water extraction o f  Batch 1 wa ll� , which had been 

puri fied by we t s ievi ng . Simi larly a proportion o f  the 1 0 0
°

c 

water-extrac ted protein o f  Batch 2 wa lls  may be o f  

cytoplasmi c  origin . The amount o f  protein removed for the 

comb ined " pe c ti c "  extracts ( oxa late and EDTA) of Batch 1 wal l s  

( bo th paths ) i s  comparab le with that of  Batch 2 .  

There appears to be a di f ference in the alkali extractab i l i ty 

of  protein be tween Batch 1 and B atch 2 wal ls . Mu ch less  i s  

removed by a lkali i n  Batch 2 compared to Batch 1 .  P rote i n  

i s  much more tenacious ly bound in Batch 2 ,  and the bulk o f  

i t  i s  not liberated u nti l the chlor i te treatment . Thi s  cou ld 

re flect a greater li gni fication o f  Batch 2 wa l l s  and cro s s ­

linking of pro tein t o  lignin . 

The apparent difference s between the total carbohydrate leve ls 

in the two wal l  preparations may be a resu l t  of  the s tage of 

growth , or growth condi tions of  both batches . There shou ld 

be no s tructural or phys iological  di fference between batches 

· caused by di f ferent genetic features of  the c a l lus , s i nce 

both batche s  were derived from the same stock cu l ture . 

For the 10 0 °C water fractions , Batch 2 has lower arab i nose ,  

s ligh tly lowe r galacto se , and s lightly lower p e c ti n  than 

Ba tch 1 .  The rhamnos e/galacturonic acid ratio is gene ral ly 

h igher in Batch 2 than i n  Batch 1 wal ls , which appe ar to have 

highe r leve l s  of neutral arabinan pectic po lymer .  An 

increase in the rhamnos e  of  pec tin is  borne out to some 

degree by methylation ana lys i s  o f  Chap ter 6 ,  but the high 

rhamnose/Ga lA ratio c ould be par tly an arti fact of  prema ture 

extrac tion of pe cti n (with low rhamnos e/Ga lA) by 70 °C H 2o in 

Batch 2 .  Alternative ly some of the po lysaccharide ( and 

uroni c acid) in the 7 0 <1:: water extract of Ba tch 2 may be of 

cytop lasmic nature . The higher mannose in 7 0 � water of  

Batch 2 ( Tab le 5 . 8 ) , may denote some soluble g lucogalacto-
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5 . 4 . 2  Comparis on Be twee n  D i f ferent Extraction Procedures ;  

Overa l l  Trends 
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The series of  fractionations repor ted in  thi s  chapter were 

de s igned to provi de an interpre tation of  the di f ferent mode s 

of l i nk ages of polyme rs wi thin the callu s  wa l l s . The 

rati ona le for each ex traction s tep i s  d i s cussed in the 

introdu cti on to the chapter . Bri e f ly the type s of l i nkage 

th at migh t be disrupted by each e xtracti on s tep are as l i s ted 

in  Table 5 . 1 8 ,  and the constitution of  wal l material removed 

by thes e  disruptions was as de s cribed ( S ection 5 . 2  - 5 . 3 ) and 

is s ummarised here . 

The carbohydra te portion o f  the wall extractab le by the 

s chemes outlined in Figures 5 . 1  and 5 . 2  showed s everal 

fea tures . Pectic subs tance s ( uronic acid , and component 

galac tan ( ga la ctose ) and arabina n  ( arabinose) )  were 

dis tributed throughout the fractions of Batch 1 and Batch 2 

wa l l s . In Batch 1 wa l ls extraction with 1 0 0°C water removed 

some pectin whi ch was not otherwise  extrac ted by hot EDTA 

( at lower tempe rature ) .  Thi s  was perhaps cova lently l i nked 

( 19 1 ) as would have been the pe ctic arabi nan , galac tan and 

rhamnogalacturonan in th e 1 0 0°C wate r  frac tion of Batch 2 .  

The low rhamnose/GalA ratio i n  fractions s ugges ts tha t  wall  

rhamnog alacturonan i s  not highly branched through rhamnose . 

Me thyl ation data i s  presented i n  Chapter 6 on the nature o f  

bondi ng wi th the rhamnogalacturonan re leas ed b y  1 0 0°C water 

from walls of  Batch 2 .  

The pos s ibi l i ty that s ome o f  the arabinose and galactose of  

c old and hot water extracts was due to a 3 , 6 - l i nked 

arabi noga lactan ( al s o  indicated by a vary ing Ara/Gal rati o )  

w a s  con firme d b y  methy lation data ( Chapter 6 ) . 

I n  both batch es pec ti c compone nts we re removed by alk a li 

( which wi l l  fur ther B- eliminate and degrade pe ctin ) , though 

a subs tantial  amount was firmly wal l bound , being res i s tant 
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Table 5 . 1 8 :  Summary o f  Bond Di sruptions E f fec ted by Reagents 

( 1 ) 1 0 0°C Water 

( 2 )  Hot EDTA 

( 3 )  GTC/Urea 

( 5 )  KOH 

( 6 )  Alkal i  & borate 

- 8 - e l imination o f  pectin ( al so enables  

solub i l i sation o f  a l inear galactan) ; 

removal of pectic polyme r s . 

- Che lation of  ca2 +  ( Ca 2 +  i s  thought to 

produce ionic bridges between carboxyl 

group s of polyuron ide ) enabl ing 

solub i l i sation o f  alre ady partly 

degraded pectin ( 1 32- 1 3 6 ) .  

- Hydrogen bond di srup tion . Effects 

re lease of polymers he ld in the wal l  

by the H-bonds only . 

- Hydrolysis  of e s ter l inkage s . 

- as in  ( 3 ) and ( 4 )  and t he po s s ible 

hydrolysis  of  alkali lab i le ethers 

between saccharides and l ignin . 

- Solub i l i sation o f  mann�n s  by complex 

formation of borate with cis vicinal 

hydroxyls on manno se rings . 

- Oxi dative degradation o f  l ignin ( and 

pos s ibly protein) , or po s s ible 

des truction o f  l ignin- s accharide , 

prote in- saccharide l inkage s . 

( 8 )  Subsequent alkali - Solubili sation of po lymers which 

required Cl02 treatment for removal 

but are also he ld by alkal i labi le 

bonds as in ( 3 )  , ( 4 )  , ( 5 )  , ( 6 )  . 

( 9 )  Re sidue - Contains re s idual l ignin-bouna , or 

ce l lulose-bound po lyme r s , he ld in the 

wal l  by extreme ly re s i s tant bonds or by 

phys ical entanglement , with cel l ulose 

and remaining l i gnin . 
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to strong alkali ( for Batch 1 wall s , 3 0 %  of total arabi nos e ,  

1 5 %  to tal ga lac tose , and 2 0 %  of  the to tal uroni c  acid) . 

Pecti c components ( uroni c  acid , arab i nose and galacto s e )  were 

also found in chao tropi c extracts of Batch 2 walls . 

I n  Batch 2 wa l l s  hemi ce l luJ..osic xyloglucan , xylan and sma l l  

levels  o f  mannan are found as for Batch 1 wal l s . I n  Batch 1 ,  

6M ure a removed l i ttle carbohydrate and herni ce l lu loses 

( xylan and xyloglucan ) required alkali for extrac tion . In 

Batch 2 ,  s igni fi cant xylog lu can leve l s  ( from Xyl/G l c  ratio ) 

were extracted wi th 8M u rea or 6M GTC , after some pe ctin 

c leavage by 1 0 0 °C water . Thi s  s ugge s ted that at least a 

portion of the xy loglucan i s  he l d  i n  the wal l  by hydrogen 

bonds . S ince xyloglucan ( in Batch 2 )  and pos s ibly  xy l an ( as 

s hown i n  Chapter 6 )  are subs equently removed by a lk al i , i t  

seems other alk a l i - l ab i le bonds ( ap art from GTC - l abi le 

hydrogen bonds ) are responsible for b i nding some hemi ce l lulose 

i n  the wall . 

Inspec tion o f  the protein data ( Tab les  5 . 1 1 - 4 . 1 5 ,  5 . 1 0 )  

between fractionations revealed tha t  i t  is di s tributed amongs t  

a l l  frac tions , but much i s  removed b y  hot water , some by 

chao tropi c reagents , and more by a lk a li . Prote i n  remai ns i n  

the res idue s o f  both Batc hes of  w a l l  s tudied . I n  Batch 1 

Path B ,  6M urea extrac ts a level approaching that of  8M urea 

( Batch 2 )  . Remova l  of protein i s  l e s s  e fficient with 6M GTC 

than 8M urea . Thi s  prote in may be associated with hydrogen 

bonded polymers . In Batch 2 to tal p rotein labi li sed by 

Na2co3 compares wi th pro te in extrac ted by Na2co3 in Batch 1 ,  

and th i s  pro tein  i s  pos s ibly re leas ed either by hydro lys i s  

of e s ter link s  o r  b y  associ ation w i th po lymers released by 

hydro lys i s  of  e s ter link s . 

Pro te i n  of  the aqueous extracted frac tions to both ba tches 

is  hydroxypro li ne-poor as  i s  the more tightly bound a lkali 

extrac ted protein . Only prote i n  of the res idue s of  Batch 1 

has e levated hydroxypro line and the protein lab i l i s ed after 

ch lori te pretreatment i n  Batch 2 is hydroxypro line-ri ch 

( Tab le 5 . 1 5 )  . 
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Hydroxyproline para l lels pe c tic subs tances i n  fractions 

subsequent to Na
2

co
3 

extraction , in both batches wi th about 

4 0 %  firmly wall bound ( a lk a l i -res i s tant)  though it is also  

fairly high in  some frac tions which remove loo s e ly bound 

pro tein ( Section 5 . 3 . 2 ) , b ut any pos tulated l i nk age of 

hydroxyproline-containing protein w i th pectin i s  tenuous . 

Monro e t  al  ( 2 ;  1 3 4 )  s tudied the dis tribution o f  po lys accharide s  

and pro tein from lupin hypocotyls . The resul ts of this  work 

are in s ome contras t to thos e of Monro . In P i nus ca l lus , 

pec ti n  i s  not quanti tatively extrac ted by l 0 0 °C EDTA , or 

oxalate as for Monro ' s  res u l ts but s ome i s  removed wi th 

chao tropi c reagents and s ubsequent a lkali . S ome pe ctin i s  

there fore he ld in the wa l l  b y  link s  to o the r polymers ,  such 

as hemice l luloses and pro tein . 

Monro observed th at GTC treatmen t of  lupin hypocotyl wal l s , 

be fore and after di lute acid treatment did not extrac t  

hydroxyproline , i ndicating that i t  wa� firmly bound , b u t  lM 

acid ( 1 0 0
°

C ,  1 h r )  complete ly removed hydroxyproline and 

hemice l luloses . From a s tudy of the alk a li ne extrac tion of 

hydroxyprol ine and hemice l lulose , and the e f fect  of  a lk a l i  

strength , temperature , and duration o f  extract ion , Monro e t  

al  conc luded tha t  the wal l  glycoprotein is  l i nked to alkali 

inso lub le wal l portions by links only s lowly b roken by 

alkali . Since the bulk of  the hemice l lu los e s  was removed 

be fore hydroxypro line , they concluded hydroxyproline was 

either involved in alkali- labile l i nks to hemice l lulose 

or unli nked ( 1 3 4 , 1 3 5 ) . They pro po s ed tha t  s evera l li nkage 

types o f  prote in-polys accharide we re pos sib le ( even ami no­

acid - ce l lulose ) ( 2 ,  1 3 4 ) , as ga lactos yl-serine links were 

unlike ly as extrac tion of hydroxypro line by 0 °C alkali  ( wh ich 

causes B-e l imination of s uch link� did not occur . 

Only hydroxypro l ine-poor proteins are removed by alk a l i  for 

Pine callus . Lab i lisation of hydroxyproline - rich pro te in 

after chlori te pretre atment compares more w i th res u l ts of  

Se lvendran and s uggests that lignin may be c ros s link i ng 

prote in in the wa l l .  S elvendran ( 3 2 ,  3 3 ,  6 7 , 1 4 7 ) found 
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that a minor port ion of the hydroxyprol ine-rich prote in wh ich 

was re leased by acid ch lorite , as sociated with pe ctic  

sub s tances on DEAE ce l lulos e , perhaps providing suppor t  for 

the A lbersheim mode l ( 8 ) . 

Much of the hydroxyprol ine i s  removed with neutra l  p oly­

saccharides and uron i c  ac id in alkali fractions ( Hyp-poor 

prote in)  and i t  is  pos s ib le tha t  protein is as soc i ated w ith 

pect in . Uronic acid , arab inose and ga lactos e are prob ab ly 

held in the res idue by lign in cros s - linking . 

Thus a comp lex pattern i s  a lready beginning to emerg e , for 

polymer compos i tion and arrangement .  Pectic po lymers which 

are further removed w i th chaotropic reagents and a lkali , 

cou ld be as s ociated with hemic e l lulos es , some of whi ch are 

hydrogen bonded in the wal l ,  and s ome wh i ch are le s s  lab i le , 

requiring strong a lkali  extraction . P rote in pos s ib ly 

interacts with pect i c  po lymers , and the low leve l s  of  l ignin 

comp li cate the p icture by presumab ly bond ing with many o f  

the wall components . 



CHAPT E R  6 

NETHYLAT I ON OF SELECTED FRACT I ONS OF 

CALLUS BATCH 1 AND 2 WALLS 

6 . 1  I NTRODUCT I ON 

A general de scr iption o f  the types o f  polysaccharide s that 
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are involved in the s truc ture o f  the primary cel l wal l  can be 

in ferred from the sugar data discus sed in previous chap ters . 

Me thylation analysis of  extracted frac t ions provide s 

con firmation of  the pre sence of  the se po lysaccharide s by 

enabl ing l inkages between sugar res idue s ( characteristic  o f  

dis tinctive c l asses o f  polysaccharides )  i n  the polysaccharide 

to be analysed . Methyl ation analys i s  has been used in the 

l iterature on a hos t  of plant whole ce l l  wal l s , extracted 

fractions , and puri fied and semi puri fied polysaccharide s .  

To quote but a few , for examp le , on who le ce l l  wal l  mater ial 

of  parenchyma from Phaseolu s ( 6 8 ) , on  extracted wal l  

fragments ( 8 ,  4 6 , 4 7 ) , on semi pur i fied ( 2 0 , 4 3 , 15 6 )  and 

puri fied ( 1 3 8 )  po lysaccharide s .  The tec hnique provides 

quantitative in formation on mixtures o f  monomeric me thylated 

sugars , after exhaustive methyl ation and hydrolysis  of  the 

pol ysaccharide . The position of glyco s idic l inkage s within 

the poly saccharide corresponds to the pos itions o f  

unsubstituted hydroxyl groups i n  the methylated monosac charide s ,  

analysed as permethylated alditol acetates . The me thod give s  

n o  information o n  the re lative order o f  sugar re s idue s , o r  

their anomeric con figuration , which i s  removed b y  mutaro ta tion 

i n  hydrolys i s . 

Determination of the complete s tructure of a polysacchar ide 

requires comp lementary analy s i s  such as graded hydrolysis  by 

acids or enzymes fol lowed by i sol ation and ident i f ication o f  

fue oligo saccharides formed ( 9 3 ) . But the nature and 

proportions of the 0-methyglycoses  provide information on 

re la tive proportions of  non-reducing end groups , the degree 

of branching , the nature of the main l inkage type s , and the 
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type s of  interchain l inkage s of  branch points ( 1 5 0 )  ( S ec tion 

2 .  4 )  . 

The val id i ty o f  the me thod requi res that there b e  no chemical 

degradation of po lysaccharide during methylation , that the 

polysacchar ide i s  fully etheri fied , and that demethylation 

does not occur during hydrolys i s  ( 1 5 0 ) . Condi tions which 

achieve comp l e te methylation and minimum degradation on 

hydrolys i s  are de scribed in Section 2 . 4 . 3 .  Chemical modi f­

ication o f  methyl e steri fied uronic acid re s idue s  by 

8- e l imination under bas ic conditions was eliminated where i t  

was de s ired to analyse uroni c  acid res idues . The poly­

saccharide ( a s  outl ined in  Sec tion 2 . 4 . 4 ) wa s de- e s teri fied 

be fore methyl ation , and methyl e s ters produced i n  thi s first  

methyla tion immedi ately reduced to primary alco hol groups . 

The neutral res i due s could then be s a fely remet hylated , wi th­

out degradation . 

The detai l s  o f  the g . l . c .  phase s , used for the s eparation of 

the methylated alditol acetate s , and deta i l s  o f  the ir 

identi f i cat ion and quantitation are given in Sec tions 2 . 4 . 6  

and Appendice s . 

In bri e f  thi s c hapter out l i ne s  the results obtained for the 

l inkage ana l y s i s  of impo rtant polysaccharide - containing wa l l  

fract ions .  All  samples  f o r  neutral sugar l inkage analys i s  

we re me thylated t o  completion , e i ther 3 - 4  time s b y  a repeated 

standard Hakomori  or by the mul tiple Hakomori procedure 

(methyl at ing 4 - 5 time s and us ing exce s s  Me i in f inal 

methylations ) . The mul tiple Hakomori was used  in  analys i s  o f  

me thyl derivative s of  the NaOH-borate frac tion o f  Batch 1 ,  and 

in ana l y s i s  of der ivative s of Batch 2 ( as outl ined on Table 

6 . 2  Captions ) .  

Reduc t ion with Sodium Borodeu teride was incorpora ted in  the 

methyl a t ion procedure or work-up to : -

a)  reduce methyl es ters o f  uronic acids of  the 1 0 0°C 

water fraction Batch 2 wal l s  ( c reated in the first  

methylation ) , to  primary alcohol groups . Thus the 



1 7 9 . 

C - 6  pos ition was then isotop i c a l ly labelled in the 

neutral s ugars so der ived from uronic acid . Reduction 

of  uronic acids with LiAlD4 or reduction (NaBD 4 ) of 

carb odiimide products was not used due to d i fficu lties 

in recovery and hand ling of  reaction products . 

b )  reduce the neutra l methy lated s ug ars t o  a lditol acetates 

for the 6M GTC and 10%  KOH fractions of B at ch 2 w a l l s . 

This is otopically label led the reducing ends of 

permethy lated sug ar der ivat ives , and permitted the 

identif i c ation by mas s spectrometry of symmetric xy lose 

der ivative s . These wou ld h ave otherwise been 

indistinguish ab le as they co -chromatograph on Co lumns 1 

and 2 .  

S ome of the terminal der ivatives may have incurred sma l l  

los ses due t o  the ir volati lity . Thes e  were d i f ficu lt to 

meas ure accur ately but were observed to be re lative ly minor 

between repeated evaporations in d ich loromethane , the solvent 

used for in j ec tion onto g . c .  co lumns . 

6 . 2  BATCH 1 WALLS 

This section out lines the principal res ults of methy lation 

ana lyses on B atch 1 walls and the po lys accharides that are 

b e l i eved to be respons ible for the data obtained . 

The most abund ant arab inos e deri vative i s  2 , 3 -Me 2 -arab in ose 

corre sponding to 1 , 5- linked arab inos e . This  i s  d i s tributed 

between al l fractions and repres ents a 5 - linked arab inan , 

character i s t i c  of pect i c  type arab inans ( see Ch apter 1) . 

The presence of  2 , 3 , 6 -Me 3- galac tos e in all  fractions s ign i f ie s  

the presence of a 4 - linked galactan ( s ee Chapter 1 ,  1 . 3 . 10 ) . 

Both these der ivatives are highe s t  in uronic acid and 

rhamnose-rich fractions , and thus the arabinan and galactan 

are believed to be po lymers as sociated with the pec tic 

comp lex . The re lative ly high leve l of  3-Me-rhamnose implies  
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that rhamno s e  re sidu e s  are highly branched . The s e  would be 

part of the pectin . The high leve l s  of 2 -monome thyl 

arabinose , sugge s t  the arabinan may have the typical 

branching a t  the 3 -pos i tion found in Pine arabinans ( 1 3 7 ) . 

The 3 -monomethyl arabinose indicate s a lesser degree o f  

branching a t  the 2 -po s i tion . 

The 2 , 4 , 6 -Me 3 -galac to se derivative s are re lati ve ly high in 

water frac t ions and EDTA extract ions ,  repre s enting the presence 

of 3 - l inked galactan . The existence of some branching a t  

position C - 6  i s  ind icated by the 2 , 4 -Me2 Gal . The degree o f  

branching i n  water extracts i s  highe s t  in the co l d  water 

extract and lowe s t  in  the l 0 0°C water extrac t .  Thus the cold 

water extracts  may contain the more conventional type o f  

3 , 6 -linked arabinogalactan ( se e  Chapter 1 and 1 4 4 )  whi l e  the 

hot water remove s a less  branched po lymer . Sma l l  amounts of  

2 , 4 , 6 -Me 3 -ga l actose , 2 , 3 , 4 -Me 3
-ga lactose and 2 , 4 -Me 2

-galac tose 

are present in later fractions ( Table 6 . 1 ) .  The b ranched 

3 , 6 -galactan al though pre sent at low levels is e vidently 

generally d i s tributed through the wal l  fraction s . 

The 2 , 3 , 4 , 6 -Me 4 -galac tose i s  high in some fraction s and thi s 

i s  di scussed in Section 6 . 4 .  

The 2 , 5 -Me2 -arabino se , could be a s soc i ated w i th a rabino- 3 , 6 -

galactan according to the lite rature , but i t  could be equa lly 

a s soc iated with the arabinan . In s everal fraction s , such as  

the 10%  KOH fract ion , I ,  ( Table 6 . 1 ) , for example , the l eve l 

o f  2 , 5 -Me2- arabino se i s  much highe r than could be expected 

from a cla s s ical arabino-3 , 6 -galactan . 

The 2 , 3 , 6 -Me 2 Glc repre sents : 

1 )  S tarch with very low branching , and 

2 )  Xyloglucan wi th very high branching . 

These two polysaccharide s  are d i st ingu i s hed by the ratio of 

2 , 3-Me 2 -gl uco se/2 , 3 , 6 -Me3 -gluco se . Thi s ratio is high in  

alkal i and cold water frac tions, implying the pre sence o f  the 

highly branched xylog lucan , and low in hot water fractions, 

demonstrating the removal of res idual s tarch from the wall 



Table 6 . 1 Capti ons 

De scription of Fractions for Table 6 . 1 

A 4 °C H20 Fraction : Methylated 3 time s 

1 8 1 . 

Puri fied by exhaustive dialy s i s  agains t  d i s t i l le d  water 

B 7 0°C H2o Fraction : Methyl ated 3 times 

Puri fied by exhaus t ive dialy s i s  aga ins t di s t i l led water . 

C l 0 0°C H20 Fraction , Path B :  Methylated 5 time s 

Puri fied by dia ly s i s  a fter l s t  and by Sephadex LH- 2 0  

chromatography , a fter the 2 nd and 3rd , and subsequent 

methylations . 

D 0 . 5 % Ammonium Oxa late 7 5°C Frac tion , P ath B :  Me thy lated 

3 t ime s 

Puri fied by dia lys i s  after l s t  and 2 nd me thy l ations , 

and by Sephadex LH- 2 0  after t he 3 rd methylation . 

E 0 . 2 % (Na ) 2EDTA , 7 0
°

C pH 6 . 7 Fraction , Path B :  Methylated 

3 t ime s 

Pur i fied by dialy s i s  after l s t  and 2 nd ,  and S ephadex 

LH-2 0 after the 3 rd methyl ation . 

F 0 . 2 %  (Na) 2EDTA 7 0°C pH 6 . 7 Fraction , Path A :  Methy lated 

3 t imes 

Puri fied by exhaustive dialys i s  again s t  d i s t i l l e d  water . 

G O . lM Na2C03 , 4 °C Fraction , P ath A :  Me thylated 3 time s  

Puri fied b y  dialy s i s  after l s t  and 2 nd methylation , and 

by Sephadex LH- 2 0  a fter the 3 rd methy la tion . 

H 0 . 5 % KOH ( 0 . 5 % NaBH4) at 2 0 - 2 3°C Frac tion , Path A 

Purif ied by dialy s i s  after l s t  and 2nd me thyl ation , and 

Sephadex LH - 2 0  after the 3 rd me thylation . 

I 1 0 %  KOH ( 0 . 5 % NaBH4) at 2 0 - 2 3°C Frac tion , Path A 

Purified by d i aly s i s  after l s t  and 2nd me thylations and 
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J 

by Sephadex LH- 2 0  after the 3rd methy l ation . 

3- 0 2 5 %  NaOH -Bo 3 at 2 0 - 2 3  C Fract ion , P ath B 

Methy lated by the multiple Hakomor i procedure 

adopted by Albersheim ( 1 14 ) . P ur i f ied by 

d i alys i s . 

( For the locati on of thes e  fract ions in the extraction 

pathway see the Fract ionat ion S cheme D i agram , Section 5 . 2 ,  

Figure 5 . 1 . )  

1 8 2 . 



Tab l e  6 . 1 :  Methylated Polysaccha r i d e  S u g a r  Re s i d u e s  for Extracted Fractions o f  B a t c h  1 W a l l s : � mo l e s/g 7 �C Wate r Residue 

( Data wa s norma l i s e d  as d e s c r i u�d in S e c t ion 2 . 4 . 7 . 3 ) * Der iv a t ives sub j e c t  to some l o s s  through vo l a t i l i ty ( low l osse s )  

Sugar 
0-Methy l A 

Ether 

Arabinose " 2 1 3 , 5- 2 . 9  
2 1 3 1 4 - 0 . 0  

3 , 5 - 0 . 0  
2 , 5 - 2 . 0  
2 1 3 - 3 . 9  

2 - 2 . 1  
3 - 0 . 5  

- 1 . 2  

Xy l o s e  
* 2 , 3 1 4 - 2 . 1  

2 , 3 -/3 1 4 - 3 . 2  
2 - / 3 - 0 . 0  

- 0 . 3  

Fucose 
* 2 , 3 , 4 - 0 . 7 

Galactose 
* 2 1 3 1 4 , 6 - 3 . 6  

2 , 4 , 6 - 6 . 1  
3 , 4 , 6 - 0 . 0 
2 , 3 1 6 - 3 . 1  
2 , 3 , 4 - 1 . 3  

2 1 6 - 0 . 3  
2 , 3 - 0 . 7  
2 , 4 - 2 . 9  

2 - 1 . 1  

Glucose 
*2 , 3 , 4  , 6 - 0 . 7  

2 1 3 , 6 - 7 . 7  
2 , 3 - 3 . 8  

2 - 0 . 0  

Mannose 
2 , 3 1 6 - 0 . 0 

Rhamnose 0 . 2  
*2 , 3 , 4 - 0 . 7  

3 , 4 - 0 . 9  
3 -

( i )  Con t a i n s  2 1 3 , 6 -Me Man _ 

( .  · )  c t · 3 4 6 M 
3

G 1 t r - trace amount 
� �  o n  a � n s  1 1 - e 3 a 

B c D E F G 

5 . 8  6 6 . 2  7 . 7  4 . 0  5 . 0  1 3  . o  
0 . 0  3 . 4  0 . 0  o . o  0 . 0  0 . 0 
0 . 3  3 . 1  0 . 5  0 . 4  0 . 4  2 . 5  
2 . 2  3 6 . 1  4 . 1  2 . 8  3 . 5  6 . 6  
6 . 5  9 7 . 5  11 . 2  7 . 4  8 . 9  1 4 . 0  
3 . 7  4 0 . 3  5 . 0  4 . 4  4 . 8 8 . 7  
1 . 1  1 4 . 6  2 .  3 3 . 0  1 . 4  2 . 6  
1 . 9  2 4 . 7  2 . 9  2 . 5  3 . 2  0 . 6  

2 . 1  7 .  8 0 . 9  0 . 4  0 . 7  4 . 1  
2 . 1  1 2 . 0  2 .  0 0 .  8 1 . 6  2 . 8  
0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
1 . 3  0 . 0  0 . 3  0 . 8  0 . 3  1 . 9  

0 . 0  3 . 4  0 . 5  0 . 0  0 . 4  0 . 0  

6 . 0  6 0 . 2  7 . 1  4 . 9  5 . 6  2 0 . 1  
1 3 . 9  7 5 . 8  2 . 9  4 . 0  3 . 3  2 . 0  

0 . 0  0 . 0 0 . 0 0 . 0 0 . 0  tr 
6 . 5  4 9 . 9  3 . 2  7 . 7  5 . 4  5 . 1  
1 . 0  4 . 2  0 . 7  2 . 1  1 . 1  3 . 2  
0 . 8  2 .  9 0 . 1  1 . 3  0 . 2  0 . 0  
0 . 9  3 .  9 0 . 0  0 . 0  0 . 0  0 . 4  
3 . 4  4 . 9  0 . 0  1 . 1  2 . 4  0 . 7  
2 . 3  4 . 0  0 . 0  0 . 7  0 . 0 0 . 0 

2 . 1  8 . 4  2 . 0  2 . 5  1 . 4  0 . 6  
2 1 . 9  6 9 . 2  8 . 9  4 . 1  1 1 . 5  7 . 9  

2 . 8  9 . 0  0 . 7  1 . 4  2 . 4  1 . 2  
0 . 0  0 . 0  0 . 0  0 . 0  0 . 0 0 . 0  

6 . 0  0 . 0  0 . 0 0 . 0  0 . 0 0 . 8  

0 . 2  2 . 0  o . o  0 . 2  0 . 4  0 . 0  
0 . 1  1 . 4  0 . 1  0 . 0  0 . 2  0 . 0  
2 . 2  1 5 . 0  1 . 9  2 . 3  2 . 4  3 . 2  

- --- - I-.  

H I J 

2 0 . 8 1 5 . 9  2 0 . 1  
1 . 0  0 . 0 0 . 0  
1 . 9  2 . 4  3 . 8  
8 . 7  8 .  9 1 1 . 4  

2 9 . 5 1 9 . 7  2 5 . 0  
1 8 . 0  1 4 . 0  1 6 . 5  

5 . 4  4 .  2 2 .  0 
8 . 8  1 1 . 7  2 0 . 7  

1 . 0  4 4 . 0  7 0 . 0  
1 . 9  4 5 . 5  6 9 . 3  
0 . 0  1 3 . 1  1 5 . 8  
1 . 2  4 . 3  1 7 . 9  

0 . 6  1 3 . 6  2 5 . 7  

9 . 9  2 9 . 5  3 9 . 3  
9 . 0  4 . 3  2 7 . 2  
tr 1 5 . 9  

1 7 . 7  1 2 . 2  3 0 . 8  
2 .  5 2 . 8  5 . 1  
0 . 9  0 . 9  0 . 0  
0 . 3  0 . 0  0 . 0  
0 . 0  3 . 3  4 . 1  
0 . 0  1 . 5  3 . 2  

3 . 1  5 . 6  4 .  3 
7 . 6  9 0 . 4 1 0 7 . 2  
0 . 4  6 7 . 9 1 0 8 . 6  
0 . 0 1 . 3  0 . 0  

0 . 0 7 . 5  

0 . 0  0 . 7  0 . 0  
0 . 0 I 1 . 3  0 . 0  
4 .  8 6 . 6  6 . 1  

( i )  
( i i )  
( i i )  

( i )  

! 

I 
I 1-' 

CO 
w 
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preparation . 

Termina l fucose and 2 - linked galactose ( 3 , 4 , 6 -Me 3- g a lactos e )  

were a l s o  found in the alka l i  fract i on , indicat ing that the 

xy log lucan is of the fucogalacto-type , as des cribed in 

Chapter 1 .  

The pres ence of  s ome highly branched xylose res idue s ( 2 , 4 -

linked xy lose , 3 , 4 - linked xy lose and some comp lete ly linked 

xy los e )  in the alkali extracts s uggests  the presence of  

xy lan as we ll as xy logluc an , and the i r  re lative quantitation 

is d i s cus sed sub s equent ly ( in S ection 6 . 2 )  for Batch 2 w al ls . 

The pres ence of mannans or g lucomannans in the cal lus wall  i s  

sugges ted b y  the presence of  2 , 3 , 6 -Me 3- mannos e ,  corre sponding 

to 1 , 4 - l inked , S -D-mannose ( s ee examp les of Chapter 1 ) . No 

other mannose der ivatives were detected . 

6 . 3  BATCH 2 WALLS 

The fraction of B atch 2 wal ls contain ing the h ighes t  leve ls 

of uron ic acid ( the 10 0°C water fraction )  was us ed to s tudy 

the pectic components of cal lus walls . The fraction was 

consequent ly methylated by the multiple methy lation technique 

to investigate the linkage compos ition of neutral components . 

A s amp le ( 2 0  mg ) was further a -amy lase treated ( 5  days in 

O . O lM s odium phosphate buffer pH 7 . 0 )  and after de-es ter i f i c ation 

and pur i f i cation by exhaus t ive dialy s i s  given one methylation 

with excess methy l iodide to convert uronic acid carboxy l 

groups to methyl e s ters , and ring hydroxy ls to ethers . E s ter 

groups were reduced with N aB D4 , the s amp le remethylated , and 

reduced again ( as out lined in S ec t ion 2 . 4 . 4 ) , and finally 

remethy lated twi ce . 

The two other frac tions for wh ich methy lation resu lts have 

been ob tained are ( as shown in Figure 5 . 2 ) the first 6M GTC 

fraction containing polys accharide s removed by dis rupt ion of  

non-cova lent bond s , and the 10%  KOH fraction containing 
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hemicel lulo s i c  po lysaccharides removed by non -covalent , and 

covalent bond di sruption . Borodeuteride redu ction of  

methylated sugar s wa s employed a s  described i n  Section 6 . l . b ; 

6 . 3 . 1  Me thylation of  the l 0 0°C Water Fraction 

The f ive time s me thylated who le fraction ( Table 6 . 2 ,  5 x M)  

contains high leve l s  o f  2 , 3 -Me 2 �rabinose , muc h  2 -Me ­

arabinose , some 3 -Me-arabinose , unmethylated arabino se and 

some terminal ( 2 , 3 , 5 -Me 3Ara) arabinose . High leve l s  o f  

2 , 3 -Me 2 -arabi nose , and 2 , 3 , 5 -Me 3 -arabinose sugge s t  an 

arabinan with a 1 , 5 - l inked arabinose back bone , comparable 

to that of B atch 1 wal l s . The 2 and 3 -Me -arabino s e  again 

sugge st a fairly high degree of branching of  t he back bone . 

Among the galactose de rivat ive s ,  the presence o f  2 , 3 , 6 -Me 3 -

galactose implies  ( as for Batch 1 wa l l s )  relative ly large 

amounts of 4 - l inked galactose from a l inear pectic  galac tan 

( see Section 1 . 3 . 1 0 ) . Again uronic acid and rhamnose leve l s  

are high where the pectic arab inan and galactan are found 

and they are l ike ly to be part of an overall  pe ctic complex . 

The presence of  3 , 4 -Me 2
-rhamno s e , and 3 -Me-rhamnose indicate s 

2 - l inked rhamnose and 2 , 4 - l inked rhamno se as  would be found 

in typical pectins . Rhamnose could be 2 - l inked to 

galac turonic ac id in the polygalacturon ic ac i d  back bone , 

and the 4 -l inked rhamnose may p rovide for attachment o f  a 

pectic po lyme r such a s  the galactan . 

An increase in rhamno se ( as 3 -MeRha ) i s  evident after 

reduct ion and remethylat ion . Thi s  can be expected if non­

reduced material g ive s aldobiouroni c  acids on hydrolys i s . 

The reduced polyme r would be more comp lete l y  hydro lysed and 

there fore would give a better measure of the rhamnose 

content . 

The 2 , 3 , 4 -Me 3 -galactose , 2 , 4 -Me 2 -gal actose , and some 

2 , 4 , 6 -Me 3 -galactose may be attributable to a 3 , 6 - l inked 

arabino galac tan po lymer as  found for Pine by Roudier and 
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T ab le Headings for Me thylat ion of 10 0 °C Water Frac tion 

of Batch 2 Wa lls Tab le 6 . 2  

( 5  X M) 

( M) 

Methylated five time s  by the multip le H akomori 

procedure ; pur i f i ed by exhaust ive dialy s i s  

ag ains t  d i s ti l led water . 

S ample de-esterified , and given one methy lation 

with excess  methy l i odide , puri fied by d i aly s i s  

and ana lysed . 

( MR) S ame as for ( M) then d i s s olved after pur i f i cat i on 

in THF/E tOH ( 1 7/7 ) and reduced with sodium 

borodeuteride , then pur i f ied by dialy s is . 

( MRM) S ame as for ( MR)  then remethy lated and pur i f ied 

by di alys i s . 

( MRMRMM) After reme thy lation , a portion of the s amp le was 

dis solved i n  D ioxane/E tOH { 3/ 1 )  and reduced again 

with sodium borodeuter ide . The s amp le was 

purif ied by dialy s i s  and remethylated twi ce by a 

mu ltiple H akomor i procedure and pur i f ied by 

dialys i s  against d i s t i l led water . 
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T � b l e  6 . 2 :  Me t hy l a ted Po l y s accharide S u g a r  Re s i due s for t h e  1 0 0
°

C W a t e r  Frac t i on 
Extrac t e d  f rom Batch 2 Wa l l s : � m o l e s / g  7 0°C Wa t e r  Re s idue 

Data norma l i s e d  to Arab i no s e  To t a l s  of the 5 x M Sample ( s e e  S e c t ion 2 . 4 . 7 . 3 ) . 

S u g a r  
0-1-le t h y l  

5 X M M MR MRM MRMRMM ( Av e )  
E t h e r  

Arabinose 
( D

2
) 

* 2 , 3 , 5 - 1 8 . 6  1 4 . 8  1 2 . 6  1 8 . 8  2 1 . 9 

2 , 3 , 4 - 0 .  3 0 . 0  0 . 0  0 . 0 0 . 0  

3 , 5 - 3 . 6  3 . 5  2 . 7  2 . 9  2 . 4  

2 , 5 - 1 2 . 7  8 . 7  9 .  4 1 2 . 5  1 2 . 0  

2 , 3 - 2 3 . 4  17 . 1  1 8 . 0  2 4 . 8  2 1 . 2  

2 - 1 4 . 5  1 2 . 9  1 5 . 3  1 4 . 5  14 . 6  

3 - 3 . 8  3 . 1  4 . 6  3 . 7  3 . 7  

- 7 . 3  2 4 . 4  2 1 . 7  7 . 1  8 . 6  

X y l o s e  
* 2 , 3 , 4 - 2 .  3 2 . 6  3 . 5  4 . 0 10 . 0  

2 , 3 -/ 3 , 4 - 2 . 7  3 . 3  2 . 2  4 . 6  2 . 8  

2 -/ 3 - 1 . 0  0 . 0  0 . 0  0 . 0  1 . 9  

- 0 .  4 1 . 3  1 . 8  0 . 0 1 . 2 

Fuco s e  
* 2 , 3 , 4 - 1 . 3  0 . 0  0 . 0  0 . 0  3 . 9  

G a l a c t o se 
* 2 , 3 , 4 , 6 - 2 3 . 6  17 . 6  1 8 . 3  2 6 . 2  3 7 . 5  ( 5 .  4 )  

2 , 4 , 6 - 4 7 . 7  6 3 . 9  5 5 . 3  5 9 . 2  3 6 . 3  

2 , 3 , 6 - 2 3 . 9  17 . 8  15 . 6  4 3 . 6  5 7 . 7  ( 3 8 . 4 )  

2 , 3 , 4 - 2 .  7 0 . 0  1 . 9  3 .  4 3 . 2  

2 , 6 - 2 . 5  3 . 0  2 . 6  7 . 1  4 . 0  ( 1 .  4 )  

3 , 6 - 0 . 0  o . o  0 . 0  o . o  1 . 2  ( 0 .  7 )  

2 , 3 - 1 . 2  1 . 8  7 . 3  5 . 1  2 . 4  ( 0 .  7 )  

2 , 4 - 4 .  8 4 . 9  4 . 8  5 . 1  4 . 3  

2 - 3 . 2  3 . 8  5 . 6  3 . 7  1 . 6  

- 0 . 0  14 . 5  4 0 . 0  2 . 9  0 . 0  

G l uc o s e  
* 2 , 3 , 4 , 6 - 1 . 5  1 . 2  1 . 2  2 . 5  5 . 5  ( 0 .  8 )  

2 , 3 , 6 - 17 . 5  1 2 . 4  1 3 . 7  17 . 1  2 5 . 6  ( 1 .  0 )  

3 , 6 - 0 . 8  o . o 0 . 0  0 . 0  1 . 0  

2 , 3 - 2 . 5  1 . 9  3 . 2  4 . 0  4 . 8  

Rhamno s e  
* 2 , 3 , 4 - 0 . 9  0 . 3  0 . 6  0 . 0  0 . 0 

3 , 4 - 1 . 6  0 . 7  1 . 5  4 .  8 1 . 8  

3- 4 . 1  2 . 2  5 . 1  4 .  6 8 . 0  

( D 2 ) :  The s e  d a t a  repre s e n t  d i d e u t e r a t e d  d e r i va t i v e s  ( D2 a t  C- 6 )  i n  th i s  c o lumn 

Ave : Data is the average f rom dupl i ca t e  hydro l y s e s :  Max imum d e v i a t i o n  

f rom t h e  mean o f  ± 2 0 %  

* Der i v a t i v e s  s ub j e c t  to s ome l o s s  through vo l a t i l i ty ( sm a l l  l os s e s )  
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Ebe rhard ( 1 2 6 ) . However high 2 , 4 , 6 -Me 3
- ga lactose s ugge s t s  

the pre sence of a l inear galactan portion o f the water 

soluble mo lecule , or existence of a d i s tinct polyme r . I t  

i s  sugge sted that a water soluble arabinogal ac tan o f  the 

type we l l  charac ter ised in larche s and other coni ferous 

tis sues ( 4 9 , 5 0 )  c an only be a minor component of  this  

frac tion . 

The re is  l i ttle evidence in this fraction of  a xylog lucan , 

though the low level o f  2 , 3 , 4 -Me 3
- fucose probably arise s 

from such a polymer . 

The 2 , 3 , 6 -Me 3 -glucose , present in high leve l s  re lative to 

2 , 3 -Me 2 -gluco se and 2 , 3 , 4 , 6 -Me 4
-glucose , probably arise  

mainly from residual s tarch wh ich i s  solubili sed by  the  hot 

water . 

The analyses of the l inkages within the pectin are derived 

from four sets  o f  me thylation data . In the material 

methylated only once , be fore reduction , the proportion o f  

neutral derivative s to each other i s  similar t o  that for the 

5 t imes me thylated ana lys i s , but some under methylation i s  

evident . ( increased unmethylated Gal ; Ara etc ; decreased 

2 , 3 , 5 -Me3Ara ; 2 , 3 -Me2Ara ; 2 , 3 , 4 , 6 -Me4Gal ; 2 , 3 , 6 -Me 3Gal ; 

2 , 3 , 6 -Me 3Glc ) . After the sample ha s been once reduced with 

NaBD4 there was an increase in the proportion o f  2 , 3 , -Me 2
-

galactose , 2 -Me -galacto s e , and unme thylated galac to s e . The s e  

mus t  have re su l ted from reduct ion of  galac turonic acid . Upon 

a furthe r Hakomori methy lation , the relative proportions are 

seen to shi f t  to an increase in 2 , 3 , 6 -Me 3-galactose , and 

2 , 6 -Me2 -galactose , due to me thylation of the C - 6  po s ition 

( previous ly inacce s s ib l e  in ga lacturon ic ac id)  . The neutral 

sugar derivative ratios  after thi s second methyl ation now 

indi cate almo st complete methyl ation . 

The re sults to the second reduction , and a subs equen t  two 

Hakomori methy lations , i ndic ate s a further increase in 

2 , 3 , 6 -Me 3 -ga lacto se , corresponding to 4 - linked polygalacturon ic 

ac id and there are incre ased leve l s  of  2 , 4 - l inked rhamno se . 
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The 2 , 6 -Me 2 -galactose i s  reduced in proportion , so  some o f  

thi s may have arisen from a sma l l  amount of  under me thylat ion . 

Unmethylated galactose i s  absent now due to comple te 

methylation o f  the gal acturonic ac i d  after reduction . 

The increased �Me -rhamno s e  i s  prominent at thi s point 

indicating the high level of branching of the rhamno se in  

the pectin . 

The analys i s  by combined gas chroma tography - ma s spectrometry 

of  methylated and reduced sample s , a f forded the ident i fication 

o f  me thylated alditol acetates derived from uronic acid s , by 

the pre sence in their mas s  spec tra o f  ion fragment s  which are 

two mas s  un i ts higher due to the incorporation at C - 6  of two 

deuteriums ( some fragments exis t  o f  l ma s s  uni t  increase over 

the Do case , which have ari sen from a primary fragment by 

lo s s  of a mo lecule containing one deuterium) . The uron ic 

acid derivative was quantitated by the ratio o f  inten s i ty 

o f  fragments from the dideuterated compound to the total 

inten s i ty o f  fragment s  from both the deuterated and non­

deuterated neutra l methyl derivative . The re sults could be 

averaged for sets of  fragments corres ponding to the various 

splitting patterns for a derivative . 

After methyl ation and a s ingle reduction , deuterium l abel 

was found in  the mas s - spectrum of 2 , 3 -Me 2 -gal actose and 

2 -Me -galac to s e  confirming that tho s e  derivative s aros e  from 

uronic acid . After reduction and remethyl ation , deute rium 

l abe l was found in  2 , 3 , 6 -Me 3
-ga l ac to s e  and 2 , 6 -Me2 -galactose , 

corre sponding to the increase s in  relative f . i . d .  a rea . 

The proport ions of  uron ic acid de rivatives determined from 

mas s  spectrometry are shown in Table 6 . 2 ,  and are derived 

as explained in Appendix l part 4 .  

I n  the 2 , 3 , 6 -Me 3 -galactose peak, analys i s  of all fragments 

ari s ing from the deuterated molecule showed that approximately -

6 7 %  of the peak was derived from 4 -l inked galacturonic acid . 

Thus 4 - l inked GalA to 4 - l inked galactose i s  2 : 1 .  
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Then al lowing for thi s level of  4-l inked GalA in the 

2 , 3 , 6 -Me 3Gal peak , the ratio of neutral galac tose derivatives 

corre sponds to the 5 t imes methylated analys i s  for neutrals . ­

These increas es de termined from re lative f . i . d .  respons es 

agree with ca lculations made from mas s-spectrome try . The 

results s uggest that the predominant linkage in the wal l  

pe c t in i s  tha t  o f  4 - l inked galacturonic acid a s  for many 

wa l l  pec ti ns ( 3 ) wi th pos s ib ly some branchi ng a t  C - 3  o f  

galacturonic acid . 

There also appe ars to be some termi na l galac turonic aci d and 

a smal ler amount of te rminal glucuronic ac i d ,  or 4 -0-me thy­

glucuronic acid pres ent in thi s  frac tion . Branching appe ars 

to be provided for mai nly via carbon 4 of  rhamnos e ,  2 - l i nked 

in the mai n ch ain of polygalac turoni c acid . 

The results o f  me thylation and reduction analy s i s  of  the 

who le 1 0 0
°

C water fraction cons titute the mai n evidence i n  

thi s  work for the nature of l inkages within the pe c tic acid , 

and is further discus sed in Section 6 . 4 .  

6 . 3 . 2  Methylation o f  1 0 %  KOH and GTC Frac tions 

These frac ti ons we re methylated by the multiple Hakomori 

procedure , and afte r hydro lys i s  and isotopi c  l ab e l ling o f  

the reducing e nd of s ugar derivatives ( S ection 6 . 1 )  results 

were ana lysed by gas chromatography and comb ined gas 

chromatography-mas s  spectrometry . High leve ls of 2 , 3-/ 3 , 4 -

Me 2 -xy los e ,  2 , 3 , 6 -Me
3

- glucos e :  2 , 3-Me
2

-glucos e ,  2 , 3 , 4 -Me 3
-

fucose ( termina l )  and 3 , 4 , 6 -Me 3
-ga lactose ( 2 - l i nked )  

indicated the presence of a fucogalactoxyloglucan . The h igh 

2 , 3 -/ 3 , 4 -Me 2 -xy lose ratio sugges ted the presence also o f  

s ome xylan . Mas s spe c trometry of  the se fractions enabled 

the re la tive quanti tation of  proportions of 2 , 3 -/3 , 4 -Me2 -

xylos e ,  dis tinguishab le afte r  reduction with borodeuteride . 

Any 2 , 3-Me 2 -xy lose shou ld arise from a xy lan , and the 

3 , 4 -Me2 -xylose ( 2 - l inked xylos e )  from xyloglucan , confirming 

the pres ence of these s eparate po lymers . The 2 , 3 -/ 3 , 4 -Me 2 
xy lose ratio was quantitated by the m/e ratio 1 8 9 /1 9 0  as 
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Table 6 . 3 :  Methylated Po lysaccar ide Sugar Re sidues for 
Fractions Extracted by 6M GTC , and 1 0 %  KOH , 
f rom Batch 2 Wal ls  - � mo le s/g 7 0°

c Wate r Res i due 

( Data was normali s ed as de scribed in Section 2 . 4 . 7 . 3 ) 

S ugar 0 -Methyl 6N GTC 1 0 %  KOH ether 

Arabinose 
* 2 ; 3 , 5 - 7 . 2 6 . 5  

3 , 5 - 0 . 6  1 . 3  
2 , 5 - 2 . 6  1 . 9  
2 , 3 - 5 . 7  6 . 5  

2 - 3 . 1  2 . 9  
3 - 1 . 1  1 . 0  

- 1 . 7  2 . 3  

Xylose 
* 2 , 3 , 4 - 7 . 8  1 5 . 8  

2 , 3 - 6 . 6  4 . 8  
3 , 4 - 3 . 3  7 . 2  

2 - 2 . 1  1 . 5  
3 - 0 . 8  2 . 2  
4 - tr 1 . 5  

- 0 . 4  1 . 5  

Fuco se 
* 2 , 3 , 4 - 1 . 5  2 . 9  

Galactose 
* 2 , 3 , 4 , 6 - 7 . 5  9 . 2  

2 , 4 , 6 - 0 . 9  1 . 2  
3 , 4 , 6 - 3 . 3  4 . 1  
2 , 3 , 6 - 3 . 8  4 . 1  
2 , 3 , 4 - 5 . 2  0 . 9  

2 - 0 . 2  1 . 0  

Glucose 
* 2 , 3 , 4 , 6 - 0 . 7  1 . 9  

2 , 3 , 6 - 4 . 9  1 0 . 7  
2 , 3 - 6 . 0  1 6 . 8  

6 - 0 . 0  1 . 1 

Manno se 
2 , 3 , 6 - 2 . 7  4 . 7  

Rhamno se 
* 2 , 3 , 4 - 0 . 9  tr 

3 , 4 -: 0 . 9  1 . 5  
3 - 1 . 7 1 . 2  

GTC me thy lated ( 6  t ime s )  by multiple Hakomori, puri fied by 

1 0 %  KOH methyl ated ( 6  time s )  11  11  11  

* Derivative s sub j ect to some lo s s  through volatil i ty 
tr = trace 

Dialys i s  
11  
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des cribed in Appendix 1 ,  P art 1 ,  and Appendix 2 .  The three 

mono methy l xy lose derivatives could be ind ividual ly 

quantitated within a peak , by mas s spe ctrometry ( ion fragment 

ana ly s i s ) as exp lained in the Appendices . ( Appendix l ,  P arts 

1 and 3 ,  and Appendix 2 ,  P ar t  2 . )  

In  the GTC fraction , the ratio of  2 , 3- to 3 , 4 -Me 2- xy lose i s  

approximate ly 2 : 1  ( T ab le 6 . 3 ) and leve ls o f  2 - , 3 - and 

4 -Me- xy los e are as indicated . There appe ars to be no 

4 -Me-xy lose in the six  times methy lated GTC fraction . 

S imilar ly , the 10%  KOH fraction has 2 , 3-Me 2- xy lose/ 3 , 4-Me2-

xy lose in a r atio 2 : 3  from deuterium lab e l ling of the 

reducing ends . Leve ls  of 2 - , 3 - and 4 -Me - xy lose are as 

indicated in Tab le 6 . 3 . Leve ls  of 4-Me -xy lose may be due 

to a sma l l  amount of undermethy lation . 

The linkage analysis for xy lose res idues sugges ts that in 

both fractions , both a xylog lucan and a hemice l lu los i c  

xy l an are pre sent wh ich is high ly branched . Thus , from the 

� mole s /g 7 0 °C water res idue of above res idues , it appears 

that GTC removes more of the xy lan , and 1 0 %  KOH , more of 

the xy log lucan , about twi ce as much xy log lucan as in 6M GTC .  

The r atio of thes e two po lymers can be asses s ed by the ratio 

of 2 , 3-Me2- xy los e ( from xy lan ) to 3 , 4 -Me 2- xy lose  ( from 

xylog lucan ) . Thus , as deduced from the xy lose/g lucose 

ratios in Chapter 5 ,  the 6M GTC fraction is r e l at ive ly richer 

in xylan and the 10% KOH fraction in xy log lucan . The leve ls  

of other derivatives in  Tab le 6 . 3 ( 2 , 3 , 4 -Me 3- fucose , 3 , 4 , 6 -Me 3-

ga lactose , 2 , 3 , 6 -Me 3- g lucos e , 2 , 3 -Me2- glucose )  support th is 

conc lus ion . The actua l leve l s  of xy lan and xylog lucan in 

the two fract ions can be as ses sed from the data of Table 6 . 3  

by cons ideration of the s tructures of the two po lymers . The 

xy lan is highly branched ( 2 -Me -xy lose , 3 -Me -xy lose )  and i t  

is poss ib le that a 4-0-Me -glucuronoxy lan is present . Terminal 

arab inose derivatives in the a lkali  fraction ( Batch 1)  and 

GTC and 1 0 %  KOH ( B atch 2 )  could be attributab l e  to xy lan as 

we ll as attributab le to arabino- 4 -0-methy l-g lucuronoxy lans 

of coni ferous tissues ( s ee Section 1 . 3 . 2  and 1 . 3 . 10 ) . The 
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princ ipal types of  der ivatives associ ated with xy log lucans 

indic ated the fol lowing types of  linkages in mole ratio s , 

compared between cal lus t i s s ue and hypocoty l ( 14 5 ) . 

6 • 4 • ) 

( Tab le 

Tab le 6 . 4 :  

Cal lus 

alkali (Batch 

alkali (Batch 

Hypocotyl 

Mole Ratios of Der ivatives As soci ated with 
Xylog lucan , Normalised to Total Glucose 
( 4 , 6 -Glc _ p lus 4 �Glc ) . 

4 , 6 -Glc 4-Glc t-Xyl 2 ( & 4 ) -Xyl t-Gal t -Fuc 

l )  43  57  2 8  2 8  19 9 

2 )  6 1  39 57 43 32 10 

6 7  3 3  50  17  8 8 

2 -Gal 

10 

14 

8 

* semi -purified 

------------------------- --- -- -- ---- --------------- - ---- -- --------------

In the cal lus alkali samples some of the xylose derivatives could be 
associated with xylan , s uch as the xylan observed in the s tudies 
described in Chapter 4 ,  g lucose derivatives with glucomannan , and some 
terminal galactos e with galactan . 

A struc ture for the xy log lucan cannot be proper ly formulated 

without its i s olation but the data sugges t a 4 - l inked g lucan 

backbone , with sub s t it ut i on at C - 6  of  g lucos e by xy lopyranose 

residue s . Branches at C - 6  of g lucose could have s ide chains 

of a-L-FucE1+2 - B-D-Ga lE1+2 - a-D-Xy l£l+C - 6  and so  on as in 

1 .  3 .  2 ,  F igure 1 .  3) . Bearing in mind the like ly s tructures 

of xy lan , xylog lucan and g lucomannan , the der ivatives 

corre s ponding to thes e  po lymers can be approximate ly 

proportioned from the data of Tab le s 6 . 3  and 5 . 8  for the 10 % 

KOH fraction of  Batch 2 on a quanti tative bas i s . This was 

performed assum ing that for g lucomannan , in the 10 % KOH 

fraction , the g lucose/mannose rati o  i s  approximate ly 1 : 3 .  

Once the se derivatives were al lotted , the der ivat ive s  for 

xy lan and xy log lucan were proportioned for b ranch and 

terminal res idue s as b e f i tted the s tructures expected . The 

sum for each der ivative equals the total level of derivative 

in the fract ion ( s ee Tab le 6 . 5 ) . 



Tab le 6 . 5 :  Quant itation of Der ivat ive s for Some Poly­
sacchar ides of the 1 0 % KOH Fraction , Batch 
2 Wa l l s . � mo les/g 7 0°C Water Re s idue . 

Polysaccharides 

Xyloglucan Xylan Glucomannan 

D e r i v a t i v e s  

Terminal Xylose 10 . 0  6 . 0  

2 , 3-Me2Xyl 5 . 0  

3 , 4-Me2Xyl 7 . 0  

2 -HeXyl 1 . 5  

3-MeXyl 2 . 0  

Xyl 1 . 5  

Terminal Glucose t 1 . 0  1 . 0  and Mannos e 

2 , 3 , 6-Me 3Glc 9 . 0  2 . 0  

2 , 3-Me2Glc 17 . 0  

Terminal Galactose 4 .  0 * 

2 , 3 , 6-Me3Gal 

3 , 4 , 6-Me 3Gal 3 . 0 - 4 . 0  

Terminal Fucose 3 . 0  

2 , 3 , 6-Me 3Man "-' 6 .  0 

Totals # 5 5  16 9 
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{ l-+4 ) -
Galactan 

"-' 4 . 0 - 5 . 0  

5 

* residual Terminal Galactose = 5 .  0 � moles : probably due to a branched 
galactan {Table 6 . 3 ) . 

Terminal Arabinose in the fraction appears to be mos tly associated 
with an Arabinan {Table 6 . 3 ) . 

# These are approximate levels of polysacch arides estimated . 

t some Terminal Glucose associated with xyloglucan as we ll . 

I f  the data is normali sed to 10 0 mole % of tota l der ivat ive s 

the fol lowing ratios can be compared ( s ee Tab le 6 . 6 ) . 
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Tab le 6 . 6 :  Der ivatives as Approx imate Mo le % o f  Total for 
Xy log lucan and Xy lan . 

Xyloglucan Xylan 

Derivative Callus Hypocotyl Cal lus Hypocoty l 
( KOH) (KOH ) 

Terminal - Xyl 18 2 6  3 8  3 4  

2 , 3-Me2 Xyl 3 1  43 

3 , 4 -Me2Xyl 1 3  9 

2-MeXyl 9 l 2 1  
3 -MeXyl 1 3  

Xyl 9 1 

Terminal Glucose 2 

2 , 3 , 6 -Me 3Glc 1 7  17  

2 , 3-Me2Glc 3 1  35  

Termina l  - Gal 7 4 

3 , 4 , 6-Me3Gal 6 4 

Terminal - Fuc 6 4 

It  mus t  be  stressed that these data are on ly approximations , 

as far as can be deduced from expected s truct ures , and balances 

between termina l and branch res idue s  for frameworks believed 

to be pres en t . The xy log lucan in the 1 0 %  KOH fract ion o f  

Batch 2 cal lus wou ld appe ar to be s imi lar t o  that of  

hypocotyl , perhaps containing s l ightly longer regions of  

4 - l inked g lucos e , and les s  terminal xy los e .  Thus i t  seems 

there i s  evidence for a xy log lucan in cal lus primary walls , 

s imi lar to that found by J . W .  Litt le in P i nus hypocotyl ( 1 4 5 )  

as we l l  a s  t o  that o f  s eed amy loids ( 4 6 )  and t o  the 

xyloglucans ob s erved in camb ial and mature ti s s ue of ang io­

sperms ( S ection 1 . 3 . 2 ) . The xy lan of callus may be somewhat 

more b ranched th an that of hypocoty l of Section 4 . 3 . 

Mannan ( 2 , 3 , 6 -Me 3Man ) in s ome fractions , appe ars to be on ly 

a minor hemice llulos e in b oth Batche s , agreeing w i th data in 



Sec tion 5 . 3 . 3 ) . Thus  the tis sue 1 s  predomi nantly primary 

walled . 

6 . 4  D I SCUSS I O N , BATCH 1 AND 2 WALLS 

1_9 6 .  

As no ted in Sec tion 6 . 2  and 6 . 3 ,  l i nkage res i dues o f  5 - l i nked 

arab inans and 1 , 4 - linked ga lac tans are pres ent throughout 

wa ll frac tions . These are h ighe s t  in fractions w i th h i gh 

uronic ac id and rhamnose ( e . g .  l 0 0°C water frac tions Batch l 

and 2 )  , but a lso pres ent i n  chao tropic extracts ( B atch 2 )  , 

alkali extracts , and the alkali res idues to both wal l 

preparations . The methy l ation data ( s ee Tab le s 6 . 2 ,  6 . 3 ) 

s ugges t  the arab inans may be mu ch l ike o thers for P i ne ( 1 3 7 , 

1 4 0 , 1 4 8 )  wi th ( l  � 5 ) - l inked arab inofuranos e  uni ts wi th 

branching at C - 2  and sometimes at C - 3 . The leve l of  

arab inan i s  highes t in the l 0 0°C water frac tion Path B of  

Batch l ,  much being extrac ted here in the place of  the alk a l i  

extrac ts o f  Path A .  

Lower leve ls o f  2 , 3 , 6 -Me 3- galacto s e  ( sugges ting pectic type 

ga lactan ( 4 2 , 4 7 , 14 1 ) )  are found in alkali extracts . An 

acidic 4 - l inked galactan has been found in Tamarack ( 1 3 9 ) 

in  P ine ( 1 3 7 )  and a s imilar ga lactan has bee n found i n  

compres s ion wood o f  Red Spruce , in  norma l woods o f  various 

conifers  ( 13 8 )  , and as part of the pectin in camtial ti s sues 

o f  P opulus tremuloide s  ( 1 4 1 )  . In Sycamore , Alb ersheim e t  

al ( 4 7 )  demons trated a component bonded to pec ti c  poly­

galactu roni c ac i d , wi th s imi lar branched arabi nan , and l i near 

4 - l inked galactan to those i n  P ine . He attributed thi s  to 

pectic arabinan and galac tan , di rec tly linked to the acidic 

rhamnogal acturonan . Pos s ib ly in  the 1 0 0 °C water frac ti ons 

here , the arabi nan and gal actan are associated covale n tly 

wi th the acidic wa l l  po lymers . Thi s  pos s ibi l i ty is furthe r 

explored in  Chapter 7 .  I n  subsequent fractions also ( Tab le 

6 . 1 ,  6 . 2 ,  6 . 3 ) b ranched arabinan i s  probab ly as soci ated wi th 

galactan in par t o f  an overall pecti c complex ( 1 9 8 ) , whi ch 

may be cova lently linked to other po lymers such as 

hemice llulose . 
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Pectin . The wal l  pectin ( po lygalacturonic acid containing 

rhamnose ) i s  distr ibuted throughout fr actions as for pect i c  

arab inan and galactan , but is  high i n  h igh temper ature aqueous 

fractions whi ch are removed by 8-elimination of uronic  acids 

and ca2+ chelation i n  both wal ls , and a lso high in the a lkali  

res idues . Some pectin  is  also extracted with hemice l lu loses 

by chaotropi c  reagents and more extens ively by alkal i . The 

main component of the pectin in  the 1 0 0 °C w ater fraction 

( B atch 2 )  was ob served by methy lation to be 4 - l inked 

ga lacturon ic ac id ( S ection 6 . 3 ) . Some branching of 

polygalacturonic aci d  i s  pos s ib le ( Tab le 6 . 2 ) though this 

appears to be  minor . The re lative lack of deuterium in 

branched galactose res idues imp lies that GalA res idues are 

mos t ly unbr an ched . .  

Thi s  wou ld b e  true of  the reduced , neutral res idues in the 

ch loroform/methanol s o lub le MRMRMM samp le . However , it i s  

not c lear t o  what extent the s ample ref lects the total pectin 

s tructure . An estimate o f  the total uronic acid accounted 

for in the methylat i on reduction analy s i s  can be made by 

comparing the y ie ld of d ideuter ated res idues ( Tab le 6 . 2 ) with 

those of non -deuterated s ugar res idue s ( using the values for 

the l atter g iven in T ab le 5 . 8 ) . This approach y i e lds a 

value for GalA of approximate ly 5 0  � mo le/g 7 0 °C res idue , 

wh ich i s  on ly 3 0 %  of  the value obtained for the tot a l  l 0 0 °C 

water fract ion by s pe c trophotometric as s ay .  I t  is  l ikely 

there fore that a maj or portion o f  the galactur on ic acid 

res idues in the s amp l e  ( �7 0 % ) mus t  h ave resisted reduction . 

Thes e  non-reduced acid ic res idues wou ld not appear in the 

methylation ana lys i s . Ca lculat ions show that in MRM , on ly 

1 5 %  and in MRMRMM 3 0 %  of the total pectin had been reduced . 

Further reductions were not attempted owi ng to s hort age of 

time and mater ia l .  Although the galacturonan b ackbone in 

the fu l ly reduced and methy lated s amp le was unbr anched 

( except for rhamnose res idue s )  , the non-reduced port ion ( not 

ob served in the methylation analy s i s )  migh t  contain branching 

on GalA re s idues . S iddiqui and Wood ( 2 0 4 )  h ave proposed for 

Rape seed coty ledon mea l pectin , that GalA was h igh ly branched , 

and they did demons trate branched GalA res idue s in  the ir 

methy lat ion ana ly s i s . Their propos al  was based on ob serving 
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they had not ach ieved comp lete reduct ion o f  the pectin , and a 

cons i de ration of  the requ irement to balance terminal and 

b ranched res idues in the i r  methy l ation analys i s . I n  thi s  

s tudy also , an exce s s  o f  terminal res idues ( e . g .  high 2 , 3 , 4 , 6 � 

.t-1e
4 

Gal) ove r branch res i dues was obs e rved i n  the l 0 0°C water 

frac tion unde r discussion ( Table 6 . 3 )  as we l l  as in  s everal 

other frac tions ( Tab le 6 . 2 ) . Thi s  too may re f le c t  an unde tec ted 

branch i ng of  GalA res idues in the pe ctin . I t  i s  not c lear 

howeve r ,  why redu ction o f  Ga lA should occur preferential ly on 

unbranched res idues . 

Branchi ng has bee n re lated to reduce d cohes ion for pe c ti ns i n  

ti s sues unde rgoi ng rapi d enlargement ( 4 3 ) . B u t  ac tively 

growing ce l ls such as sycamore su spens ion-cul tured ce l ls 

( 8 ,  4 6 , 4 7 )  have pectin w i th low b ranch ing and low rhamnose . 

The latter s i tuation migh t be a c los e r  para l le l to that of  

the p i ne callus wall . 

I n  a l l  frac tions me thyl ated , the p re s ence o f  low leve ls o f  

3 ,  4 -Me 2 -rhamnos e ,  and 3-Me -rhamno s e , s uggest tha t  the poly­

galactu ronic aci d  is inte rrupted wi th a low leve l of 

rhamnose , 2 - l i nked in the main chai n  ( 3 ) . I n  hot water and 

sub s equent fractions , higher leve ls o f  3-Me-rhamnose than 

3 ,  4 -Me2 -rhamnose in  both batches , imp ly that much of  the 

rhamno s e  i s  branched through the 4 -pos i tion , providing for 

the on ly de tec tab le branch ing i n  the pe c tin . Thi s  probab ly 

repres ents the attachment s i te for the neutral arabi nan or 

galactan to the rhamnogalac turonan backbone of the overal l  

pec tic comp lex . Somewhat. h igher leve l s  o f  3 -Me -rhamnose i n  the 

alkali and res idue fractions in Batch 1 ,  might s ugge s t  that the 

more tightly bound pectin is more highly branched . 

The di s tribution o f  pe ctin amongs t  fractiona tions tends to 

i ndi cate that a diverse s cheme of  i nte ractions migh t  hold 

the pe ctin in the wa l l . I t  is not totally removed by 

condi ti ons which degrade polyga lacturoni c aci d by 8 -

e l imina tion ( 1 4 3 ,  19 1)  or by me tal i o n chelato rs that help 

solub i l i s e  pe ctins , and more i s  removed by alk ali  after GTC , 

or urea extrac tions . Afte r strong a lk a l i  extractions whi ch 

wou ld complete ly hydrolyse a l l  e s te r  l inks , pe c tin i s  st i l l  
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found in  the res idue s . Thus , much of the pe ctin appears to 

be held in the wall by alkali lab i le links , or by l inkage to 

po lymer s  requiring alkali for extraction . The res idual 

pectin may be interact ing with lignin in the wall in s ome 

manner prevent ing comp lete extraction with a lkali . 

Non Pectic  Galactans . 

Leve l s  of  2 , 4 , 6 -Me 3- ga lactose , 2 , 3 , 4 -Me 3- ga l actose , and 

2 , 4-Me 2 - ga lactos e , corr e sponding to 3-linked , 6 - linked and 

3 , 6 - l inked galactos e are h igh in water solub le fractions 

though pre s ent to some extent in sub sequent fractions . Thes e  

have b een shown to b e  components o f  3 , 6 - linked Type I I  

arab inogalactans , in con i ferous ti s s ues ( 4 9 , 5 0 )  and h ave 

been f ound in an ar ab ino-ga lactan in P ine by Roud ier and 

Eberhard ( 12 6 ) . For B atch 1 wal ls , the leve l of 2 , 4 , 6 -Me 3 
Ga l increases w ith incre a s i ng temper ature in  w ater 

extr actions , and in Batch 2 wal ls , i t  i s  again h igh in the 

10 0 °C water fract ion . From experiments with DEAE - ce l lu lose 

chromatography d i s cussed in Chapter 7 ,  it is  con f irmed that 

mos t  of the 2 , 4 , 6 -Me 3- galac tose corre sponds to a 3 - linked 

linear ga lactan , requir ing hot water for extraction . In the 

lower temperature aqueous e xtracts , a Type I I  arabinogalactan 

s tructure wou ld appear to b e  more dominant .  Thes e  " loos e ly 

bound " g a lactans are d i f ficult to p la ce in a def ined 

category as regards bond ing or functi on in the wal l ,  but they 

might appear to b e  wall  components . 

Hemice l lu loses . 

As de scribed in Sections 6 . 2  and 6 . 3 ,  hemice l lu los i c  xyl an 

and xy log lucan are pre sent in alkali fractions of B atch 1 ,  

and GTC , urea , and alk a l i  fractions o f  B atch 2 .  Alkali 

appear s to remove more xy log lucan than xy lan . 

Methylation analys e s  of s e le cted frac tions o f  B atch 1 and 

Batch 2 walls , provided fur ther evidence for conc lus ions 

reached from sugar ana lyses  in Chapter 5 .  These ana ly s e s  

con firm the presence of  pectic type arab inans , g a lactans , 

3 , 6 -arab inoga lactan , rhamnog alacturonan and hemice llu lose s ,  

xy lan ( perhaps ( 4 -0-methy lg lucurono ) xyl an ) and xy log lucan . 



1'able 6 . 7 : Estimated Leve l s  of  Polysaccharides in Batch 1 Wal l s : mg/g 7 0°c Water Re sidue 

( E stimated from me thylation , and sugar data , Tables 6 . 1 , 6 . 2 ,  6 . 3 ;  5 . 5 ,  5 . 6 ,  5 . 7 ,  5 . 8 ) . 

XG X BG A G Pectin 

· 0  
7 0°C H20 1 . 0  6 . 0  7 . 0  4 & tr 3 . 0  1 5 . 0  XG , Xyloglucan (glucan backbone) 

X ,  Xylan ( 4 -linked xylose backbone) 
PATH A 

BG , Branched Galactan ( includes 

Oxalate + EDTA tr 1 .  5 . 4 . 5  9 . 0  2 . 5  2 3 . 0  3-linked galactan) 

Arabinan ( 5-linked pectic i 
Na2 co3 - 0 . 2  2 . 0  8 . 0  2 . 0  1 5 . 0  A,  

arabinan) 
�Alkal i extracts 4 0 . 0  1 0 . 0  1 1 . 0  4 5 . 0  2 2 . 0  3 3 . 0  G ,  Galactan ( 4 -linked pectic 
�Alkal i + BO�- 2 . 5  <1 . 0  2 . 0  12 . 0  5 . 0  7 . 0  galactan) 

Re s idue # 7 . 0  1 . 0  tr 4 4 . 0  8 . 0  2 7 . 0  Pectin , Rhamnogalacturonan ( 4-linked 
GalA) 

PATH B 
tr = trace 

1 0 0
°

C H2o - 1 . 0  17 . 0  5 3 . 0  9 . 0  5 1 . 0  
* contain small levels of Mannan Oxal ate + EDTA tr 1 . 0  3 . 0  8 . 0  2 . 0  2 5 . 0  ( 4 - l inked) 

6M urea 2 . 0  tr tr 2 . 0  2 . 0  4 . 0  # much of the glucose in the 
Na 2co3 - 0 . 1  < 1 . 0  7 . 0  1 . 0  12 . 0  residues could have arisen from 

3 - 3 6 . 0  1 0 . 0  5 . 0  1 8 . 0  1 6 . 0  hydrolysis of ce llulose , though �Alkal i + B03 1 4 . 0  
fucose-rich xyloglucan may be 

Re sidue # 5 . 0  1 . 0  tr 2 5 . 0  13 . 0  3 1 . 0  present . 

-·- ·-

I'J 
.p 
0 



Table 6 . 8 :  Estimated Level s  of Polysaccharide s in Batch 2 Wa l l s ;  mg/g 7 0°C Water Re s idue 

( E s t imated as in Table 6 . 7 ,  from me thyl ation and sugar data)  

0 0 4 + 7 0  C Water 

H20 + EDTA l 0 0°
C 

Chaotropic reagents 

Na2�o3 + 1abil ised 

M Alkal i  extracted 

c1o; + lab i l ised 

G Re sidue -

XG 

2 . 0  

1 - 2 .  0 

6 . 0  

0 . 2  

1 0 . 0  

1 . 0 

3 . 4 

X BG A 

tr 6 . 0  1 2 . 0  

0 - 1 .  0 14 . 0  2 5 . 0  

4 . 0  3 . 5 4 . 5  

0 . 1 0 . 8  2 . 1  

3 . 6  tr 1 0 . 0  

2 . 0  tr 1 9 . 0  

1 . 0  tr 8 . 0  

G Pectin 

3 . 0  7 1 . 0 

6 . 0  3 4 . 0  

1 . 5 1 . 5 

0 . 6  3 . 0  

6 . 3  9 . 1  

7 . 0  8 . 6  

5 . 0  4 . 6  

- -- -

XG , X ,  BG , A ,  G ,  Pectin ; represent 
polymers as explained on Table 6 . 7  

M Fraction contains low levels of  -
Mannan 

G Much of  the Glucose in this -
fraction could have arisen 
from some hydrolysis of  
cellulose , though a fucose-rich 
xyloglucan may be present . 

' 
i 

!'V 
0 1-' 
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The approximate quantitated s ummary of  wal l polys acchar ide s 

has been attempted as out lined in Tab les 6 . 7  and 6 . 8 . These 

results were ob tained as in S e ction 6 . 3  for T ab le 6 . 5 ,  by 

proportioning the quantities of  derivatives according to the 

expected s tr uctures of polys accharides . U s ing data of 

T ab le s  6 . 1 - 6 . 3  and 5 . 7 ,  5 . 8 ,  the leve l s  of polys accharide 

were e s timated and these, cons idered with the weights of 

s ugars removed , enab led the approximate weight of  

polys ac ch ar ides in  fractions to be  estimated . It  should be 

stres sed tha t  these were semi-empirical calculations and the 

T ab les 6 . 7  and 6 . 8  show s emi -quanti tative rather than precise  

data s ince p ure polys accharides were not isolated . 

In  conc luding , the fol lowing remarks seem appropriate . 

In  P inus radiata ca l l us the GalA/Rha r at io i s  h igh, as in 

s uspen s i on- cultured sycamore ce l l  walls . The overa l l  ratio 

in aqueous extracts i s  approximate ly 4 0 : 1  for both b atche s , 

but in subsequent extracts Ga lA/Rha decreas e s  for Batch 1 

and B atch 2 walls . Thus , probab ly the cal lus pectin has a 

low rhamnose leve l , and low branch ing of Ga lA , con s i s tent 

with methy lation dat a  on the 10 0 °C water fraction , for 

Batch 2 wa l l s , and leve ls of methy lated rhamnose derivatives 

for B atch 1.  This wou ld enab le relat ive extraction by 

8 -el iminat ion of homogalacturonan regions of the pect in ,  

leaving behind a material of h igh rhamnos e  content . The 

heterogeneity of the pect in as a re su lt of s e lect ive 

extraction of  GalA- rich po lymers by 8 - e limination is 

demonstrated in the next chapter by fractionation s tudies of 

the pectin by DEAE - ce l lulos e  chromatography . Darvi l l  et  al 

( 19 9 )  extracted pectin from sycamore ce l l  wal ls with 

po lyga lactur onase ins tead of hot water , thus ob tain ing a 

polymer ic product with much lower Ga lA content . 

The rhamnogalacturonan wou ld be typical o f  many pectins 

( 3 ,  8 )  with s ome kinking of the main chain provided for by 

the 2 - linked rhamnose . The branch ing of rhamnose examined 

by methy lation analys is  in P inus callus fractions was h igh , 

us ual ly round 7 5 % , but branching of Ga lA res idues was s light . 
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The C - 4 of rhamno s e  may be linked to neutral poly s accharide , 

s uch as the 4 - linked galactans in callus . Di f ferent pe ctins 

vary in leve l s  o f  arab inose and galactos e which normally 

appe ar as pec tic arab inan and galactan linked to pe c ti n  

through rhamnose as pos tul ated here , into a pec ti c  c omp lex . 

The components o f  a 3 , 6 -galac tan/arabi noga lac tan , ( 8 ,  4 9 , SO , 
1 2 6 ) are tentative ly as s igned as integral wa l l  components , 

with cohes ive functions . The 4 - l inked galactan and 5 - l i nked 

arab i nan are in evide nce throughout wa l l  frac tions . 

Much of  the pecti c comp lex requires a lkali for i ts releas e , 

( s ub s equent to B -e l imination of  pectin) probab ly due to 

link age to non GTC - l ab i le hemi ce l lu loses . 

Alk a li-solub le xyloglucans ( after pre liminary cleavage of  pec ti n )  

are confirmed by methy lation data in Batch 1 .  Methy lati on 

confi rms that xy loglu can can be removed by chao trop i c  reagents 

i n  Batch 2 demons trating its bonding by hydrogen-bonds in the 

wa ll . Hemice l lulos i c  xy lan and xy log lucan are con fi rmed i n  

a lkali  fractions o f  B atch 2 ,  wi th pe c tic po lymers , s upporti ng 

the s imp le s ugar analyses  of  Chapter 5 tha t , more res i s tant 

bonds exi s t , holding much o f  the pe c tin and hemi ce l lulos e 

in the wall . I t  i s  expe cted that mo s t  e s ter l i nk ing would be 

hydrolysed by Na
2

co
3 

( 1 4 9 , 2 0 5 )  and there fore a lk a li could be 

c le aving more res i s tant e s ters , or s tronger bonds to ligni n 

and/or protein , or unspeci fied link s  to ce l lu lose ( 2 ) . 



CHAPTER 7 

PU R I F I CAT I ON OF  SOME PECT I C  POLYSACCHAR I DES BY 

CH ROMATOG RAPHY ON DEAE-CELLULOSE 

7 . 1  I NT RODUCT I ON 

2 0 4 .  

The ce l l  wal l  fractions s tudied in the previous two chapters 

were h ighly complex , as indicated by the methylation analys i s , 

and evidently contained mixtures o f  s everal polysaccharide s .  

To i nve stigate thi s he terogene i ty a chromatographic fract ion­

ation was attempted on the l argest cell  wal l  fraction , name ly 

the 1 0 0°C water fraction , from B atch 2 wal ls . Analytical 

data of the preceding chapters s ugge s t  that the frac tion 

contained pectic po lymers ( rhamnogalacturonan , arab inan , and 

galac tan ) - presumably l iberated by a 8-elimination reaction -

as  we l l  a s  a Type I I  a rabinogal ac tan or galactan , and some 

s tarch and minor amounts of a xylan . 

Thi s  chapter reports the results of  e f forts to separate some 

o f  thes e  components by ion exchange chromatography on DEAE­

cel lulose . 

7 . 2  D EAE -C E LLULOSE  C HROMATOGRAPHY O F  1 0 0°c WAT ER EXTRACT 

OF BATC H 2 WALLS 

12ml o f  this fraction ( 1 0 0°C water fraction o f  Batch 2 wal l s , 

containing S Omg dry we ight ) was diluted to 4 4ml , with sodium 

phosphate buf fer pH 7 . 0  ( . O lM f inal concentration ) , thi s 

volume be ing adequate for solution o f  much of the fraction . 

The s ample was brought into solution by heating brie fly to 

1 0 0°C ,  cool ing and centri fuging to remove a trace of insoluble 

matter . 

The sample was appl ied to a column of  DEAE -cel lulose ( Whatman 

DE- 3 2 , 5 . 8  x 2 . 3  cm , 2 4ml bed vo l ume , pre- equ i l ibra ted with 

. O lM sodium phosphate buf fer pH 7 . 0 ) , and fractions of  approx 

4ml were collected by an automatic fraction collector . 
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Elut ion was e ffec ted by l O Oml o f  O . O lM sodium pho sphate buffer 

pH 7 . 0  fol lowed by a l inear gradient of sodium chloride ( 0 . 0  

- O . SM) in . O lM sodium phosphate buf fer pH 7 . 0 .  Elution o f  

material terminated i n  advance of  re sidual gradient run over 

the column . Fractions were as sayed for protein , ( A2 8 0 ) ,  

total carbohydrate ( phenol - sulphuric acid a s s ay on 2 0 0 � 1 

a l iquot s  of  each fraction)  and uronic acid ( m -hydroxydiphenyl 

as say on 1 0 0 � 1  al iquot s ) .  The re sul t s  are plotted as  an 

e lu tion profile in Figure 7 . 1 . The conductivity of fract ions 

i s  a l so indicated . 

Figure 7 . 1  shows that a l arge neutral carbohydrate fraction 

was eluted firs t , fol lowed by a heterogeneou s  serie s o f  ac idic 

fractions , containing varying amounts of  uronic acid and/or 

prote in . 

Fractions were pooled a s  shown on Figure 7 . 1 ,  each fraction 

corre sponding to a peak in the e lution profi le of  carbohydrate 

or prote in . The neutral fraction ( PF . l )  wa s divided in the 

ratio 4 : 1 and the l arger portion set as ide for me thy lation 

ana ly s i s . The smal ler portion and all the o ther poo led 

fractions were analysed for mono saccharide compos ition as 

de scribed in methods Sec tion 2 . 3 . 1 .  Hydroly s i s  of  the 

lyophi l i sed fractions was performed with HN0 3/ure a . 

The monosaccharide analytical data are shown in Table 7 . 1 .  

I t  i s  c lear that separation of· distinc t polys accharide 

components has occurre d .  The ma j or components are tentatively 

ident i f ied on the table , with comments be low . In  fraction 

PF . l  it appears that there was a neutral galactan or 

arabinogalactan perhaps contaminated wi th a small  amount o f  

glucan ( possibly res idual s tarch ) . Methylation analys i s  

( Sect ion 7 . 3 ) confirmed t h i s  identi fication . Fraction PF . 2  

may be an arabinogalac tan , or arabinogalactan-protein , whi le 

Fraction PF . 3  appears to be a distinct polysaccharide , 

po s s ibly an acidic arabinan . 

Although fractions PF . S ,  6 and 7 apparently repre sented three 

di stinct pec tin fractions ; fraction PF . S  was the ma j or uronic 

acid fraction . I t  i s  e luted at lower salt concentration than 



Table 7 . 1 :  Neutral Sugar Percentage Compos i t ion o f  Fract ions o f  DEAE- Run l 

Sugar s 

Fraction Rh a Fuc Ara Xyl Man Gal Glc Polysaccharide 
( PF )  

l 6 . 3  8 6 . 0  7 . 9  Gal ac tan 

2 1 . 3  4 3 . 0  2 . 0  5 4 . 0  . Arabinogalactan ( -pro tein)  

3 0 . 4  0 . 3  8 5 . 4  - 1 4 . 0  Acidic Arabinan 

4 5 . 4  0 . 8 1 6 3 . 0  0 . 6  2 9 . 0  l . l  *Arabinogal actan ( - prote in)  

5 Pe ctin l ( S ample lo s t )  

6 l l . 7 2 . 5  5 8 . 0  1 . 0  

7 2 . 7  2 . 1  7 1 . 0 

0 . 3 5 2 6 . 0  0 . 9 3 

2 4 . 1  

Pectin 2 

Pectin 3 

* or Arabinan and 
Galactan 

--- - --- ---------·----- ---

Un fortunately fract ion 5 containing much of  the uronic acid was lo st , and neutral sugar 

data to this fract ion is not available . 

IV 
0 
-..I 
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Fract ion PF . 6  which has a re lative ly h igher neutral s ugar 

content ( see Figure 7 . 1 ) . The order of elution of the se two 

fractions may be governed by the degree of e s ter i f i ca t ion o f  

the uronic acid carboxyl group s ( 4 2 ) . Alternat ivel y  covalent 

a s sociation with pro te in may have a role he re . 

The as soc i at ion of  arabinose and galactose in a l l  the acidic 

fractions may indicate covalent l inkage to either pectin or 

protein . Furthe r in formation on the arabinan frac t ion wa s 

obtained from a sub sequent DEAE-cellulose frac tionation , the 

results of  which are presented in Sections 7 . 4 - 7 . 6 .  

The maj or prote in peaks in Figu re 7 . 1  do not corre spond to the 

carbohydrate peak s and no a s soc i ation between protein and 

polysaccharide can be inferred from the data pre sented he re . 

The prote in ana lytical data discu s sed in Chapter 5 sugges t  

that much o f  the protein in the 1 0 0°C water fract ion o f  Batch 

2 wal l s  was , i n  fact , cytoplasmi c pro te in . Amino a c id 

analyses on selec ted fractions e l uted from DEAE -c e llulose are 

pre sented in Section 7 . 5  and show no features that wou l d  

indicate that they a r e  wal l  proteins . 

7 . 3  METHYLAT I ON O F  N E UTRAL GALACTAN 

The maj or portion of pooled fraction 1 from the DEAE-cellulose 

chromatography described in Figure 7 . 1  was permethy l a te d , 

hydrolysed and converted to partially methylated aldito l  

acetates as  described in methods . Section 2 . 4 . 3 . 1 .  G . C . -M . S .  

of  the resul t ing mixture ( see Section 2 . 4 . 7 ) revealed the 

composition indicated in Table 7 . 2 .  The glucose der ivative s 

were pre sent i n  proport ions con s i stent with thei r  origin 

from starch . Thi s would be a sma l l  amount of s tarch which 

had re sisted �-amylase dige s tion , as s uggested i n  Chapter 6 .  

The rather h igh degree of branch ing o f  thi s residual s tarch 

( e a . 1 5 %  2 , 3 -Me2 -g lucose ) sugge s t s  a po s s ible rea son for i t s  

re s i stance t o  a -amylase . 

The remaining re s idue s were mos tly galacto se and arabinose 

der ivative s . Of these , 2 , 4 , 6 -Me 3 -galactose repre s en ted about 



Tab le 7 .  2 :  Methylat ion Data for DEAE · - Run l , Fraction l 

Rel ative Mo le % Compos it ion o f  Me thylated 

Polysaccharide S ugar Re s idue s 

Mono saccharide 0-!-iethyl ether Mo le % 
.. 

Arabi nose * 2 , 3 , 5  - tri  0 . 8  

2 , 3 , 4  - tri 0 . 0 6 

3 , 5 - d i  0 . 1  

2 , 5  - di 0 . 9  

2 , 3  - di 2 . 5  

2 - mono 4 . 6  

- - nil 2 . 8  

Xyl o se * 2 , 3 , 4 - tri  0 . 1  

2 , 3 -/ 3 , 4  - d i  0 . 3  

Galactose * 2 , 3 , 4 , 6  - tetra 1 . 9  

2 , 4 , 6  - tri 7 2 . 4  

2 , 6 - di 1 . 0  

2 , 3 - di 0 . 6  

2 , 4 - d i  1 . 8  

2 - mono 1 . 1 

Gluco se * 2 , 3 , 4 , 6  - tetra 0 . 6  

2 , 3 , 6  - tri 6 . 9  

2 , 3 - d i  1 . 3  

Rhamnose 3 , 4  - d i  0 . 1  

3 - mono 0 . 2  

* Derivat ives sub j ect  to sma l l  lo s s  through vo latil ity 

2 0 9 . 
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8 0  mo le % .  Thi s  suggests  that the polysaccharide material 

of frac t ion � was large ly a l inear { 1  + 3 ) -galac tan . A low 

degree o f  branching at pos ition 6 o f  the gal ac tose i s  

indic ated b y  the 2 , 4 -Me 2
-galacto se . The arabinose re s idue s 

may or may not be an integral part o f  the ga l ac tan mo lecule .  

The s tructure of  thi s l i near galactan is  con s i dered furthe r 

in Sect ion 7 . 7 .  

7 . 4  S ECOND ( LA R G E R  SCALE ) D EAE -C E LL ULOSE C H ROMATOGRAPHY 

O F  1 0 0°C WAT E R  EXTRACT O F  BATC H  2 WAL L S  

The sample  of  1 0 0°C water fraction { 2 5 0mg ) was suspended in 

a to tal volume of 2 0 0ml O . O lM sodium phosphate bu f fer pH7 . 0 .  

The s ample was brought i nto solution by heating brie fly to 

l 0 0°c ,  cooled and centri fuged at 2 9 0 0g for 5 minute s in a 

Serval centri fuge , to remove a trace o f  inso luble material . 

The supernatant was appl ied to DEAE-ce llulo s e  { Whatman DE- 3 2 ,  

8 . 2  x 2 . 3cm,  3 4  ml bed vo lume , pre-equ i l ibrated with O . O lM 

sodium p hosphate buf fer pH 7 . 0 ) , and fraction s  7 - 8ml we re 

col lecte d  by a timed automatic fraction col l ector . After 

appl icat ion of  the 2 0 0ml o f  sample ,  it was washed through 

with l O Oml sodium phosphate buf fer and acidic polysaccha ride s 

we re e luted wi th 4 0 0ml O . O lM sodium phosphate buffer pH 7 . 0  

containing NaCl { 0  - l . OM l inear gradient) . E l ut ion was 

complete be fore the l a s t  of the gradient was pas sed over the 

column . The increased final salt concentration over that 

used in the previous separation { Section 7 . 2 )  provided for 

the e lut ion of  any more t ightly bound acidic material . 

As shown in Figure 7 . 2  the rathe r steeper gradient used i n  

elution o f  the second run on DEAE-cel lulose re sulted in a 

crowding o f  some o f  the fractions that had been separated 

previou sly  { Figure 7 . 1 ) . In particular the fraction 

identi fied as an a rabinan , { fraction PF . 3  in Figure 7 . 1 ) 

now appeared as  a shoulder in the suc ceeding fractions . In  

addi t ion , the separation of  distinct uron ic a c id-containing 

fractions wa s obscured on the second run . On the othe r hand 
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the h ighe r salt concentration revealed a rather tightly 

bound pro tein ( Figu re 7 . 2 ) . 

2 1 2 . 

S e lec ted fractions from the elution profile of  Figure 7 . 2  

were pooled for monosaccharide analys i s  or s ub j ected to 

amino-acid analysi s  ( Sec tion 2 . 2 . 3 ) . The results  are 

d i scus sed in Section 7 . 5 .  A fraction was s e lected from the 

p resumed arabinan region of the profile (Fraction 3 8 , 

F igure 7 . 2 ) for methylation analys i s . Thi s  i s  de scribed 

in Sect ion 7 . 6  below . 

Frac t ions from region PF . 2  ( Figure 7 . 2 )  were pooled and 

applied aga in to a DEAE-cel lulose column for gradient 

e lution with NaC l ( 0  - O . SM) in O . O lM sodium phosphate buf fe r  

pH 7 . 0  as de scribed i n  Sec tion 7 . 2 ,  i n  a n  a ttempt to 

fractionate the uronic acid-rich polysac charide s . Sml 

fractions were col lected . The res ul ting elution profile 

i s  indicated in Figure ( 7 . 3 ) . As can be seen , separation 

o f  several d i s tinct uronic acid- rich fractions was achieved . 

One fraction from this  re -run was selec ted for methyl ation 

analys i s , by the me t hylation-reduction techn ique desc ribed 

in Chapter 6 ,  for s tudy of  uronic acid-contai ning polymers . 

However, the results indicated that selective methylation 

of the neutral components of the fraction had occurred and 

only a trace of dideuterated 2 , 3 , 6 -Me3- ga lactose was 

obtained . The small sample s i z e  may have led to low recovery 

of  methylated galacturonan , and shortage of material and 

time did not pe rmi t further structural i nve s tigat ion of  the s e  

uronic acid-rich fractions . 

7 . 5  ANALYSIS O F  FRACTIONS FROM THE SECOND DEAE-CELLULOSE RUN 

The elution profile again shows a neutral frac t ion and several 

acidic frac t ions as  i n  the first run ( Fi gure 7 . 1 ) , but with 

a furthe r ma jor prote in peak at high s a l t  concentration . 
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The monosaccharide and amino acid analytica l  data for 

selected fract ions ind icated on Figure 7 . 2  are pre sented in 

Tables  7 . 3  and 7 . 4  respective ly . 

Table 7 . 3 :  Mono saccharide Data , DEAE - Run 2 

Fraction 

P F . 3  

P F . 4  

Neutral Sugar Mole Percentage Compos i tion o f  

Some Fract ions 

S ugars 

Rh a Fuc Ara Xyl Man Gal Glc 

2 . 9  1 0 . 2  3 8 . 3  0 . 0  0 . 0  2 6 . 4  2 2 . 1  

4 . 6  4 . 0  6 7 . 7  0 . 0 0 . 0  1 8 . 3  6 . 1  

Table 7 . 4 :  Amino Ac id Compos i tion o f  Fract ions from DEAE­

Ce l lulose Chromatography ( as indicated in 

F igure 7 . 2  and described in the text) 

Amino ac ids expre s sed as Mo le % for each fract ion 

Co lumn fract ion 

Amino Ac id 4 0  4 9  5 9  

Asp 1 0 . 9  1 3 . 8  7 . 5  
Thr 4 . 9  4 . 9 3 . 8  
Ser 9 . 9 5 . 8  8 . 7  
Glu 1 4 . 8  1 7 . 9  1 1 . 5  
P ro 5 . 8  5 . 8  2 . 3  
Gly 1 0 . 2  1 1 . 5  2 5 . 9  
Ala 8 . 6  8 . 6  5 . 8  

�Cys 6 +  6 +  6 +  
Val 6 . 8  5 . 8  5 . 8  
Met 1 . 7  1 . 1 5 1 .  4 5  
I le 3 . 6  2 . 9  2 . 9  
Leu 5 . Q  5 . 8  5 . 8  
Tyr 4 . 0  2 . 9 0 4 . 0  
Phe 2 . 6  2 . 9  3 . 8  
Lys 2 . 5  2 . 0  2 . 3  
H i s  3 . 3  2 . 0 4 . 9  
Arg 2 . 6 3 . 8  3 . 5  
Hyp 2 . 3  2 . 6  1 . 2  
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Fractions 4 0  and 4 9  both had low leve l s  o f  hydroxypro l ine 

but no o ther noteworthy feature s . Fraction 5 9  had high 

glycine l eve l s . I t  i s  probable that much of the protein o f  

thi s  l 0 0°C water frac tion i s  not struc tural wal l  pro te in and 

is of no particular rel evance he re . Other fract ions ,  which 

were not inve s t i gated from this  DEAE run , may have had more 

hydroxyproline but the predominant frac tions appe ar to be o f  

hydroxyprol ine -poor prote in . 

Neutral sugar ana lyses were obtained for the fract ion s eluted 

by high salt concentration , and hence not examine d in the 

fi r s t  column run . The s e  fractions contained l i ttle uronic 

acid a nd it is l ikely that the neutra l sugar components were 

contained in glycoprotein mo lecules . No further study of 

soluble glycoprote ins was made . 

7 . 6  METHY LAT I O N O F  T H E  ARAB I NAN -R I C H FRACT I ON 

The re sults o f  methylation ana ly s i s  o f  Frac t ion 3 8  ( Figure 7 . 2 ) 

are pres ented in Table 7 . 5 .  The leve l of gal ac to s e  

derivative s  i s  higher than expected when compared w i t h  the 

corre sponding poo led fraction 3 ,  ( PF . 3 ) , of Table 7 . 2 .  Thi s  

may re flec t  a genuine dif ference i n  composi t ion o f  the 

frac tion resul t ing from the dif ferent sodium chloride gradient 

used on the second run , or it may re sult from selective 

methylation o f  a galacto s e  rich portion of  Fraction 3 8 . 

The re sul ts in Table 7 . 5  s uggest the presence o f  a typical 

pec tic arabinan , wi th high leve l s  of  5-linke d , 3 , 5 -l inke d , 

and terminal arabinose re s idue s , but the leve l o f  3 -l inked 

arabinose re s idues ( shown as  2 , 5-Me 2- arabino s e )  i s  unusual 

and the s e  res i due s may be as soc iated with an a rabinogal actan . 

The data for galactose derivative s , suggests the presence o f  

a pectic 4 -linked galactan , but also shows a very high ratio 

of terminal to branc hed re s idue s . It may be that some of  the 

galac tan re s idue s were terminal on a branched a rabinan or 

arabinogalactan . Al though the leve l of  uroni c  acid was 
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Table 7 . 5 :  Methyl ation Data o f  Arabinan -Containing Fract ion 

( DEAE run 2 ,  Frac t ion 3 8 )  

Re lative Mol e  % Compos i t i on of Methyl ated 

Po lysaccharide Sugar Re s i dues 

Mono saccharide 0-Met hyl: ether Mole % 

Arabino se * 2 , 3 , 5 - tri 1 1 . 0  

2 , 3 , 4 - tr i 0 . 2  

3 , 5  - d i  0 . 9  

2 , 5  - di 9 . 7 

2 , 3 - di 12 . 0  

2 - mono 9 . 1  

3 - mono 2 . 7 

- - ni l 5 . 1  

Xylos e  * 2 , 3 , 4 - tri 0 . 3  

2 , 3 -/ 3 , 4  - di  0 . 6  

Galac tose * 2 , 3 , 4 , 6 - te tra 15 . 3  

2 , 4 , 6 - tri 6 . 3  

3 , 4 , 6  - tri 1 . 0  

2 , 3 , 6 - tri 14 . 1  

2 , 3 , 4 - tri 1 . 0  

2 , 6 - di 0 . 6  

2 , 3 - di 0 . 5  

2 , 4 - di 1 . 0 

2 - mono 1 . 4  

Glucos e  * 2 , 3 , 4 , 6  - tetra 1 . 0  

2 , 3 , 6 - tri 1 . 5  

2 , 3  - mono 0 . 1  

Rhamnose 3 , 4  - di 0 . 5  

3 - mono 4 . 0  

*Derivatives subject to small loss through volatility 
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rel at ive ly low in thi s Fraction 3 8  ( see Figure 7 . 2 ,  1 5 %  total 

carbohydrate o f  the fraction ) ! the rhamnose leve l was fairly 

high , and s ome o f  the terminal galactose residues may have been 

as soc iated with branched rhamno se re sidues . 

7 . 7  D I SC US S I ON 

The chromatographic runs , reported in this chapter have 

demonstrated a lack o f  corre spondence between the uronic ac id­

containing frac t ions and pro te in in the 1 0 0°C water extracted 

material . 

The protei n  frac t ions were probably mo s tly cytopl a smic and 

contained only very low levels  of hydroxypro l ine . An 

as soc iation of some sort be tween prote in and pectin in the 

ce l l  wal l  res idues after a series of mi ld extracti on s  may be 

in ferred from t he data of Chap ter 5 ,  but attempt s  to demons trate 

any such a s sociation chromatographically were confined to the 

1 0 0°C wate r extract reported in thi s chapter . 

The ( 1  � 3 ) -galac tan identi fied here i s  probably a 8 - D-galactan 

re lated to the 3 , 6 - l inked arabinogalactan Type I I  of Aspinall , 

( re viewed by Ander son , Clarke and S tone ( 5 }) .  Such arabino­

galac tans have o ften been charac ter i sed as water sol uble 

components of pine wood ( Section 1 . 3 . 10 ) . The methylation 

data of Chapte r 6 sugge st that s uch arab inogal ac tans were 

pre sent in the 4°C ,  and 7 0°C water extracts of Batch 1 wal l s . 

As discus sed in Chapter 6 ,  the ratio o f  2 , 4 -Me 2
- galacto se to 

2 , 4 , 6 -Me3 - galactose in methylation analyses decreased 

progre s s ively through the 4°C ,  7 0°C and 1 0 0°C water extracts . 

I t  thus appears that we are deal ing with two po lysaccharide s 

here : an arabino- 3 , 6 -galactan and a l i near ( 1  � 3 ) -galac tan . 

The l atter i s  evidently relatively inso luble in cold water but 

s u f fic iently soluble to chromatograph succe s s ful l y  at room 

temperature on DEAE-cellulose . 

A l inear 8 ( 1�3 ) -D-galactan has been described in hot wa te r 

extract s  f rom Ro sa glauca callus t i s sue by Ma llar d  e t  al 
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( 1 5 4 ) . Thi s  galac tan was insol ub l e  in co ld water and could 

not be chromatographed at room temperature though the P inus 

ga l actan was soluble  enough for chromatography at room 

temperature . Thi s  galactan appears to be analogous to the 

gal actan found he re . Ma l lard e t  al found the gal ac tan was 

always obtained in the water soluble pec tin fractio n , but i t  

was also removed b y  pro longed aqueous buffer washing . They 

sugges ted that the Ros a  glauca galac tan may function as a 

protective covering to the wal l  and its  role as  a t ightl y  

bonded struc tural entity was que s t ioned . 
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CHAPTE R - 8 

CONCLUS I ON 

The eviden ce discussed in this the s i s  has estab li shed the 

presence of a range of different polys ac charide types in P inus 

radi ata callus cel t wal ls . Though information is avai lab le 

on the nature of  polys accharide components of  mature wal ls in 

gymnosperms there has been little information on the polymeric 

components and their organisat i on in gymnosperm pr imary ce l l  

walls . Th i s  study has s igni fi cant ly improved the under s t anding 

of  the nature of  the po lys accharides and protein in this new 

are a . The sys tematic wa ll fract i onations carried out enab led 

the types of polys acchar ides se lective ly extracted to be 

s tud ied by methy lation , for impor tan t  ce l l  wa l l  fractions . 

The fractionation s chemes were more detai led than used 

previous ly on primary gymnosperm ce l l  walls by North cote ( 1 3 0 , 

1 3 1 )  who did not support sugar ana lyses  of " crude " fractions 

with methyl ation data . This current work permitted more 

ac curate as s i gnment of polysacchar ides for distinc t ly de fined 

chemica l ly removed fractions . Also  the methy lati on of 

part icular fractions gave a more detai led de s cr ipt ion of  the 

type s of polys accharide s  distributed between wall fracti ons , 

compared to the cursory methy l at ion s tudy of whole wal l of  

P s eudotsuga men z i e s i i  ( 5 4 ) . Thus , l ikely polys acch ar ide s are 

more c lear ly e s tab l i shed than in previous work . The fol lowing 

principa l types may be identified : an arab in an , a pectic 

galactan , an arab ino- 3 ,  6 -galactan , a l inear ( 1 + 3 )  -galac tan , 

a xy log lucan , a xy lan ( probab ly (4 -0-methy lg lucurono) xy l an 

s imi lar to that found in other gymnosperms ( 1 2 5 )  and P inus 

ti s s ue ( 12 7 ) ) ,  and a rhamnoga lacturon an , with whi ch much of 

the arabinan and ga lactan is  probab ly covalent ly associated 

through rhamnose res idue s , as an overall pec t i c  complex . 

The linear 3 - linked galactan , and xy loglucan are new po ly­

sacchar ide components in gymnosperm primary wa lls . 

The e xtraction sequence s of th i s  work examine the pos s ib i lity 

for s everal bonding arrangements of the polys acch ar ide s .  

Extractions with cold and warm ( 7 0 °C)  water , preceding further 
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extract ion s , remove polysaccharides not firmly bound in the 

wal l .  P o lymer s  extracted thereafter are somewhat arbi trar i ly 

cons idered as integr a l  wal l components . S uch a con c lus ion i s  

j us t i f i ed b y  the s imilar i ty i n  compos ition of  w a l l s  prepared 

from broken ce l ls by the two procedures of wet s i eving and 

buffer extraction . 

The role of  protein in pr imary ce l l  wal ls is not unde r s tood 

but , from the work of S e lvendran ( 3 2 ,  3 3 ,  6 7 , 1 4 7 , 1 5 1 )  and 

others reported in Chapter 5 ,  it appears that two d i s tinct 

c las ses  of  integral wal l  proteins exi s t . Albersheim e t  al 

( 8 ) in the ir e ar ly ce ll wall mode l ,  proposed a covalent link 

between rhamnoga lacturonan and protein . The evidence was 

s omewhat tenuous and the ir revi sed mode l did not inc lude 

protein ( 9 ) . 

In  the work of Monro e t  a l  ( 1 3 2 - 1 3 6 ) , GTC at neutral  pH , 

which doe s not sp lit e s ter links , could s olub i l i s e  appreciab le 

proportions o f  the g lycoprotein ( 1 3 3 ) , e spe cially from the 

pectin-rich upper hypocoty l segments . Addition o f  E DTA c aused 

a further incre ase in the amount of  hydroxypro line extr acted 

by 6M GTC at 2 0 °C .  This cou ld be evidence for a prote in-pectin 

linkage and some pectin was extracted by EDTA at 3 7°C .  W i th 

6M GTC however on ly a minor proportion of  the pe c t i c  s ub s t an ce 

i s  removed . 

Re lease o f  wal l prote in with 1 0 %  KOH was temperature dependent 

( 1 3 5 ) . None was extracted at 0 °C ( 1 3 2 ) , but the b ulk was 

removed at 2 2 °c regard le s s  of  prior removal of  pectic s ubstance s . 

A more direct link was envi s aged between protein and ce l lu lose 

by Monro et  a l  ( 2 ,  1 3 2 ) . 

Fai lure of  prolonged tre atment with 1 0 %  KOH to remove a l l  of  

the non-g lucos e polys acch ar ides and protein , s ugges ted a more 

direct as soc i ation of protein and po lyuronide w i th ce l lulos e , 

but the propos a l  of  Monro et  al ( 2 , 1 3 2 )  involving a c ovalent 

l inkage cannot be sustained without further evidence . 

Extraction of po lyuron ide from lupin and mung bean hypocoty l 

with neutral detergent or ammon ium oxalate , wh i le removing 

pectin , extracted little of the wall protein ( 1 3 3 , 1 3 6 ) . 
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Protein could pos s ib ly be envi s aged to be  removed with pectin 

in the Albersheim mode l ( 2 ,  8 ) , but i t  i s  likely that pec tin 

removal by hot neutral detergent or hot oxalate involves 

degrada tion by S-el iminat ion , and hence cleavage of  any 

pec t i n-protein complexes . The pro tein  might there fore not be 

expec ted to be removed with the pectin . Trea tment with hot 

neu tral detergent or oxalate ( 2 ) would be ana logous to the 

po lygalac turonase treatmen t  used by Keegs tra et al ( 8 ,  4 7 ) . 

Thi s  enzymic treatment l iberated pec tic  polys acchar ides and 

ol i go saccharides leaving proteins and hemice l lulose in the 

wa l l  res idue . 

The as soc iation of  pro tein with cell  wa l l  po lysacchar ide s  i n  

P inus radiata callus wal l s  can be cons idered in the l ight o f  

fractionation s tudies  repor ted i n  th i s  the s i s . In pine 

cal lus we note that much o f  the po lyuronide was removed along 

w i th hydroxyprol ine by condi tions wh i ch c leave the pectin , 

such as  1 0 0°C water . Extrac tion with 6M GTC , or 8M urea did 

no t l iberate appreciable leve l s  of  hydroxypro l ine here . 

However , the proteins of aqueous fractions resemble 

hydroxyprol ine-poor cytop lasmic pro te ins . The less  read i ly 

extractable "wa l l  proteins " in alka l i  extrac ts ( subsequent to 

Na 2co3 extrac tion ) and in the res idue are found in frac t ion s 

with e l evated leve l s  of  uronic acid . I f  th i s  corre lation b e tween 

hydroxypro l ine ( and prote i n )  leve l s  and uronic acid in the 

alkali  fractions is  s ign i ficant , it might yield cons iderab l e  

in forma tion on wal l  s truc ture . O n  the other hand , l i ttle 

prote i n  was removed by chaotrop ic reagents , which did remove 

hemice l lulose after pectic cleavage . This might sugge s t  

that much pro tein i s  no t linked via pec tin-hemice llulose . 

Al ternat ive ly ,  i t  may be that a prote in-pectin  complex i s  

initia l ly present b u t  i s  degraded to such an extent b y  prior 

S - e l imination that some hemice llulose can now be extrac ted 

w i thout the protein . 

The role of pectin in primary ce l l  wa l l s  is  no t clear but has 

been envisaged to l ink prote in and hemicelluloses in the wa l l  

( 3 ,  8 ) , though an oppos ing view has been taken by others ( 2 ) ,  
and thus its precise func t ion i s  controvers ial ( 2 1 1 ) . 
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Much o f  the pec tin i n  P ine Callus coul d  be removed by a hot 

water treatment which presumably promotes degradation and 

re lease o f  pectin , through a S-elimination reaction . The 

removal o f  a further portion of pectin by alk a l i  extraction 

migh t sugge s t  that a long lengths of the rhamnoga l ac turonan 

the re could be po lysac charide bridge s connecting some of this 

pectin in the wal l  by alkali labile bond s  ( e . g .  e s ter link s )  

to o ther wal l  polyme rs ( e . g .  l ignin)  o r  that l inking poly­

s accharides may be hydrogen bonded to c e l lulo s e . P robably 

e ster l inks are not the only alkal i- labi le bonds , s ince 

pretreatment wi th N a2co 3 at pH 1 0 . 0 ,  fo l lowed by 6M urea and 

hot E DTA , did no t remove a large amount of  polysaccharide , a s  

was s ubsequently removed b y  alkal i .  Cleavage of  e s ter links 

by sodium carbonate ( we akly basic ) renders an appreciable 

l evel o f  arabinose and galactose solub l e  in wal l s  o f  Batch 1 ,  

and t hough l e s s  in wal l s  of Batch 2 ,  some pec tin and 

xyloglucan is then recovered by BM urea and an additional 

E DTA extrac tion . Pec tic arabinans , galac tan , and po lyuronide 

continue to be re l eased by alkali  along wi th hydroxyproline , 

a s  would occur i f  polyu ronide wa s bound to prote i n  and vice­

vers a  by alkali- lab i l e  l ink s as  in the Alber sheim model ( B , 

5 3 )  • 

C la s s ical ly, hemicel luloses have been opera tiona l l y  de fined as  

tho s e  polys accharid e s  whi ch are extrac table from holoce l lulose 

by c oncentrated alkal i .  A more chemical description might be 

that o f  S - ( 1  � 4 ) - l inked non cel lulos i c  polysaccharides which 

have a tendency towards hydrogen bond formation wi th cel lulose . 

They include ( in P inus radiata ) glucomannans , xylans and 

xylog lucan s . Alber s he im et  al  ( 4 6 )  s howed that xyloglucan s 

cou l d  be extrac ted from sycamore primary cel l wal l s  by BM 

urea , provided that pec tin had been previous l y  degraded . 

Monro et  a l  ( 17 0 )  s imi larly found an almost quan titative 

release o f  xy loglucan from lupin hypocotyls  by 6 M  GTC , whe reas 

arabinoxylans requi red mi ld alkal i for extrac tion . On the 

othe r hand Ba i ley and Kaus s ( 1 3 3 )  observed that extraction o f  

hemicelluloses  could b e  accomplished wi thout apprec i able 

degradation of  pec t in . 
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With P inu s radiata callus cel l wal l s , the hemice l lulose 

s i tu ation i s  more compl icated . A certain amount o f  xyloglucan 

and gal actoglucomannan are evidently extracted by cold wate r ; 

6M GTC then extracts a la�ge part of  the xyl an and some o f  

the xyloglucan . Subsequent treatment w i th alkali remove s 

mos t  of  the rema ining hemice l lulose s , w i th more seve re 

conditions required for the g lucomannan , but even after thi s , 

a portion remains in the res idue and require s chlorite 

treatment fol lowed by alkali  for i ts extrac tion . 

Removal of xyloglucan along wi th pe c t i c  components in alka l i  

frac tion s , a fter pec tin has already been partly removed by 

8 - e l imination , supports the hypothe s i s  ( 2 , 8 )  that l inking 

polysacchar ides ( xyloglucan and po s s ibly  xylan)  between 

pro tein , pectin and ce l lu lose may be hydrogen bonded to the 

cel lulo se . The s imul taneous removal o f  hydroxypro line woul d  

no t b e  inconsistent with a n  alkal i - l abi l e  l ink between pro tein 

and pectic po lymers ( pe rhaps via galac tosyl - serine ) ( 8 ,  2 8 , 

2 9 , 5 3 ) . A galactosyl-serine link i s  que stioned by Monro 

et al ( 1 3 4 , 1 3 5 , 13 6 )  on the grounds that alkal i-treatmen t  

doe s  n o t  cause the expec ted decrease i n  serine l eve l . 

Xy loglucan and xylan , the predominant hemice l luloses can a l so 

be partial ly solub i l i sed from the wal l  by the chaotropic 

agents , 6M GTC , and 8M urea , a fter pre l iminary 8-eliminative 

c l e avage o f  pectin . These  solubi l i sed frac tions also contain 

arabinan and galac tan and rhamnogalacturonan , an observation 

which would be con s i stant with , but not proof o f , some form 

of  bonding be tween po lyuronide o f  the wal l  and hemice l lulose . 

Thi s  would support the propo sal of  l inks  be tween po lyuronide 

and cel lulose as in the Alber sheim mode l  ( 8 ) . Bai ley and 

Kau s s  ( 1 3 3 )  showed that pectin polyuronide of mung bean 

hypocoty l s  wa s completely res i s tant to extrac t ion by 1 0 %  

alkal i a t  2 2  - 2 4°C ,  a treatment which might b e  expected to 

c leave po lyuronide by the 8 -e l iminative mechan i sm ,  although 

mo s t  of  the hemicel lulo se and glycopro te in was extracted by 

thi s  treatment . This resul t appe ars to be in confl ict with 

the Albersheim model . 
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I t  i s  noted in contrast to Monro et  al ( 2 , 1 3 4 , 1 3 5 )  that 

cons iderab le levels of hemice l lu los es are le ft after s trong 

a lk a l i  extraction in P inus . Most of th i s  material was 

liber ated by oxidative degradat ion of l ignin with acid 

chlorite and subs equent extract ion with 10% KOH . I t  is  

proposed that firmly bound material in the p ine callus wall  

occurs by a s s ociation with lign in . I n the present s tudies 

the p artial resistan ce to alka li extract i on of pe ctic 

subs tances , hemicel luloses and hydroxypro line -rich prote in 

may be due to lignin cros s - linking and rather h igh leve ls of 

lignin appe ar to be pre sent . A mild tre atment with acid 

ch lor ite , s uf fi cient to cause marked de lignification ( as 

evidenced by the b leaching of the s amp l e )  but caus ing very 

l i t t le degradation of prote in or carbohydrate , led to nearly 

a l l  the remaining protein and non-ce llulosic polys accharide 

becoming a lka li -extractab le .  

The re s i s t an ce of about 4 0 %  of all the pectin and prote in to 

alkali extraction is attr ibuted to some residual bond ing and 

mes h ing of  the po lymers with lignin , found at low leve ls in 

the s e  wa lls . With the onset of lignin synthes i s  the 

pos s ib i l i ty exists  f or coup ling between pheno l i c  res idue s o f  

lignin and polys accharides and prote in during po lymeris ation 

of  lignin , as obs erved by Whitmore ( 6 ,  7 ) . This coup ling 

cou ld be via ether linkages formed through reactive free 

r ad i c a l  intermediate s and ether links could be formed to 

sugar r ing hydroxyl s  or carbony l groups of protein . The 

introduction of the l ignin polymer with the c apacity for 

e s ter , ether , and C-C  bond formation increases the pos s ibi lity 

of  cros s - link ing between wall po lymers enormous ly . Tre atment 

of the wa l ls after a l l  other extractions with chlorite 

provides s trong evidence for lign in-po lysacchar ide ( 6 )  and 

lignin-prote in interactions ( 7 ) . The s ubsequent release of  

the non-c e l lulos i c  polys acchar ide by a lkali , s uggests that 

these ( mos tly pectic  polys accharides indicated by the 

re le ase of  arabinos e and galactose ; s ome polyuron ide , 

xy log lucan and protein)  are involved in the lignin cros s ­

linking . 
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A l inear , 3 - l inked galactan wa s shown to be pre sent in the 

l 0 0°C water extract o f  bo th batches of pine cal lus ce ll wal l .  

A s imilar polysacchar ide was isolated by Ma l lard e t  a l  

( 15 4 , 15 5 )  from Rosa g lauc� cell  wal l s . Although 8-elimination 

of  pectin would have occurred during i so lation o f  the 

fraction containing the l inear galactan , it does not fol low 

that the galactan was origina l ly covalently l inked to pectin . 

The uronic ac id content of the galac tan after DEAE-c e l lulose 

chromatography was i n  fact very low ( not de tectable ) ,  and it 

i s  l ikely that i t  exi s ted a s  a free neutral polymer , eithe r 

in the wa l l , or as sugges ted by Barnoud e t  a l  ( 1 5 4 ) , fo r the 

ro s e  callus galactan perhaps as a peripheral protective agen t .  

The model o f  Keegstra e t  al , ( 1 9 7 3 )  ( 8 )  envi s age s polyme r s  

j o ined t o  one anothe r wi th a sequence o f  glycopro tein-pectin­

xyloglucan-hydrogen bonds to c e l lulose . In  the Monro mode l 

for lup in ( 2 , 1 3 2 , 1 3 4 , 13 5 ,  1 3 6 )  and mung beans ( 2 ,  1 3 2 )  

the complete re s i s tance o f  the pectin po lyuron ide to a lkal i 

extract ion which liberated mo s t  o f  the hemicel lulose and 

g lycopro tein ( 1 3 3 ) , s ugge s t s  that the compounds are e i the r 

not exten sive ly linke d  to the pectin or only through alka l i ­

labile e ster-l inks . The alka l i  treatmen t  o f  Bai ley and 

Kaus s , al though not removing pectin , did render i t  more 

readily extractable by mild reagents , such a s  0 . 5 % ammonium 

oxalate at 3 7 °C .  Thi s  sugge s t s  that some degradation o f  

pectin by 8 - e l imination may have occurred wi th alkal i , thus 

p artially obviating t he nece s s i ty for hot detergent treatment 

t o  bring about the s ame degrada tion . Extrac tion of  the 

degraded pec t in would require removal o f  ca2 +  by oxalate or 

E DTA . By c ontrast hot water a lone was fairly e f fective on 

P inus radiata , but " pectin " is neverthe less  s ub sequently 

removed with hemice l lulose s . Pectin removed by Bai ley and 

c oworkers ( 1 3 2 - 1 3 6 ) apparently seems to have required both : 

l )  

2 )  

8 -e l imination ( ho t  water o r  cold alkal i )  and 
2 + 

ea removal ( oxalate/or E DTA) . 

H emice llulose removed by Bailey and Kauss ( free o f  pectic  

material ) required only alkal i .  



2 2 6 . 

I t  i s  p roposed that Pinus radiata callus wal l s  con form to a 

s imilar mode l to that o f  Alber sheim ' s  for sycamore , but with 

re servations a s  to the details  of  polymer interconnec tions 

a s  recently admitted by Albersheim ( 2 1 1 ) , for the overall 

wal l  s tructure . 

The d i f ferent polysaccharide s do however exhibit di f ferences 

in  mode s  of bonding in the wal l . Thus ; 

l )  cold water removes xyloglucan , arabinogalac tan and 

galactoglucomannan 

2 )  hot water remove s pectin , ( l  + 3 ) -galac tan , pectic 

galactan and arabinan 

3 )  treatment with alka l i  remove s a xylan which i s  

extracted more readily than the xyloglucan , and the 

glucomannan (with s trong alkal i ) , and pec t i c  subs tance s 

are further removed 

4 )  and pectic substance s and hydroxyprol ine - rich prote in 

remain in the re s idue apparently c ro s s - l inked by 

l ignin . 

Hydrogen bonding holds much of the hemicel lulose , whi ch may 

a l so be bonded to pectin in the wall . Pectin in turn could 

c ro s s - l ink much of the . protein in the wa ll though a protein­

polysaccharide ( arabinoga lac tan ) complex has not been 

i so lated . S ince weak alka l i  ( Na2co3 ) remove s �ome poly­

s accharides or renders them extrac table subsequently , there 

may also be e ster l inkages of  pectin s and hemicelluloses 

( involving uronic acid res idue s )  to o the r wal l components , 

but c leavage o f  the pectin i s  probab ly a nece s s ary 

prerequ i s i te for removal after Na2co3 treatment . I t  i s  

p ropo s ed that res idual polysaccharide s and protein are he ld 

in the wal l  by l ignin and not by alkali  re s i s tant bonds to 

c e l lulose as proposed by Monro e t  al . 

Thi s work has laid a framework for further s tudies on the 

intermo lecular bonding wi thin Pinus radiata c e l l  wal l s , but 

much further work is needed in this area generally to 

eluc idate the covalent and non-cova lent bonding between 

wal l  polymers ( 2 1 1 )  . 
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The nature o f  the polysaccharide componen t s  i s  now fairly 

c l e ar ; some unders tanding o f  the proteins pre sent has been 

gained and ide a s  have been formul ated concerning the l inkage 

between po lyme rs on the ba s i s  of sequential extract ion 

s tudie s . I t  has also been pos sible to te s t  some aspects of  

c e l l  wal l mod e l s , such a s  the con firmation o f  hydrogen 

b onded xyloglucan , but some hemicel lulose i s  a l s o  l inked in 

another manner . There i s  also evidence that e ster l inks 

hold a sma l l  amount o f  polysaccharide in t he wall which can 

be subsequent l y  re leased by che l at ing and chaotrop i c  reagent s . 

The P inus radiata callus wal l  di f fers from previous ly s tudied 

primary wal l s  in its h igher l ignin content and in the rathe r 

t ight binding o f  much o f  the pe ctic materi a l  within the wa ll , 

perhaps by covalent l i nkage through lignin and/or prote in . 

Further eluc idation o f  the s truc ture with i n  the Pinus radiata 

c e l l  wal l , wi l l  be fac i l i tated by us ing a l ignin- free t i s sue 

s uch as camb i um .  

The s tructures reported in thi s  the s i s  provide an e s sential 

ground-work for future inve stigation of the covalent 

a s soc iation b e tween po l yme rs in P inus radi ata impor tant for 

e lucidation o f  the s tructure , growth and e l onga tion proces se s .  

Deve lopment o f  the column chromatographic approach explored 

in Chapter 7 s hould prove u se ful in separating fragments and 

e luc idating a s soc iations between neutral , acidic ( pectic ) , 

and protein , polymeric fragments released i n  fraction s , and 

hence po lysacchar ide -polysaccharide , and protein-poly­

s accharide l inkages in the wal l . 
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CHAPTER 9 
APPEND I CES 

Appendix 1 :  Ide nti fication o f  Running Parameters for Parti a l ly 

Me thylated Alditol Ace tates on Co lumns 1 ,  �, and 

Me thods of Quanti tation . 

Part 1 :  Procedure 

Capil l ary co lumns we re not avai lab le for the work o f  th is the s i s  

and conventional columns as de s cribed in Section 2 . 3 . 1 . 4  were 

used . Me thylated aldi tol ace tates of pre liminary samples were 

identi fied by their runni ng pos i tions re lative to 1 , 5 -di-O­

ace ty l- 2 , 3 , 4 , 6 - te tra-0-methyl-D-gluci tol , ( T .  va lues ) the 

s tandard whi ch is usually used in the li terature . The 

reproduc ibi l i ty of  re lative re tention times was gene ral ly 

with i n  1 %  provided that two inte rna l s tandards , with cons ider­

ab ly d i f ferent retention t imes were used , and tha t the va lues 

were de termined by interpo lation . However more use was made 

here of programmed runs , where T va lue s could not be direc tly 

inferred . Ins tead the abso lute re tention time s we re compared 

for s amples wi th l arge numbe rs of known compounds as on the 

char ts  in thi s  appe ndix . As a beginning to the s o lu tion of 

locating running pos i tions on our columns some s tandard poly­

sacch ar ide s we re methy late d , hydro lys ed and derivati s ed ,  and 

used as markers ( s ee Methods Section) . 

An arab i noxy lan (wheat flour)  , galactomannan ( Carob bean) and 

a mi xture o f  these two me thylated polys accaride s , were used to 

produce s tandard s amp les o f  parti a l ly me thylated alditol 

ace tate s . These were ; 

a )  run over a l l  co lumns a long with 2 , 3 , 4 , 6 -Me 4 Glc marker to 

begin the de lineation of pos i tions , 

b )  run be fore s amples and 

c )  coin j ected wi th some sample s  where ne ces sary to confirm 

the presence by g . c .  o f  a peak . 

Some undermethy lated solub le s tarch , de lineate d  s everal 

pe rmethy lated glucos e pos itions . 
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As early samp le s  we re analysed mo re peak s  were veri fied by 

mas s s pe c trome try and the lis t of runni ng pos i tions , and fine 

di s t i n c ti ons be tween some o f  the de rivatives i ncre as ed . The 

sets o f  runni ng parame te rs to the res ul ts of s tandards and 

mas s spec trome try of early sample s  we re bui l t  up as shown i n  

this  appe ndix . 

Along with gas - ch roma tograph ic identi fication , a l l  de rivatives 

we re veri fied by g . c . -mas s spectrome try ( Tab le 9 . 1 ) , and spec tra 

were corre lated w i th spectra in the l i te rature ( 9 5 ) . The 

chromatographi ng pos i t ions of de rivatives are shown in 

Figures 9 . 1 · - 9 . 3 .  



FI GURE 9 . 1  
ACETATES 

T S c a l e  

1 2 . 00 

1 1 . 00 

10 . 00 
9 . 00 

8 . 00 

7 . 0 0 

6 � oo 

5 . 00 

4 . 0 0 

3 . 00 

2 . 60 

2 . 20 

2 . 00 

1 . 80 

1 . 60 

1 . 4 0 

1 . 2 0 

1 . 00 

0 . 80 

0 . 60 

0 . 40 

0 . 0  

RUNNING PARAMETERS FOR PEPJ.1ETHYLJ\TED ALDITOL 
230. 

ON OV2 2 5 1 COLL�iN 5 ( /. .  3 . 1 . 4 .  ) . P P0GHAMt1E D 
l S 00-2 l 0°C at l°C/min .  "'---

T Temp 
( oC) 

2 1 0  

9 . 8 3  

8 . 3 9 

6 . 3 8 210 

4 . 8 6 
2 0 4  

4 . 39 

3 . 80 

3 . 4 7 
3 . 2 8 

19 5 

2 . 5 2 
2 . 2 6 
2 . 15 
1 . 98 

1 .  7 5  
186 

1 . 2 0  
1 . 17 
1 . 0 5 
1 . 00 1 77 
0 . 8 5 

0 . 79 

0 . 58 
16 8  

0 . 45 

0 . 0  1 5 0  

Time 
( min)  

I 
7 2 : . I 

69 1 

6� I I 

. .  57 

Dc :-::i.vative 
Pos i t ions 

- -Phtha la te ( 2 )  

- - Glc 

- - Ga l  

-Han 
- -3 -MeGlc 

- -2 -Me Glc 

. - - 6-MeGl c 
54 

51 

48 

I1 - - 2 , 3 -Me2 Glc 

: - -2 1  3 -Me 2Man 
I I ' - - -Xy� 

4-5 

4 2  

39 

36 

3 3  

30 

2 7  

24 

n 

18 

15 

12 

9 

I) 

3 

0 

J - - 2 1  -Me2Glc 

I 

Ara 
2 1 3 , 6 -Me 3Glc: 
2 -/ 3 -HeXyl 

- - 2  1 3 ,  6 -Me 3 Man 
Rha/Fuc 

- - 2 -HE:Ara 

2 1 3 1 4 , 6 -Me4 Gal 
2 1 3 -/3 , 4 -�e 2 Xyl 

- - 2 1  3 -!1e 2Ara 
2 1 3 1 4 1 6 -Mell G l c  

..: 2 ,  5 -r-1e 2Ara 

- 3 , 5 -Me2Ara 

- - ? 1 3 1 4 -He 3X} l 

- -2 , 3 1  S -1-1e 3Ara 



FIGURE 9 .  2 RUNNING PARfu"'E'l'ERS FOR PF.Rl>1ETI !YLATED ALDI TOL ACETATES 2 3 1 . 

Temp 
( OC)  
220 

Time 
( min) 
142 -

Ot� OV2 2 5 1 COLUi·h'll 2 ( 2 . 3 . 1. 4 . ) . P ROGRAW·lT::O 
1500- 2 200 a t  0 · 5°C/min . 

Derivative Pos i tion 

- - - - Ph thalate ( 2 ) 

1----- - - - - - Glc 
2 19 1 36 -

t----- - - - - - Gal 
-

t----- - - - - - 3- MeGlc 

-1--=:=:::: - -- - - 2-MeGlc 
1- - - - - - 2-MeGa l  

2 10 120  -

198 

186 

174 

162 

1----...f- - - - -3 1 4-He2 Gal 
_1--- - - - - 2 1 4-Me 2Gal 1--- - - - - - _ - - - - - ·  6-HeGlc 1----- -- - - - 2 1 3-Me2Gal 

t--- - - - - - 2  1 3-Me2Glc -
1----- _ _ _ _  2 1  3 -Me2 �1an 

_;.--- � _ - · - 3 1 6-Me2 Glc X l 1----- -- - - - - - - - - - - - · y 
1--- _ _ _ _ 2 1 6-Me 2Glc 

_ _r-- - - - - 2 1 6-Me2 Gal 
1---- - - - - 2 1 3 1  4-Me 3Gal 

90 -

60 

30 

1----- _ _  - - - Ara 

_t----- - - - - - 2 ,  3 ,  6-t>-le3Glc 
I==== :::.::.= =.· �·2 ���1e 3�a� - _ _ _  2-t-1eXyl +----� - - - - - 2 ,  3 ,  6-Me 3Man 

- - - - - - 2 , 4  , 6-He 3Gal U .  A/3-MeAra 
t----- - - - - 2-MeAra 

_j--- - - - ·- 3-MeRha/Phthalate ( l ) 
-t----- -- - - - 2 ,  3 , 6-He 3Gal .  U . A .  

-+---=-::::.::::=;..,. unks 

-r--�-- - - - 2 1 3 , 4 ,6-Me4Gal/2 , 3-/3 , 4Me2 Xyl 

- - - - 2 ,  3-Me2Ara 
-r--- - � - - 2 , 3 , 4 , 6-Me4Glc __ _ _ _ _ _  unk 

- - --2 1 5-Me2Ara · · · 

_ _J====-=- - - - - - - - - - - - - - 2 1 3 1 4 I 6-Me 4 Gal . U .  A .  

l===='---- - - 2 1 3 , 4 , 6-11e4Glc . U . A . 3 5 - - · - - · - - - - - - - - - - 1 -Me2Ara 

-�-----

-

-

-

-

unks  

2 , 3 , 5-Me JAra . U . A . 
2 , 3 , 5-Me JAra 

U . A .  = Underacetylated 
unk Unknown peak 

150 0 - - _ - Inject ion Point 



FIGURE 9 .  3 RUNNI NG PARAHETE RS FOR PE RMETH Y LATED ALDI'l'OL ACETATES ----
ON SP2 34 0 1  CO LUHNS 1 AND J ( 2 .  3 . 1 . 4 . )  . P ROGRAMMED 

1 S 00 - 2 3QOC at 2°C/min . 

2 3 2 . 

Time ( min ) 
50  

COLUMN 1 COLUMN 3 

4 5  

4 0  

3 5  

Derivative Pos itions 

-Glc 

- - Ga l  

-- 2-MeGal 

- 2 ,  4-Me 2Gal . U . A .  
- - 2 1  4-Me2Gal 

_ _  - - - - - - - - 2 1 3-Me2 Gal 
- -2 1 3-Me2 Glc 

---unk 

--Ara 

Time ( min)  Derivative Pos itions 

35 --11-- - - .Glc 

- · Ga l  

- -Man 

--2-MeGal 
30 

--2 1 4-He2 Gal 

- - 2 1 3-Me2 Glc 
- -Xyl 

2 5  

---0. - - - - - - - - - Ph thalate ( 2 )  
_:-�-j�-[4:��y� _ - ·  2 1 4 1 6-Me 3Gal .  U . A .  

3 0  _,__..J --2 1 3 1 6-Me 3Glc/3-MeAra 

- - 2 1  6-He2Ga l  
_ _ _ _  J?hthalate ( 2 )  

2 5  

2 0  

15 

10 

5 

0 

- - - - - - - - - - 2  3 6-He 3Gal - - 2 -HeAra 1 1 

- - 2 1 3 1 6-Me 3Man/2 1 4 1 6-Me3Gal 

- -3 -HeRha 

- - 2 1 3/3 1 4-Me2 Xyl 

,2 1 3-!-1e2Ara 
�:-Phthalate( 1 )  · 

- - - - - - - - - - 2 , 3 1 4 1 6- Me4Gal - - - -:- - - - - - - - - 2 1 3 1 4 1 6-Me4Gal . U . A .  
- - 2 1  S-Me2Ara 

2o 

- - 2 1 3 1 4 1 6-t1e4G lc 15 
- - 3 1 4-t1e2Rha/3 1 5-Me2Ara 

- - 2 1 3 1 6-Me 3Glc 
_ - 2 1  3 1 6 -Me JGal 

- - - 2 1 4  1 6-Me 3Gal 

- - -3-Me Rha 

� , 2 , 3 -/3 1 4-Me2 Xyl 
....- ,2 1 3-�!e2Ara 

/ 
/ 

Phthala te ( 1  r-\-.-.- - -2 1 3 ,  4 ,  6-He4 Gal 

_ _  2 1 3 1 4-Me JXyl 
--2 1 3 1 4-Ne 3Ara/2 1 3 1 4-Me 3Fuc 

_ 2 1 3 1 5-Me3Ara 
- 2 1 3 1 4-Me3Rha 

U . A .  Underace tylated 
unk = Unknow.n peak 

- - -Injec tion Point  

10 

5 

0 

� /2 1 3 1 4 � 6-Me4Gal . U . A .  
: _ _  2 1 5-Me2Ara 
- - - 2 1 3 1 4 ,  6 -Me4 Glc 
- - 3 � 4-Me 2Rha 

/Phthala te e s te r? 
/ 

/ 
_ _ ,2 , 3 1 4-Me 3Xyl 
,- - - - - - 2 , 3, 4-He 3Ara '·2 1 3 1 4-Me 3Fuc 

_ 2 1  3 1 5-Me 3Ara 
- · 2  1 3 1  4-Me 3Rha 

- - - -I n j ect ion Po int  
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1\PPENDIX 1 

Table 9 . 1 :  I denti fication o f  Me thylated Sugar Deriva tives 

Every peak was identi fied by running the samp le on two co lumns 

( s ome we re run on OV2 2 5  isoth e rmal ly at l 6 0 °C )  , OV 2 2 5  and 

S P 2 3 4 0 . Al l pe ak s  we re ide nti fied by mas s -spectrometry , *  but 

in s ome cas es on some ch romatograms , the identi ty of pu re 

peak s  could be veri fied by re l ative re tention time s on OV2 2 5 , 

a nd S P 2 3 4 0 . ( *  Ioni sing Potential 7 0 eV ,  acce le rating vo ltage 

4 K . V . , emi s s ion curre nt l O O �  amp , ion source temp . 2 5 0 °C) . 

Derivative ( T-OV2 2 5 )  Identi fy ing Feature s 

2 , 3 , 4 -Me 3Rha 0 . 3 5 Runs be fore 2 , 3 , 5 -Me 3Ara on S P 2 34 0 . 

Con firmed by mas s - spec. on S P 2 3 4 0  by 

m/e 8 9 , 1 1 5 , 1 1 7 ,  1 3 1 , 1 6 1 , 1 7 5 . 

2 , 3 , 5 -Me
3

Ara 0 . 4 1  Clearly dist inguished on OV2 2 5  and 

S P 2 3 4 0 . Confi rmed by mas s - spec. by 

m/e 4 5 , 1 1 7 , 1 6 1 . 

2 , 3 , 4 -Me 3Ara 

2 , 3 , 4 -Me 3Xy l 

0 . 5 3  

0 . 5 4  

0 . 5 8  

0 . 8 0 

0 . 8 7 

2 , 3 , 4 -Me 3
Xyl and 2 , 3 , 4 -Me 3Fuc s eparated 

on both columns . 2 , 3 , 4 -Me 3Ara runs 

wi th 2 , 3 , 4 -Me 3Fu c on S P 2 34 0 , as a 

shoulde r  on 2 , 3 , 4 -Me 3Xy l on OV2 2 5 

( sep arate d  by i s o the rmal run ) . Figures 

9 . 2 ,  9 . 3 .  

Quanti tation of  2 , 3 , 4 -Me
3

Ara , Xy l ,  Fuc . 

was usually from a comb i nation o f  

programme d  runs on two co lumns . 2 , 3 , 4 -

Me 3Ara/Xy l confi rmed by mas s-spe c. by 

m/e 1 0 1 ,  1 1 7 , 1 6 1 .  

2 , 3 , 4 -Me 3
Fuc , con firmed by mas s -spe c. 

by m/e 1 1 7 , 1 3 1 , 1 6 1 , 1 7 5 ( +1 1 5 ) . 

Clearly dist inguished on OV2 2 5  and 

SP2 3 4 0 . Confirmed by mas s - spec. by m/e 

4 5 , 16 1 ,  1 8 9 . 

Runs with 3 , 5-Me Ara on S P 2 3 4 0 . Con firmed 
2 

by mas s - spec. by m/e 1 3 1 ,  1 8 9 . 
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Appendi x 1 :  Tab le 9 . 1  Continued 

Derivative ( T- OV2 2 5 )  

0 . 8 9 

2 , 3 , 4 , 6 -Me4 Glc 1 . 0 0 

2 , 3-Me 2Ara 1 . 0 7 

2 , 3-/3 , 4 -Me2Xy 1 ) 1 . 1 9 

2 , 3 , 4 , 6 -Me4Gal ) 

3-MeRha 1 . 6 7 

2 -MeAra 1 . 8 2 

I dent i fying Features 

Clearly di s tingui shed on OV2 2 5 , 

S P 2 3 4 0 . Confi rmed by mas s - s pe c . by 

m/ e 4 5 ,  1 1 7  , 2 3 3 ( -+ 1 1 3 )  . 

Clearly di s tingui shed on OV2 2 5  and 

S P 2 3 4 0 . Confirmed by mas s - spec . by 

m/e 4 5 ,  1 1 7 , 16 1 ,  2 0 5 ( -+1 4 5 )  and 10 1 .  

C learly di s tinguished on OV2 2 5  and 

S P 2 3 4 0 . Confirmed by mas s -spec . by 

m/e 1 1 7 , 1 8 9 ( -+1 2 9 ) . 

Run together on OV2 2 5 . Separate 

is othermal ly at 1 6 0°C ,  and wel l 

s eparated o n  S P 2 3 4 0 . 2 , 3 , 4 , 6 -Me4 Gal 

confirmed by mas s -spec . by m/e 10 1 ,  

2 0 5 ( -+1 4 5 ) . 

2 , 3 - ; 3 , 4 -Me 2Xy l dis ti ngui shab l e by m/e 

1 1 7 , 129 , 1 8 9 . Approx . quanti tation 

by 10 1/1 2 9 , or ratio 1 8 9 / 2 0 5 ,  peak 

i ntens i ti e s . The ratio of 2 , 3 -/3 , 4 , ­

Me 2Xy l wi thin the peak , was by 

labelling the reduci ng end of  the 

aldi tol w i th Deuterium ( Appendix 2 ,  

Part 2 )  and quantitation was b y  the 

1 1 7/1 1 8 , 1 2 9 / 1 3 0  peak intens i t ies . 

Runs wi th phthal ate e s ter ( No .  1 )  on 

OV2 2 5 . C learly separated on S P 2 3 4 0 . 

The contribution from phthalate can 

be subtrac ted . 3-MeRha con firmed by 

mas s - spec . by m/e 143 . 

C learly di s tinguished on OV2 2 5 . 

Confirmed by mas s-spec . by m/e 1 1 7 , 

2 6 1 .  
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Appendix 1 :  Tab le 9 . 1 Continued 

Derivative 

3-MeAra 

2 , 4 , 6 -Me3
Gal 

2 , 3 , 6 -Me
3

Man 

2-MeXy l 

3 -MeXy l 

4 -MeXy l 

( T-OV2 2 5 )  

1 . 9 8 

2 . 0 3  

2 . 1 5 

I denti fying Features 

C learly di s t i ngui shed on OV2 2 5  ( runs 

be fore 2 , 4 , 6 -Me 3Gal , but we l l  

s eparated o n  OV2 2 5 )  . Confirmed b y  

mas s - s pec . b y  m/e 87 , 1 2 9 , 1 8 9 . 

Run together on OV2 2 5  and SP 2 3 4 0 . 

Mas s- s pec of  2 , 4 , 6 -Me
3

Ga l confi rmed 

by m/e 1 1 7 , 1 2 9  ( high ) . 2 , 3 , 6 -Me 3 
Man con fi rmed by mass -s pec. by m/e 

1 1 7 , 2 3 3+1 1 3  l 2 9 ( low) . 

Approximate quantita ti on by one o f  

m/e 1 1 3/ 1 1 7 / 1 2 9  ratios . Better 

quanti tati on by use of  ion fragments/ 

f . i . d .  response parameters ( s ee 

Appendix l ,  Part 3 ) . 

Run toge the r  as shou lder on 2 , 3 , 6 -Me 3 
Ga l and 3 , 4 , 6 -Me3Ga l on OV2 2 5 . 

Clearly di stingui shed on SP 2 3 4 0 , bu t 

a l l  run togethe r . 2 - and 4 -MeXyl 

con firmed by mas s -spe c . by m/e 1 1 7 , 

2 6 1 ,  3 -MeXyl by m/e 8 7 , 1 2 9 , 1 8 9 . 

On OV2 2 5  determination from mas s - spec. 

ratios i s  di f fi cult , better to check 

quanti ta ti on from SP 2 3 4 0 . Re lative 

proportions of 2- , 3- , 4 -MeXy l calcul ated 

by mas s spec . ion fragment/f . i . d .  

response parameters ( Appendix l ,  Part 

3 )  . ( ions m/e 129 , 1 8 9  for 3 -MeXy l , 

and 1 1 7 , 1 2 7 , 2 6 1 , for 2 - and 4 -MeXy l ) . 

S eparate quanti tation o f  2 - and 4 -Me 

Xy l was only on deuterated s amp les and 

this was done by 117/11 8 ,  2 6 1/ 2 6 2 

ratios . 



Appendix 1 :  

Derivatives 

3 , 4 , 6 -Me 3Gal l 
2 , 3 , 6 -Me 3

Gal 

2 , 3 , 6 -Me 3Glc 

Ara 

Xy l 

2 3 6 . 

Tab le 9 . 1  Continued 

( T-OV2 2 5 )  

2 . 2 2 

2 . 3 2 

2 . 6 0 

2 . 8 9 

3 . 6 0 

3 .  9 2 

4 . 5 0 

5 . 1  

Identi fying Features 

Run toge ther on OV2 2 5  and S P 2 3 4 0 . 

3 , 4 , 6 -Me
3Gal confirmed by mas s - s pec . 

by m/e 1 8 9 , 1 6 1+10 1 .  2 , 3 , 6 -Me
3

Gal ; 

mas s  spe � by 1 1 7 ,  2 3 3+1 1 3 ; c an b e  

q�anti ta ted b y  1 8 9 , 1 1 7 , 2 3 3 , 1 1 3  ion 

fragments ( Appendix 1 ,  Part 3 ) . 

( 2 , 3 , 6 -Me 3Gal-d2 quanti tation , s ee 

Appendix 1 ,  Part 4 ) . 

Clearly s eparated on OV2 2 5  programme .  

Con firmed by mas s-spe� by 1 1 7 , 2 3 3+ 

1 1 3 . Compare with 2 , 3 , 6 -Me 3Ga l . 

Clear ly s eparated on OV2 2 5  and SP 2 3 4 0 . 

Con fi rmed by mas s - spe � by m/e 10 3/1 1 5 . 

C learly identi fied by retention time 

on OV2 2 5 . Con firmed by mas s - spec . by 

m/e 1 1 7 , 1 6 1+10 1 ,  1 8 9 +1 2 9 , 2 3 3  ( 1 1 3  

not prominent as  in 2 , 3 , 6 -Me 3Ga l etc) . 

Cleary dis tinguishab l e, on OV2 2 5 . 

Mas s spec . as for Ara . 

Clearly dis tingui shab le on OV2 2 5 . 

Mas s -s pec m/e 1 1 7 , 2 6 1 .  

C learly dis tinguishab le on OV2 2 5 . 

Mas s - s pec. m/e 1 1 7 , 2 6 1 .  

C l early dis tingui shab le on OV2 2 5 . 

Mas s-spe c . m/e 1 1 7 , 2 6 1 . 

C learly di s ti nguishab le on OV2 2 5 . 

Mas s -s pec . m/e 1 1 7 , 1 8 9 . 
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Appendix 1 :  Tab le 9 . 1 Continued 

Derivative ( T-OV2 2 5 )  

2 , 6 -Me
2

Gal 

3 , 6 -Me
2

Gal , Glc ; 

2 -MeGlc , 2-MeGa l ; 

I denti fying Features 

also di stinguishab le on OV2 2 5  and 

SP 2 3 4 0  by reten tion time and mas s 

spec . as given i n  reference ( 9 5 ) . 

P art 2 :  Gas Ch roma tograms o f  some Programmed Runs on OV2 2 5  

Figu res 9 . 4  and 9 . 5 ,  are chroma tograms o f  fu l ly me thy l a ted , 

ful ly ace ty lated s amp les . The di agrams i ndi cate fairly c le an 

trace s , wi th a l l  of the peak s  identified . 

The 2 , 3-/3 , 4 -Me 2
-xy lo se , and 2 -/3 -/4 -Me-xy los e ,  could be 

s eparated from the g al actose derivatives on SP 2 3 4 0 , co lumn l ,  
under programme . 

To make sure o f  pe ak identi ty i n  comp lex samples , regions , 

s uch as from 3 -Me- rh amnose to 2 , 3 , 6 -Me 3 - g lucose on these  

chroma tograrns were s canned by  mas s  spectrometry , us ing an 

m/e range a t  4 3 - 30 0 , 1 . 0 sec s cans , every 2 0  secs of  

programmed run on OV2 2 5 .  Runs were repeated on OV2 2 5  and 

s cans agai n carried out acros s crowded derivative pos i tions . 

The mas s s�ectrometry operating condi tions were as li s ted a t  

the beginning of Tab le 9 . 1 .  

Figure 9 . 6 shows the be tter reso lution o f  data using glas s 

columns and ensured ace tylation conditions (wi th pyr idine as  

cata lys t ) , as  used for a l l  reported me thy lation data in thi s  

thes i s . 



Figure 9 . 4 :  Gas  Chromatogram o f  Permethyl ated Aldi tol Ace tates of Methyl ated S ugars of the 1 0 %  
KOH Fraction · Batch 2 Wa l l s , 6 Time s Methyl ated . Conditions : inj ec tion onto OV 2 2 5  
( Co l�mn �) i n  CH 2c1

2
, temperature prograrr�ed 1 5 0 - 2 2 5 °C a t  0 . 5°C/mi n ,  N 2 c arri e r  gas 

flow rate 3 0ml/mln . 

Key to Derivatives 

( 1 )  
( 2 )  
( 3 )  
( 4 )  
( 5 ) 

( 6 ) . 
( 7 )  

( 3 )  
( 9 )  ( 1 0 ) ( 11 ) ( 1 2 ) 

2 , 3 1 5 -Me 3Ara ( h a l f  actua l peak h e ighf )
< l 8 )  

2 1  3 1 4 -l1e 3Xyl 

2 , 3 1 4 -Me 3 Fuc 
3 1 5-Me 2Ara 

2 � 5 -He 2Ara 

2 1 3 1 4 1 6 -Me 4 G l c  

· 2 � 3-Me 2Ara , 

2 , 3 , 4 , 6 -Me4 Gal/2 , 3-/3 , 4 -Me 2 Xy1 

3 -Me Rh a ,  + Ph th a l a te E s ter No . 1 
·2-MeAra 

2 , 3 1 6 -Me 3Man/� , 4 , 6 -Me 3Gal 

2 - / 3 - / 4 -MeXyl ( from mas s  spec ) 

( 1 3 )  · 2 1 3 1 6 -/3 , 4 , 6 -Me 3Gal 

( 1 4 )  2 , 3 1 6 , -Me 3 Glc 

( 1 5 )  Arab inose 

( 1 6 )  2 1 3 , 4 -Me 3Gal 

( 1 7 )  Xylose 
' 

( 1 8 )  2 , 3 -Me 2Glc 

( 19 ) 2 1 4 -Me 2Gal ? ( 2 0 )  2 -MeGal 

( 2 1 )  3 -HeG1c? 

( 14 )  
I 

>1 3 )  )12) 
(.'11 ) 

� 10 ) 

8 ) 

.... 
( 2 ) ( 1 ) 

Respons e 

( 7 )  . 

( 6 )  

I 
( 3 )

, 

l 2 2 )  Phthalate Es te r  No . 2 ( 5 ) I Vv 
\ ��;���on 

w 
� ro 

'vv J N 
Time · (I.tiu . )  1 1 1 1 � 1 .1 I I I I I I I I I I I I I I I I I ' I 7 5  7 2  6 6 0  5 7  5 4  5 1  4 8  4 5  4 2  3 9  3 6  3 3  3 0  ? 7 ? J  ? 1  l Q  1 5 1 2 9 6 3 0 



Figure 9 . 5 :  Gas Chromatogram of P ermethy l ated Alditol 
Sugars of  the EDTA Frac tion , Path A Batch 
inj ec ted onto OV2 2 5  ( Co lumn �) in CH 7C l

2
, 

mi n , . N
2 

carrier gas flow rate 4 0ml/min . 

Key to Deriva t i ve s  

. .  ( 1 ) : 2 , 3 , 5-Me 3Ara 

( 2 ) 2 , 3 , 4 -Me3 Ara/2 , 3 , 4 -Me
3 X�l 

( 3 )  2 , 3 , 4 -Me 3Fuc 

( 4 )  3 ,  S-Me 2Ara 

( 5 )  . 2 , 5 -Me 2Ara 

( 6 )  2 , 3 , 4 , 6 -He4 Glc 

( 7 )  2 , 3 -Me 2Ara 

( 8 )  2 , 3 , 4 , 6 -Mc4 Gal/2 , 3-/3 , 4 -Me 2Xyl 

( 9 )  3 -Me Rha 

( 1 0 )  2-HeAra 

( 1 1 )  
( 1 2 )  
( 1 3 )  
( 1 4 ) 
( 1 5 )  
( 1 6 )  

2 , 4 , 6 -He 3Ga1 

. 2 , 3 , 6 -Mc3 Ga1 

2 , 3 , 6 -.t-le 3G1c 
Ar ab inose · 

2 3 4 -He Gal I I 3 ( 1 9 )  
( 14 
I 

( 1 3 )  

I I ( 1 2 )  
I I 

1 " 1 1 1 
( 1 1 I 

( 10 )  I 
I 

Ace tate Deriva tives o f  Methylated 
1 Wa l l s , 3 Times Methy lated . Condi tions : . 0 0 tempe rature programmed 1 5 0 - 2 2 5  C a t  0 . 5  C/ 

( 8 )  
\ 

1 1  I I 

( 7 )  

( l )  

Response 
( 5 )  

( 1 7 ) 

( 1 8 )  

( 1 9 ) 

2 , 6 -l-1e 2Ga1 

Xylos e 

2 , 3 -Me2G1c
. 

2 , 4 -Me 2Gal � ( 1 8 )  r 17 L  1 1  j � 
� I \ ? ) 

Inj ec tion 
Point 

Time. (rnin }  I L I J I l I I J I I 1- I I I I I I I I I I I i 
6 6  0 5 7  5 4  5 1  4 8  4 4 2  3 9  3 6  3 3  3 0  2 7  2 4  2 1  1 8  1 5  1 2  9 6 3 0 

IV 
w 
\.0 
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Figure 9 . 6 :  Appendix 1 

Effe c t  of  Glass  Co lumns and Comp lete 
Ace ty l ation on Gas Ch romatogra�hic Trace s . 

Chroma tog rams of  Partia l ly Me thy lated 
Aldi to l  Ace tates of Ba tch 1 ,  1 0 0 °C Water 
Frac tion , Me thy lated 3 T imes . 

Detai l s  o f  the Figure are g iven in the Foo tno tes . 

Trace C ( 6  

1 )  . ( 5 )  

( 4 )  \ 
( 6 

Trace B 

( 1 )  ( 5 )  

\ ( 3 )  

( 2 )  

A 
Trace A 

A 
( 1 ) 

( 4 )  

7 )  

( 9 

( 7 )  

( 8 ) 
I 

( 7 )  

( 10 )  ' 

( 1 1 

Ful l  acety l a t i o n  
a n d  g l a s s  column -
cond i tions used for 

( 1 2 )  repo r t ing a l l  the s i s  
resul ts . 

( 1 3 )  

( 1 8 )  

U nde r ace ty l a t i on and 

a g l a s s  co lumn . 

( 1 1 )  ( 1 3 )  

Unde r ace ty l a tion and 

a s te e l  co lumn . 



Footno tes to Figure ( 9 . 6 )  Appendix 1 .  

Chromatograms o f  Parti a l ly Methy l a ted Aldito l  Ace ta te s o f  

Batch 1 ,  1 0 0 °C Wa te r  Fraction , Methyla ted 3 Times . 

Trace A :  Ace tylated wi th ace tic anhydride at 1 0 0 °C ,  l hr ,  

NaOAc present . Samp le inj ected in CH
2

c1
2 

o nto 

s tee l co lumn . ( Co lumn 5 ) . Run programmed 

1 5 0 - 2 1 0°C at 1°/min . N2 
f low 30 ml/min . 

Trace B :  0 Ace tylated with ace tic anhydride at l O O  c , l hr , 

NaOAc pre s ent . Samp le inj ec ted in CH 2c1
2 

o nto 

glass  co lumn . ( Co lumn 2 )  . Run programmed 
1 5 0 - 2 2 5°c a t  0 . 5 °/min . N2 flow 4 0  ml/min . 

Trace C :  Ace ty l ated w i th ace tic a nhydride/pyridine 1 0 0°C, 

l hr ,  NaOAc pres ent . S amp le inj e cted in CH 2c 1 2 
onto glass  c olumn . ( Column �) . Run progr amme d  

1 5 0 - 2 2 5°C a t  0 . 5°/min . N
2 

f low 4 0  ml/min . 

Peak I denti tie s : 

( 1 )  2 , 3 , 5-Me3Ara 

( 2 )  ( 2 , 3 , 4-Me 3Ara/ 2 , 3 , 4 -Me 3Xy l )  , 2 , 3 , 4 -Me 3Fuc 

( 3 ) 3 , 5 -Me 2
Ara ( 11 )  2 , 3 , 6 -Me 3Gal  

( 4 )  2 , 5 -Me2Ara ( 1 2 )  2 , 3 , 6 -Me 3Glc  
( 5 ) 2 , 3 , 4 , 6 -Me

4 Glc ( 1 3 )  Ara 

( 6 )  2 , 3 -Me 2Ara ( peak drawn a t  � he ight) ( 14 ) 2 , 3 , 4 -Me3Gal 

( 7 )  2 , 3 , 4 , 6 -Me4 Gal/2 , 3 -/3 , 4 -Me 2Xyl ( 1 5 )  2 , 6 -Me 2Gal 

( 8 )  3-MeRha + Phthalate e s ter 1 ( 1 6 )  Xy lose 

( 9 )  2 - MeAra ( 1 7 )  2 , 3 -Me 2
Glc 

( 10 )  2 , 4 , 6-Me 3Ga l ( 1 8 )  2 , 3 -Me 2
Ga l 

( 19 )  2 , 4 -Me 2Ga l 
( 2 0 )  2-MeGal 

2 4 1 .  



Part 3 :  Quanti tat ion o f  Perme thy l a te d  a ldi to l  ace tates by 

Gas chromatography-mas s  spectrometry . 

De scrip tion o f  Technique 

2 4 2 . 

Derivatives whi ch were diffi cu l t  to quantitate from thei r  

f . i . d . re sponses a lone o n  either OV2 2 5  o r  SP2 3 4 0  cou ld b e  

quantitated to about 10 % accuracy b y  comb ined g . c . -mas s 

spectrometry . I f  the quantitation was to be made in a b road 

peak region ( containing 2 - 3  de rivative s , runni ng c lose 

together)  , the mas s spectra were s c anned acro s s  the reg ion a t  

2 0  s ec . interva ls ( 1  sec . scans ) as in Appendix 1 ,  P a r t  2 .  

The quanti tation was made by use o f  Ion Fragmen t/F . I . D .  

Respon s e  Paramete rs between the derivat i ve to be  quanti tate d  

and a n  i denti fied pure de rivative on the s ame chromatogram . 

An appropri ate m/e range was se lected s o  that diagnostic  

ions for  deriva tives cou ld be  moni tored ( usua l ly m/e 4 3 - 30 0 ) . 

The Ion Fragment Responses for equa l a reas of  pure derivatives 

on f . i . d . , were ca lculated and are shown in Tab le 9 . 2 .  

Combina tions o f  ions were used for a de rivative whi ch were 

di agno s t i c  under the chromatograph i c  separation condi tions 

used . 

Detai l s  o f  the mas s spe ctra of  deri va tives are given i n  

Appendi x  2 .  



Appe n d i x  1 :  Tab l e  9 . 2 :  Response Factors B e tween I o n  Fr agmen t s  and F . I . D .  Respo n s e  for Par t i a l l y  Me th y l a te d  Sugars 

Area ; Re l a t ive Peak Areas o n  OV2 2 5  Re l a t i ve I n te n s i t y  for ions 
�o r  equ a l  f . i . d .  A r e a  Responses ( m/e ) ; Re l a t i v e  I n tens i ty for i o n  fragme n t s  

( I n t )  f o r  d e r i va t i ve s  o n  each ch roma togr am o f  peaks o n  ch roma tog rams 

Compound 

I 
I j Ph

.

t h a l a te E s t e r  

1 3-.�eRha ! 2 , 5- Me 2 Ara 

; 2 - MeAra 

2-MeXy 1 

3-MeAra 

3-MeX:tl 

3 ,  5 - Me 2Ara 

3 , 4 , 6 -Me 3G a l  

21 3 1 6 - MeJG a l  
I 

2 , 4 , 6 -MeJG a l  l 

2 , 3 , 6 -Me 3Ma� J 
2 , 3 , 6 -Me 3Ma n -

I 
Tab l e  C apt i ons 

m/e A 

l!m/e ) Area 
( I n t )  

1 4 9  6 3 . 0  
2 1 . 2  

1 4 3  1 8 . 0  

1 1 3  1 2 . 5  3 . 2  

1 1 7/ 1 1 8 * ] 9 4 . 0  5 . 5  
1 2 7  1 2 . 5  
2 6 1  4 .  5 

129 ) 6 3 . 0  3 . 8  

189 1 6 . 0  

i�i ) -
- - - - - - - - -

ii�7ff�;�-so�o-----
2 3 3 J 3 5 . 0  1 0 . 3  
1 1 3  9 0 . 0  
1 1 7  4 0 . 0  5 . 3  -
129 5 2 . 0  
2 0 1  1 . 5  
16 1 1  

B 

(m/e) Area 
( In t )  

1 6 . 0  
1 6 . 1  

4 0 . 0  

5 0 . 0  1 2 . 0  

3 50 . 0  2 6 . 4  
5 0 . 0  
1 3 . 0  

8 2 . 0  7 . 9  

1 9 . 0  

- - - -- - - --- -

-400�0-----
8 0 . 0  2 8 . 0  

2 4 0 . 0  --

1 0 0 . 0  1 4 . 0  --
1 5 5 . 0  

4 .  0 

c 
(m/e) Area 
( I n t )  

6 . 0  
4 .  3 

1 0 . 0  

1 2 . 0  5 . 6  

7 0 . 0  9 .  6 
1 2 . 0  

3 . 0  

8 6 . 0  

2 2 . 0  8 . 9 

- - - - - - - - - -

1 1 .  o I -ao:o-----J 2 0 . 0  2 0 . 0  
4 4 .  0 

i More promi n e n t  i n  2 , 4 , 6 -Me 3G a l  
� U s e  responses for 2 , 3 , 6 -Me 3G a l  above 

D E F A B c D 

(m/e) Area (m/e ) Area ( m/e) Are a 
( I n t )  ( I n t )  ( I n t )  
1 9 . 0  l O O  l O O  l O O  l O O  

7 . 6  
2 6 . 0  l O O  l O O  l O O  l O O  
3 3 .  o 1 0 . 3  1 1 1 .  o 1 0 . 8 6 7 . 0  6 7 . 0  l O O  l O O  l O O  l O O  

1 4 . 4  ! 3 5 5 . 0*  8 2 . 0  4 4 0  3 0 0  3 4 0  
i 4 9 . 0  6 0  4 5  6 0  ' 2 1  1 2  1 2  ! 

6 1 . 0  4 . 3  4 30 2 4 0  4 5 0  4 4 0  

E 

l O O  

1 5 . 0  l O O  I 6 0  1 1 0  l O O  

- - - - -- ----�- - 9 . 0 4 0 - - - --- - - - - - - ____ j ___ - - - - - - � 1 5 0  

I B • 0 • j I ' 1 3 0  

--��Q  ____ j - - - - - - - - - -�- - ����- -����j ____ ___ j_1Q �1Q ---
9 0 . 0  J I 3 5 0 . 0*  . 3 8 0 / 3 4 0  I 
1 9 . 0  9 . 6 6 6 . 0  1 2 6 . 0  i 9 0  I 70 I 9 3  9 3  
4 7 . 0  2 6 0 . 0  1 2 30 1 2 0 0  2 4 0  2 4 0  

� 2 0 0  l 1 1 o  I 
2 5 0  2 6 0  

I 7 7 

* F ragme n t  a r i s i ng f rom i n co r po r a t i on o f  s in g l e  Deu t e r i um a t  reducing end o f  sugar 
----

F Average 

l O O  

l O O  

1 0 0  l O O  

4 3 0 3 8 0  
6 0  5 5  

1 5  

3 9 0  

9 0  

1 5 0  
1 3 0 

5 0  5 0  
5 0  4 5  

3 6 6  - -g o 
6 0  8 0  

2 0 0  2 0 0  
1 8 5  
2 5 5  

7 

A ,  Ba tch l E DTA F rac tion , Pa th B 
B ,  Ba tch l 0 . 5 % KOH Frac t ipn , P a th A 
C ,  B a tch 1 1 0 %  KOH Frac tion , P a th A 
D ,  B a tch l Na 2co 3 Frac t i on P a th A 

2 , - and 3-MeAra can be meas ured in a r e a , h ence a f ragmen t/area 

response may be ca l c u l a ted . Though 2- and 3-MeXy 1 c a n no t  be eas i l y  

E ,  D a t a  f rom M e th y lated Arab inoxy l a n  
F ,  B a tch 2 .  GTC Frac t ion ( Naao 4 reduc e d )  

c a lcu l a ted i n  area , o n  OV2 2 5 ,  r e s p o n s e  parame ters c a n  be de term i ned , 

s i n ce they have i de n t i ca l  mas s - s pe c t r a  to 2 - , a n d  3 - MeAra . 
--------------------------

* ,  I and--, are g i ven i n  Foo tno tes to Tab l e  9 . 2  on next page . 
l'V 
� 
w 
. . 
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Footno tes to Tab le 9 . 2 

* For the GTC frac tion o f  Batch 2 wal ls , ion i ntens i ti e s  

a s  for 1 1 7 , 1 8 9 , in the undeuterated mo lecule are 

replaced by intens ities corre s pondi ng to the next 

highe s t  mas s  number , s ince the re ducing end is now 

lab e l led wi th deuterium . 

I 3 , 4 , 6 -Me 3Gal and 2 , 3 , 6 -Me 3Gal 

2 , 4 , 6 -Me 3Gal and 2 , 3 , 6 -Me
3

Man 

These pai rs are no t comple te ly separable on OV2 2 5  & S P2 3 4 0 . 

Ion fragment intens i ty/are a respons e is di ffi cu l t  to 

e s tab li sh . For c ases whe re mas s - spec. imp lies  only one 

deriva tive present on the chromatogram ,  ion fragment/ 

area responses were calculated . 

An underlined f igure , s tands for the are a of  the 

pe ak o f  the pure derivative on tha t  line , under compound . 



Part 4 :  Quantitation o f  the Proportion of Dideuterated 

De riva tives ari s i ng from Uronic Ac ids 

The s tru ctu re of  2 , 3 , 6 -Me 3
-hex{ to l- tri - acetate i s  as s hown 

( F igure 9 . 7 )  and promi nent pe aks obs erved i n  the mas s 

s pectrum arise by s p l i ttings as shown i n  Figure 9 . 7 and as 

outl i ned in Append i x  2 .  

Figure 9 . 7 :  Fragmentations of  2 , 3 , 6 -Me 3-ga lacti tol-tri 

ace ta te 

- - - - - - - - - - --r- - - - - - - -

OMe 1 3 1  
7 5 �

1 1 7  /� 5 7� -- - - - - --- - - ----r--- - -- ---- -;;;
� 17 3

� 1 1 3  

8 7  
M e O  

16 1 
- - - - - - - - - - - - - - -r - - - - - - - - - - - - - � 1 3 1  

Ac O 1 2 9  

OAc 

- - - - - - - - - - -r - - - - - - - - -
4 5  

2 4 5  • . 

For the 2 , 3 , 6 -Me
3

- ga lactos e derivative , to the doubly reduced 

and comp letely methy lated sample ( s ample MRM&�) th e fo llow­
l ng fragment intens i ties were observed . 
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Dideuterated ( D
2

) Undeute rated < oo ) 

1 7 3  l 1 1 . 0  11 . 0  

1 7 4  5 . 0 1 . 3 

1 7 5  2 7 . 0  0 . 7 

2 3 3  l 2 0 . 5  12 . 3  

2 3 5  3 8 . 0  0 . 3  

The contributi on to the 1 7 4 , 1 7 5  and 2 3 5 m/e fragments , 

( prominent pe aks in the deu terium labe l led derivati ve ) i n  the 

mas s  spectrum from undeuterated 2 , 3 , 6 -Me 3-galac tos e were 

subtracted . ( This was app lied for the quanti tation o f  the 

other deuterated de rivative s ) . 

The proport ion of  dideuterated de riva tive was then calculated 

from the ratio of the fragment intens i ties aris i ng from the 

dideuterated mo lecule to the fragment intens i ties s ummed 

from both mo lecules present . i . e .  from the above data 

subtrac ting contributions to 1 7 4 , 1 7 5  and 2 3 5  fragments that 

arise naturally from o0 , then for the combination of peak s  
· th · 1 7 4  + 175 f I · · · 1 n  o 2

, e rat1o 173 + 174 + 1 7 5  or m e 1ntens 1 t1 es , 

implies tha t 6 9 %  o f  the 2 , 3 , 6 -Me 3 -ga lac tose is  from 4 - l inked 

galacturoni c acid i n  the MRMRMM s ample . S imi l arly the 2 3 3  

and 2 3 5  m/e fragments imp ly approx 6 4 %  4 - linke d  galacturonic 

acid . An examination o f  a l l  fragments gives 6 7 % .  Thus 

4 - linke d Ga l� to 4 - l i nked g a lac tose i s  approx . 2 : 1 .  

The other pe ak s  quanti tated wi th di deuterium lab e l  ( as i n  

Tab le 6 . 2 ) we re es timated b y  the s ame procedure as above for 

2 , 3 , 6 -Me 3-galactose . For 2 , 3 , 4 , 6 -Me
4

- glucose and 2 , 3 , 4 , 6 -Me
4

-

ga lac tose contributions to m/e 2 0 5 , 2 0 7  and 1 4 5 , 1 4 6 , 1 4 7  

were used . For 2 , 3 , 6 -Me 3 -glucose , m/e 1 7 3 , 1 7 4 , 1 7 5  as fo r 

2 , 3 , 6 -Me 3
-galactose were used . 2 , 3 -Me�alactose from uronic 

acid was quantitated by m/e 2 6 1 ,  2 6 2 ,  2 6 3 ,  2 , 6 -Me 2-galac tose 

was quantitated using m/e 4 5 , 4 7  and m/e 1 8 9 , 1 9 0 , 1 9 1 and 

3 , 6 -Me 2- galactos e by m/e 2 3 3 , 2 3 5 and m/e 189 , 1 9 0  and 19 1 .  



Appendix 2 :  Mas s Spec tral Fragmentation Pa tte rns Aris ing 

From Partially Me thyl a ted Aldi to l Ace tates . 

Part 1 :  Orig i n  o f  Fragments 

2 4 7 . 

Partia l ly me thy lated s ugars iden ti fied tentative ly on the 

bas i s  o f  g . l . c .  alone , can be con f i rmed by thei r  mas s spec tra , 

i f  a comb ined g . l . c . -m . s .  sys tem i s  available . Mas s 

spec trometric analy s i s  of  compounds are perfo rmed as 

de scribed in Appendix 1 .  

Each methy lated s ugar i s  trans formed on reduc tion and 

ace ty l a tion into a s ingle derivative . 

S tereoi someric partial ly methy lated a ldi to l ace tates g ive 

very s imi lar mas s  spec tra and it is not pos s ib le to de termine 

from the mas s  spec trum i f  a compound derives from e . g .  

glucos e , galactose , mannos e .  But me thy lated a ldi to l  ace tates 

wi th di f ferent s ub s ti tution patte rns can be di s tingu ished by 

their  d i f ferent mas s spec tra . 

A de ta i led account o f  the theory o f  fragmenta tion pathways 

i s  given by Li ndberg e t  al ( 9 5 , 9 6 , 2 0 9 ) . Use  i s  made of 

deuterium labe l l i ng to unders tand fragmentation pathways 

( 1 6 3 , 2 0 9 ) . B rie fly the mas s fragments ari s e  in the fo l lowi ng 

manner .  

Mole cu l ar ions are rare ly observed . Pr imary fragments are 

genera ted by f i s s ion be twee n carbon atoms i n  the chai n . 

The fragment wi th the methoxyl group carries the pos i tive 

charge . Fiss ion be tween two methyl ated carbons ( I )  i s  more 

abundant than f i s s ion betwee n one me thoxylated and one 

ace toxy lated carbon ( I I ) , which in turn is more abundant than 

fiss i on between two ace toxylated c arbons ( I II )  . I n  cas e  ( I ) 

both f ragments appear as s trong ions . I n  cas e ( I I )  only the 

methoxy lated fragme nts appear as s trong ions . I n  ( I I I )  both 

ions are we ak except for aldi tol  ace tates and mono-0-me thy l 

aldi to l  ace tates i n  which the methoxyl i s  termi nal . 
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Secondary fragments are formed from the primary fragments , 

by s ing le or consecutive loss , o f  ace tic ac i d  ( m/e 6 0 ) , 

ketene (m/e 4 2 ) , me thano l (m/e 3 2 )  or  formaldehyde ( m/e 3 0 ) . 

Methano l and ace tic acid are lost by B-elimination and ace tic 

acid by a-e limination . For example m/e 1 6 1 , fo r the primary 

fragment gives the fo l lowi ng secondary fragments vi a the 

indi cated los s es . 

CHOMe 

I 
- c - OMe I 

CH 20Ac 

� 
m;e / 
1 6 1  

- ""  ---� 

1 0 1  

1 2 9  -CH 2
C=O 

---------------� 8 7  

1 3 1  

Thus i t  i s  pos s ible to de termine the subs ti tution pattern i n  

a parti a lly methy lated alditol ace tate b y  comparing the 

spec trum with previ ous ly determined spectra and by ana lys i ng 

i t  according to the principles o f  cleavage to give primary 

fragments , and losses of ace tic acid , ke tene , meth ano l , and 

forma ldehyde to give the se condary fragments . 

On reduc tion some m ethy lated sugars e . g . , 2-0-me thy l ,  and 

4-0-me thyl-pentose give a ldi tols w i th the sam e  substi tution 

patte rn . The information lost on reduction to a ldi to ls can 

be compensated i f  the reduc tion is per formed wi th s odium 

borodeuteride . Thi s  enab les the f ragmen-t which has arisen 

from the reduc ing end o f  the mo lecule to be dis ti ngui s hed and 

the s ubs ti tuti on patte rn is e luci dated . Simi larly 2_;3-; and 

3 , 4 -Me
2

-xylose inseparab le by g . l . c .  can be dis tingu i s hed by 

di f ferent mas s  spectra on reduc tion to aldi tols  wi th 

borodeuteride . 

CHDOAc 
I 

H - C - OCH 11�----l------�-
CH 30 = I - H 1 8 9  

H C OAc 
I 

CH 20Ac 

CHDOAc 
I 

H - � - OAc 

-����-=-�-=-�--1�Q 
117  H - I - OCH

3 

CH 20Ac 
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The primary fragmenta tion patterns for a ldi tols  o f  importance 

are l i s ted diagrammatically in the fol lowing s ections of  th i s _ 

appe ndix . 

Detai led s pe c tra are recorded in Part 3 .  

Part 2 :  F i s cher Proj ections o f  Permethyl ated Aldi to l 

Ace tates showing Fragmen tation Posi tions Producing 

Primary Fragments 

Key to Formul ae 

Pentose Derivatives ; - arabinose and xy lose derivatives are 

shown . 

Hexose Deriva tives ; - g lucos e der i va tives are shown . 

6 -Deoxyhexo s e  Derivatives ; - rhamnose derivative s  are shown . 

The m/e ratio for a primary fragment i s  s hown on the s ide 

of  the line des ignating fragmen tation , corresponding to 

tha t  fragment .  

The s ub s ti tution patte rn o f  methy l g roups is des ignated 

unde r each de rivative . 

The primary m/e fragme nts ari se as de s cribed i n  Appendix 2 

Part 1 .  
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Pe n tos<2 0<2r ivot iv<2s  

CH20Ac CH20Ac CH20Ac CH20Ac 

- -m 
Ovle OMe OAc OAc 

117 117 - - - - __,.;w- - - - - - - - - - - m-M eO A eO M eO AcO / f'l 

AcO A eO A eO A eO � 8 7  
- 'T>" - lis US" - �5 

( 1 )  CHzOMe CHz OMe CH z OM e  CHz OMe 

2, 3 ,  5 - 2 5 -' 3, 5 - 5-

012 0Ac CH2 0Ac CH 2 0Ac CH2 0Ac 

OMe O Me OAc 
117 111 111 

- - - - -
M eO 

/�I m
AcO M eO M eO 

16/ /!9 - - -----;;1 - -,ry - - -- -

( 2 ) 

( 3 )  

OMe OAc OMe OMe 
- - -

::l33 
CH2 0Ac CH 2 0Ac CH2 0Ac CH 2 0Ac 

2, 3, 4 - 2 3 -' 2 , 4 - 3 4 -• 

CH 2 0Ac CH 2 0Ac CH2 0Ac CH 2 0Ac 
7l 

- -21.1 - - - - -
OMe OAc OAc QAc 

- - .!2 1¥.!; - - - - - - iif - - - - - - --

A eO M eO AcO A eO ,,, - - -�!1.. - - - - - - - -
OAc OAc OAc 

CH2 0Ac C H 2 Qt\c CH2 0Ac CH2 0Ac 

2- 3 - 4- ni l 

Fragmen tation patterns for corre s pond i ng de riva tive s o f  
d i f fe rent pento s e s  a re c lo s e l y  s imi l a r . 

Pr imary fragrne n t a t i o n s  fo r L - a ra b i n o s e  de r i v a t i ve s , L i n e  ( 1 )  
and D-xy l o s e  d e r i v a t i ve s , L i n e s  ( 2 )  and ( 3 ) , a r e  g i ven here . 

Ill 



HQxo se OQr i va t ives 

--+--OMe --+-- (}.Ae "OMe 117 
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- - - - - - - -
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--Otv'e 1--'89-;---0Me --+--f Ac '"' 0� 
- - -

-
-

-- �J 

---+--OA.c --+---OAc OAc 
- - - -- "tis 

- - 1- - - q.s­
CH2 Qv1e 
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CH2 0Me 

2, 3 , 4, 6 -

CH2 0Ac 

--+--OAc 

CH2 0Ac 

2, 3, 4 - 2, 3. 6 -

CH2 0Ac CH2 0Ac 

CH 2 0Me 

2 ,4 . 6 -

CH2 0Ac 
- - - - -· 

OMe OMe 17 OM e 117 
_ _

_
_

_ _ lJl - - -- - - - - - - - - -
Me 0 --1--- / ft{ Me O 205 M e O  2.6! AcO--+---;r,

- .-
r-

-

()vl; 

---+---Ct\c --+--OAc 
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OMe
-

-m 

/1] 
A eO 

Ac O 

--+--OAc 

CH2 0 M e, 

3, 4,  6 -
CH2 0Ac 

--t--OMe 

- - -
--+--Of'v1e s� 

- - - - -;;5" 
CH2 0Me 

2 , 3 , 5, 6 -

--+--OAc 

Q-12 0A.c 

2 3 -, 
CH 2 06c 

---t---OAc 

- - r- - - _ ...2)3 --+-- Ok 

CH 2 0Ac 

2 , 4 -
CH 2 0\c 

--t----Ouk. - - - - l3J 
Me 0--t-- r'ii'l M eO--+-- ''i'f AcO --+--- - - 1- - - - - - - - - - - - - - -

-
- - -,,, 

--+--OAc 131 Me OAc _.1,!... _ _
_ 

OMe _ 

LJ.S" 
CHz OMe 

2 , 6-

CHz 06c 

OMe 
- - -

-

--+--OAc OAc OAc 

lH2 0Ac 

3 4 -, 

CH 2 06c 

OAc - - -

- - - - - -� 
CH 2 0Me 

3 6 -, 

- - - - - -'IS" 

M eO 
- -:zGT -

A 0 IF? C Ac O--+-­
- - - - - - - -

OAc - OM�"r --+--OAc 

OAc OAc --+-- OAc 
- - - - 'iis-

CH2 0Ac CH 2 0k l,H2 OMe 
2 - 3 - 6 -

Fragmen t a t ion p a t t e r n s  for corre s ponding hexose derivatives o f  
d i f fe ren t sugar� a r e  a l l  s imi l a r .  
D-g lucose derivatives are shown hare . 
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Fragmen t a t ion pattern s for L- rh amo s e  de r i v a t iv e s  a r e  t h e  s ame a s  

f o r  co r r e s pond i ng L- fuco � e .  L - rh amnos e  ( 6 -deoxy-L-ma n no s e ) 

d e r iv a t i v e s  a r e  shown h e r e . 



Part 3 :  Detailed Mass Spe c tra have been recorded for pure 

samples , of parti a l ly methy lated derivatives 

obse rved in thi s  work 

Mas s - s pec trome try condi tions used we re ; 

ionis ing po tential , 7 0eV . 

acce le rating vo l tage , 4 K . V .  

ion s ource temperature , 2 5 0 °
c 

emi s s i on current l O O  � amp 

Compounds for whi ch deta i l ed spec tra are shown : -

1 .  1 , 2 , 4 , 5 -Tetra-O-Ace ty l - 6 -Deoxy� 3 -0-Methyhexitol 

2 .  1 , 3 , 4 -Tri -O-Ace tyl - 2 , 5 - Di-0-Me thylarab i n ito l  

3 .  1 , 2 , 4 -Tri -O-Ace tyl- 3 , 5 - Di-O-Methy lpent i tol 

4 .  1 , 4 , 5-Tri-O-Ace tyl- 2 , 3/ 3 , 4 -Di-0-Me thylpe nti to l  

5 .  1 , 2 , 4 , 5-Te tra-0-Ace ty l - 3-0-Me thy lpentito l  

6 .  1 , 3 , 4 , 5 -Te tra-0-Ace ty l - 2 -0-Methypentitol 

7 .  1 , 4 , 5-Tri-0-Ace tyl- 2 , 3 , 6 -Tri-0-Methylhexito l  

8 .  1 , 3 , 5 -Tri-0-Ace ty l- 2 , 4 , 6 -Tri-0-Me thylhexi to l  

9 .  1 , 2 , 5-Tri-0-Ace tyl- 3 , 4 , 6 -Tri-0-Methylhexi tol 

For each spectrum the vert i cal axi s represents pe rcent o f  

base pe ak ( in mos t  cases the base pe ak is  m/e 4 3 )  which i s  

take n a t  10 0 % . The m/e ratio i s  given o n  the hor i z ontal 

axi s and mas s  numbe rs are listed agai ns t impor tant mas s 

spec tra l fragments .  

2 5 3 , 
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100°/o 1 , 4 , 5 -Tr i -0-Ace tyl - 2 , 3, 6 - Tr i-O-Methy lhe2x i tol 
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1 ,2, 5 - Tr i - O- Acetyl - 3, 4,6- Tr i -O- MQthylhQxi to l 
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