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Resumo

Sementes de algumas espécies apresentam espessamentos de parede celular
devido a deposicio de um determinado polissacarideo que® constitui uma reserva de
carbono e energia para a plintula apés a germinacin. Um destes polissacarideos é o
xiloglucano (XG). Este polissacarideo apresenta uma cadeia principal de glucose B-(1.4)
ligada comn ramificagdes regulares com xilose a-(1,6) ligada. Algumas das xiloses
apresentam ainda ramificacdes com galactose B-(1,2) ligada. Na parede primaria
algumas das galactoses possuem ainda ramificacdes de fucose ¢-(1,2) ligadas. Dentre as
sementes que possuem esla reserva estio Tamarindus indica, Tropaeolum majus,
Copaifera langsdorffii ¢ Hymenaea courbaril.

Uma dos principais métodos de andlise de xiloglucanc € a digestdo do
polissacarideo com celulase ¢ a analise dos oligossacarideos resultantes. Nas espécies
estudadas os oligossacarideos liberados possuem quatro glucoses na cadeia principal,
mas em H. courbaril, foi descrita uma série de oligossacarideos com cinco glucoses na
cadeia principal, além da série habitual de quatro glucoses. Trés novos oligossacarideos
constituintes do xiloglucanoc de reserva de H. courbaril foram isolados e caracterizados
neste trabalho. Os oligossacarideos possuem apenas uma galactose cada e diferem entre
si pela posicdo desta galactose. Como a presenga de oligossacarideos com cinco
glucoses s6 foi descrita até hoje nesta espécie, a interago entre a xilosil e a glucosil-
transierase no Complexo de Golgi durante a biossintese da parede de reserva de H.
courbaril pode vir a ser uma importante ferramenta para entender o processo de
biossintese do polissacarideo. A presenca desta nova série de oligossacarideos
provavelmente inverte a posicfo das ramificagdes de xiloglucano. Esta inversio da
cadeia poderia alterar a simetria da molécula, o que poderia ter implica¢des na interacio
com outros polissacarideos e enzimas do seu préprio metabolismo.

Um estudo da interacdio da celulase com este polissacarideo mostrou que a
velocidade de degradacdo do xiloglucano de H. courbaril é maior gue a degradacio do

xiloglucano de C. langsdorffii . O padrfio de ramificagio do polimero com galactose



também interfere no padrio de ataque da celulase sobre o polimero, sendo gue a reducio
das ramificacdes aumenta a suscetibilidade do polissacarideo 4 enzima. A presenca de
uma exo-hidrolase (B-galactosidase) durante a hidrélise pela celulase altera o estado
final de equilibric mesmo nfo participando diretamente na reacdo da celulase, o que
indica uma complexa interagfo entre as enzimas do metabolismo de xiloglucano que
poderia ocorrer através do proprio polimero na forma de alteracBes nas cadeias laterais.
s processos de degradacfo e biossintese do xiloglucane, portanto, parecem estar
finamente sincronizados e o veiculo para a integracio entre 0s dois processos poderia ser
o proprio polissacarideo, uma vez gue o padrio de ramificacdo do xiloglucano € capaz
de codificar informacio suficiente para modular a ag3o das enzimas sobre o xiloglucano.

A localizacdo sub-celular do residuo de fucose na parede de reserva mostrou que
o polissacarideo de reserva € depositado em uma camada entre duas camadas estruturais.
A parede de reserva, portanto, possui pelo menos duas populagfes distintas de
xiloglucano que diferem entre si pela posicfo, estrutura ¢ funcfo: o xiloglucano de
reserva € mais soltivel, pobre em fucose e depositado em uma camada intermediaria da
parede; o xiloglucano estrutural € menos soliivel, fucosilado e depositado em volta da
camada de reserva. A presenca da camada estrutural externa deve ser um importante
elemento estrutural do tecido durante a mobilizacdo do xiloglucano de reservae a
diferenca na composiciio dos polissacarideos permite que o xiloglucano de reserva seja
desmontado pelas exo-hidrolases sem afetar o xiloglucano estrutural. As diferencas na
composi¢do das duas populacfes de xiloglucano, portanto, refletem diferencas
fisioiogicas fundamentais e o padrio de ramificacio parece ser um elemento importante
para manter as diferengas entre os xiloglucanos de forma a permitir que a parede

funcione como reserva de polissacarideos.
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Abstract

Seeds of some species have cell wall thickenings of a single polysaccharide that
is considered as a reserve of carbon and energy to the plantlet after germination. One of
these polysaccharides is xyloglucan (XG). This polymer has a main chain of glucose B-
(1,4) linked with regular branches of o~(1,6) xviose. Some of the xvioses have side
chains of 3-(1,2)-linked galactoses. In the primary cell wall, some of these galactoses are
further branched with a(1,2)-linked fucose. Among the seeds that accumulate this
reserve are: Tamarindus indica, Tropaeolum majus, Copaifera langsdorffii e Hymenaea
courbaril.

One of the main methods of analysis of xyloglucan is the digestion with fungal
cellulase and analysis of the oligosaccharide produced. In all the species studied so far,
the oligosaccharides produced have four glucoses in the main chain but in A cowrbaril,
a series of oligosaccharides with five glucoses in the main chain was reported besides
the usual series with four glucoses. Three new oligosaccharides from the storage
xyloglucan of H. courbaril were isolated and characterised in this work. Since the
presence of this new series of oligosaccharides have only been described in this species,
the interaction between the xvlosvi and the glucosyl-transferase in the Golgi Complex
during the biosynthesis of the storage wall of H. courbaril may become an important
tool to understand the biosynthesis process. The presence of this new series probably
inverts the position of the xyloglucan side-chains and this inversion might alter the
simetry of the molecule and this would have implications in the interaction with other
polysaccharides and the enzymes.

The study of the interaction of Trichoderma cellulase with this polymer showed
that the speed of the degradation of the xyloglucan of H. courbaril is higher than the
degradation of the xyloglucan from C. langsdorffii . The branching pattern with
galactose also interferes in the attachment of the cellulase to the polymer: the removal of
the side chains also modulates the interaction between the enzyme and the substrate, The
presence of an exo-hydrolase ([-galactosidase) during the hydrolysis by cellulase alters

the final equilibrium reached by the reaction even without direct participation in the



cellulase reaction, what suggests a complex interaction between the enzymes of
xyloglucan metabolism that may occur through the polysaccharide itself as changes in
its side-chains. The biosynthetic and disassembling processes, therefore, seem to be fine
tuned and the form to the integration of these two processes could be the xyloglucan,
since its branching pattern is capable to code enough information to modulate the action
of the enzvmes upon the polysaccharide.

The sub-celular localisation of the fucosyl residue in the storage wall showed that
the storage polysaccharide is deposited in a layer between two structural layers. The
storage wall, therefore, has at least two distinct populations of xyloglucan that differ
from each other in position, structure and function: the storage xyloglucan is more
soluble, poor in fucose and deposited in an intermediate layer in the wall; the structural
xvyloglucan is less soluble, fucosyiated and deposited around the storage layer. The
presence of an outer structural layer is probably an important element in the structure of
the tissue during the mobilisation of the storage xyloglucan and the difference in
composition between the polymers allows the disassembling by the exo-xydrolases with
little or no effect on the structural xyloglucan. The differences in the composition of the
two populations of xyloglucan, therefore, reflect fundamental physiological differences
and the branching pattern seems to be an important element for maintenance of storage

xyloglucan function.
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Introducio

Parede celular

Funcdes e composicio

Todas as células vegetals possuem uma parede celular. Esta estrutura € a
principal responsavel] pela capacidade de resistir a esforgos mecénicos e, portanto, pelas
propriedades mecénicas dos tecidos. Por restringir a expansfio do citoplasma, a parede
celular tambem determina a forma da célula e sua taxa de crescimento (Carpita e
(GGibeaut, 1993). A parede celular, portanto, € um dos elementos-chave no crescimento e
diferenciacio de toda a planta.

Por possuir polimeros 4cidos, a parede de células vegetals em crescimento
(parede primaria) participa ainda na manuten¢fo do ambiente idnico da célula
modulando ndo apenas a passagem de fons, mas também de espécies quimicas neutras.
A parede participa ainda dos processos de defesa contra a invaséo de patogenos,
sinalizacéio e controle do potencial hidrico da célula (Street e Opik, 1984, Waldron e
Brett, 1990). Cada uma destas funcdes € exercida em graus diferentes de acorde com o
tecido do qual a célula faz parte.

Essa diversidade de fungdes se reflete na diversidade de composicio da parede.
Segundo o modelo corrente (Carpita ¢ Gibeaut, 1993), a parede primaria € composta por
3 dominios independentes que possuem composigio e funcgdes distintas: pectina,
celulose-hemicelulose e proteinas:

e As pectinas sdo polissacarideos ricos em acido galacturénico que modulam a
permeabilidade da parede a solutos (idnicos ou ndo), aderem as células umas as outras e
seus fragmentos estdo entre as moléculas mais eficientes na sinalizagio de infecgfio por
patogenos (Dietrich et al., 1998). Varios polimeros podem participar da composicio
deste dominio (homogalacturonano, ramnogalacturonanos [ e II, galactanos,

arabinogalactano}, mas a composig@o exata varia de tecido para tecido.
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e A matriz celulose-hemicelulose € a principal responsavel pela resisténcia
mecénica da parede e, portanto, de todo o tecido. As microfibrilas de celulose sdo
depositadas na parede sendo orientadas pelo citoesqueleto € definem a direc3o em que 2
parede ir4 se estender (a extensfo da parede ocorrerd principalmente no sentido
perpendicular a0 da deposicio das microfibrilas). A ligagfo entre as microfibrilas € feita
por hemiceluloses que envolvem as microfibrilas. De modo geral, a deposigio de
celulose define a direcdo do crescimento, enguanto o metabolismo das hemiceluloses
define a taxa de crescimento. Embora a celulose seja a mesma em todos os vegetais, a
composigao das hemiceluloses pode variar e, assim como nas pectinas, varios
polissacarideos sdo descritos como hemiceluloses: {galacto)mananos, xiioglucanos
(XG), glucanos de ligagio mista, {arabinoixilanos. Nem todas as células possuem todos
estes polimeros e a composi¢do exata da parede pode variar de célula para célula e até
mesmo de uma parte da célula para ouira.

e A matriz protéica pode ser subdividida em proteinas estruturais e enzimas.
Varias proteinas estruturais ja foram descritas como, por exemplo, as proteinas ricas em
hidroxiprolina e as extensinas, mas suas funcdes ainda nio sdo claras. As enzimas
participam do metabolismo dos polissacarideos de parede ja referidos e, portanto, sio
importantes elementos em todos os processos citados acima. Diversas hidrolases e
transferases podem ser extraidas da parede, mas quais estdo presentes em um
determinado tecido depende de quais polissacarideos compdem a parede da célula. Isso
confere & parede um rico espectro de possibilidades metabolicas, adequado & diversidade
de fung¢des e condigBes metabdlicas as quais esta organela pode ser exposta.

Embora amplamente aceito, este modelo nfio considera a presenca de compostos
fendlicos na parede. Sua auséncia no modelo ignora a possibilidade de formacio de
ligacdes cruzadas entre os polissacarideos (McNeil et al., 1984), além de possiveis
ligaces de polissacarideos as proteinas (McCann e Roberts, 1991, Liyama et al., 1994).
Carpita e Gibeaut (1993) supdem que estes dominios sejam essencialmente
independentes, ao conirério do que sugerem outros autores (Coimbra et al., 1994 ¢

Goonerate et al., 1994).



infroducas 14

Além destas fungdes tipicas de parede primdria, a parede celular vegetal pode
apresentar especializagbes. As paredes podem enrijecer e lignificar em tecidos de
transporte € sustentagdo como o xilema, acumular suberina ou camadas adicionais da
matriz celulose-hemicelulose como em células guarda de estdmato (Carpita e McCann,
2000). Em sementes, pode ocorrer 0 acimulo de alguns polissacarideos especificos que
constituern uma reserva de carbono para ¢ crescimento da pléntula ap6s a germinacio
{Bewley e Black, 1978; Buckeridge e Reid, 1996).

Entre 0s polissacarideos que podem ser utilizados como reserva estio o manano,
o galactomanano, ¢ galactano e o xiloglucano. Exceto pelo galactano, que constitui uma
ramificac@o de cadeias de pectina, os demais polissacarideos sfo hemiceluloses. Esta
especializacio provavelmente surgiu através de uma separaco temporal dos processos
de catabolismo e anabolismo dos polissacarideos da parede que ocorrem normalmente
nas paredes primarias {Buckeridge et al,, 2000a). Nas células em crescimento os
polissacarideos estdo em constante modificacdo para assegurar ¢ crescimento controlado
da célula. A medida que os polimeros antigos sdo modificados para aliviar as tensdes
oriundas da distenséo da parede, novas moléculas sfo incorporadas 4 parede garantindo
a integridade da célula. Nos tecidos de reserva, um dos polissacarideos de parede ¢
sintetizado em grande quantidade durante a maturacfo da semente sem que haja
aumento da sua taxa de degradacfo. Com isso, a semente quiescente acumula um grande
depdsito de polissacarideos nas paredes das células parengquiméticas. Apds a
germinacdo, ocorre um grande aumento no catabolismo deste polimero na parede ¢ os
monossacarideos constituintes sio absorvidos pela célula e utilizados como fonte de
carbono para o crescimento.

Por apresentarem grande teor destes polissacarideos, as sementes s&o utilizadas
na industria como fonte desses polimeros. Na induastria alimenticia, por exemplo, estes
polissacarideos sdo amplamente utilizados como espessantes de baixo valor caldrico
(gomas) € sua ingestdo aumenta o consumo de fibras alimentares, trazendo vérios
beneficlos a quem as consome {Buckeridge e Tiné, 2001). Os polissacarideos mais
amplamente utilizados sfo o xiloglucano e ¢ galactomanano, acumulados em sementes

de algumas espécies de leguminosas.
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Xiloglucano: estrutura, fun¢do e metabolismo na parede primdria

Kiloglucano € uma das principais hemiceluloses de dicotileddneas. Sua cadeia
principal é composta de glucose’ ligada B(1.4). Esta cadeia possui ramificacdes
regulares com xilose a(1,6) ligadas e algumas destas xiloses possuem ainda
ramificacdes comn galactose ligada B(1,2). Em parede priméaria, pode haver ainda uma
fucose ligada 4 galactose atraves de ligacBes o(1,2), mas esta substitui¢io nfo ocorre no
xiloglucano de reserva. Pela nomenciamra corrente (Fry et al., 1993), os residuos de
glucose néo ramificados sfo denominados G, enquanto os pontos da cadeia principal
ramificados por xilose sdo denominados X e quando hé ramificaciio com galactose, o
trisacarideo glucose-xilose-galactose é denominado L (Figura 1), Na parede priméria
pode ocorrer ainda ramificacio de fucose (1,2} ligada na galactose e neste caso o

tetrassacarideo € denominado F. Outras modificagdes podem ocorrer ainda na parede
primaria como arabinose (Keifer et al., 1990), duas xiloses em uma mesma glucose
(Hisamnatsu et al., 1992), acido fertlico (Ishii et al., 1990) e acetilagfio nas galactoses
(Kato e Matsuda, 1985; Hayashi, 1989).

Nas paredes primdrias o xiloglucano estd intimamente ligado & celulose,
chegando inclusive a penetrar na microfibrila (Baba et al., 1994). O comprimento da
cadeia de xiloglucano possibilita que uma mesma molécula estabeleca ligacses com
mais de uma microfibrila de celulose, formando ligagbes cruzadas entre as mesmas, o
que aumenta ainda mais a resisténcia da parede as forcas externas (Havashi e

Maclachlan, 1984). Além de estabelecer ligagGes entre as microfibrilas, o revestimento

! Neste trabathe, a nomenclatara dos carboidratos (principalmente polissacarideos) serd utilizada
de forma a facilitar a compreensfio e agilizar a distingfo entre compostos similares. Ao invés de glicose,
serd utilizado o termo glucose. Isto visa distinguir termos como glicosideos (um aglicon ligado a um
aglcar qualquer) de ghucosideos (um aglicon, ligade a uma molécula de glucose), Esta designacio permite
utilizar o terme geral glicano(s) para polissacarideos compostos de qualquer mistura de monossacarideos,
ao contrario do termo glucanos, que serd usado para designar polissacarideos compostas inteira ou
predominantemente por moléculas de glucose, tais como a celulose, amido, glucanos de ligagio mista ou
xiloglucanos.
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Figura 1. Represaniacéo esquematica de uma molécula de xilogiucano de reserva. 08
ipos de ligaches esido indicados no lado esguerde da molécuia, As seias representam os
sitios de atague da celulase. Us fragmenios gerados pela digestao deste segmento hipotético
de xilogiucano com celulase de Trichoderma viride seriam; XXLG, XXXG e XLLG, segundo a

nomenciatura corrente {Fry et al,, 1993). Esquema adaptado de Driouich et al. {1984},

de xiloglucano mantém a organizagfio das microfibrilas impedindo que estas coalescam
e formem feixes muito espessos (McCann et al., 1990).

Como a maioria dos polissacarideos de parede celular, o xiloglucano é
sintetizado no complexo de Golgi. A cadeia principal de glucose e as ramificagdes de
xilose séo sintetizadas simultaneamente na face cis da organela, enquanto as galactoses
sfo adicionadas na face trans da organela (ver Driouich et al., 1994 para uma revisfo).
Na parede priméria, a fucose é adicionada na rede trans do Complexo de Golgi pouco
antes de sua exportagdo para a parede celular (Figura 2). O polissacarideo € montade por
transglicosilagfio utilizando nucleotideos-actcares (principalmente UDP-agticares) como
doadores (Gibeaut, 2000). As vesiculas provenientes do complexo de Golgi que contém
o xiloglucano se fundem com a membrana plasmatica enriguecendo o apoplasto com
estas moléculas. Algumas destas moléculas se infiltram na fibrila de celulose enquanto
esta esta sendo sintetizada criando regides amorfas na microfibrila. Em seguida a

microfibrila recém sintetizada permeada de xiloglucano € integrada a parede com a
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Figura 2. Localizag&o proposta para as glicosil-transferases responsaveis pela
biossintese de xiloglucanc no complexo de Golgi. Na face cis € montado ¢ esqueleto principal
de glucose e xilose. A galactose ¢ adicionada na face trans e a fucose (no caso do xilogiucano
de parede primaria) & adicionada na rede trans do Golgi (RTG). Adaptado de Carpita e McCann
{2000).

formac@o de ligacGes entre os fragmentos de xiloglucano de microfibrilas adjacentes
(Hayashi, 1989).A dificuldade de solubilizar enzimas trans-membranicas sem perda de
atividade dificulta o isolamento e caracterizagfo das glicosil-transferases envolvidas na
biossintese do xiloglucano. O primeiro gene de biossintese de polissacarideo de parede
(celulose) foi identificado por homologia com o gene de sintese de celulose de bactérias

e clonado apenas em 1996 (Pear et al., 1996). Acredita-se que haja uma glicosil-
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transferase para cada ligagho adicionada aos polimeros sintetizados no Complexo de
Golgi. Neste caso, pelo menos trés glicosil-transferases estariam envolvidas na sintese
de xiloglucano de reservar glucosil-transferase, xilosil-transferase e galactosil
transferase. Até o momento, a Gnica glicosil-transferase relacionada a sintese de
xiloglucano clonada € a fucosil-transferase (Perrin et al., 1999) mas esta enzima nio
deve estar ligada a sintese de xiloglucano de reserva, uma vez que o polissacarideo de
reserva ndo € fucosilado. Apesar desta dificuldade em isolar as proteinas, estudos de
cinética enzimatica tém sido realizados com preparagdes de membrana de complexo de
Golgi (Faik et al., 1997, Perrin et al., 1999). Os dados iniciais de K, das enzimas obtidos
nestes trabalhos sugerem que o controle da taxa de sintese de polissacarideo poderia ser
feito (a0 menos em parte) pelo controle da concentragdo de UDP-glucose e UDP-xilose
na face cis do Golgi, uma vez que ¢ K, destas transferases € maior que o da galactosil-
transferase. No caso dos glucanos de cadeia mista (B-(1.3), B-(1,4)) de milho, por
exemplo, a estrutura do polissacarideo também parece ser regulada pela disponibilidade
de substrato para a glucosil-transferase (Buckeridge et al., 1999).

Uma das formas mais usuais de estudo do xiloglucano ¢ a hidrélise do polimero
com uma endo-B-glucanase e andlise dos oligossacarideos resultantes. O padrio de
oligossacarideos gerados por digestio com celulase varia de acordo com a espécie de
onde o xiloglucano foi extraido mas, em geral, os oligossacarideos resultantes possuem
quatro glucoses na cadeia principal, trés delas com ramificagdes de xilose, diferindo
entre si pelo niumero e posi¢lo das ramificacdes de galactose (Figura 3) (Vincken et al.,
1997). Foi sugerido que esta estrutura basica com um nmero par de glucoses na cadeia
principal seria uma constri¢do da propria ligac@o da cadeia principal pois a ligago
3(1,4) da cadeia inverte cada residuo cerca de 180 graus em relacfo aos residuos
adjacentes. Assim, ao invés de inverter todo o sitio catalitico em relac¢do 4 cadeia
nascente de polissacarideo, a cada residuo adicionado, o complexo de biossintese de
xiloglucano adicionaria duas glucoses a cada ciclo de transglicosilacio ¢ a unidade
basica de biossintese da cadeia principal seria a celobiose e ndo a glucose (Carpita e

Vergara, 1998).
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Embora em solandceas ocorra uma série de oligossacarideos com apenas duas
xiloses (XX GG), a cadeia principal do oligossacarideo ¢ ainda assim composta por um
nimero par de glucoses (2 celobioses ligadas, Sims et al., 1996 ). Em Hymenaeq
courbaril L., no entanto, foi descrita a ocorréncia de uma série de oligossacarideos com
5 glucoses na cadeia principal (Buckeridge et al, 1997). O primeiro membro da série foi
purificado e caracterizado como X XXXG e a presenca de outros oligossacarideos foi
reportada. Acredifa-se que os oligossacarideos nfo identificados sejam relacionados ao
XXXXG da mesma forma que os oligossacarideos ortodoxos derivam do XXXG, ou

seja, diferem entre si pelo nimero e posicio das ramificacBes de galactose.

Xiloglhicano.: Metabolismo de reserva

Biossintese

A biossintese de xiloglucano de reserva em sementes ocorre de forma semelhante
a biossintese do xiloglucano de parede primaria no Complexo de Golgi. Ja foram
realizados estudos a respeito da deposigio de xiloglucano de reserva em sementes de
pelo menos duas espécies: Tropaeolum majus e Tamarindus indica. Em 1986, Hoth e
colaboradores observaram o actimulo transitdrio de amido durante a maturaco da
semente de Tropaeolum majus L. (Tropaeolaceae). Este amido desaparecia ao final do
processo de deposicio do xiloglucano, sendo, provavelmente, utilizado como fonte de
carboidratos para a sintese do polissacarideo de parede. Contudo, a quantidade de
xiloglucano formada durante a degradac@o do amido correspondia apenas a metade desta
reserva armazenada, o que sugeriu uma alta atividade em outras vias metabdlicas no
periodo (respiragéo, sintese protéica, etc.). Ao fornecer xilose marcada radioativamente,
o amido fol o primeiro polissacarideo a ser marcado. Segundo os autores, o sistema de
biossintese de xiloglucano ndo seria capaz de utilizar diretamente xilose livre do
citoplasma. A via proposta para o metabolismo da xilose seria a isomerizaco desta para
xilulose, fosforilacdo e entrada na via das pentoses (xilulose-3-P é um intermediario da

via das pentoses). Uma vez no metabolismo primério, a xilulose seria convertida em
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glucose-6-P ¢ formaria UDP-glucose. A UDP-glucose seria oxidada a UDP-4cido
glucurdnico e este seria descarboxilado, formando UDP-xilose que, entdo, poderia servir

de substrato para a biossintese de xiloglucano.

Figura 3. Oligessacaridecs obtidos pela digestao de xilegiucano de reserva com
celutase de Trichoderma reseil. Os oligossacarideos com 4 glucoses na cadeia principal s&o
amplamente distribuidos nas plantas (Vincken et al,, 1987), mas o XXXXG s6 foi descrito até
hoje em Hymenaea courbari/ (Buckeridge et al., 1987)
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Alguns anos mais tarde, Ruel et al. (1990} acompanharam as alteragBes na
ultraestrutura da parede durante a deposigio de xiloglucano nas sementes de 7. majus.
(s autores verificaram que, durante a deposic8o, havia 3 camadas na parede: 2 primaéria,
a de reserva e uma terceira camada entre esta Gltima e a membrana plasmatica. Esta
terceira camada parece ser ¢ sitio de deposicio do xiloglucano antes de sua
incorporacio definitiva a parede. A camada de reserva, por sua vez, apresenta-se
heterogénea, rica em alvéolos que, apesar de conterem polissacarideo, apresentam uma

reag®o menos intensa ao metodo de impregnacfo com lodo que o restante da parede.

Degradacio

O sistema de degradacio de xiloglucano mais estudado até o momento ol o de
Tropaeolum majus. Em 1985, Edwards et al. acompanharam a mobilizag8o do
xiloglucano nesta espécie e observaram um aumento da atividade das enzimas
envolvidas na degradacéo do mesmo (B-glucosidase, B-galactosidase, a-xilosidase e
endo-p1,4-glucosidase) durante a mobilizacio deste para o eixo embriondrio. Em 1987,
Reis et al. acompanharam 0 mesmo processo em 7amarindus indica € observaram o
acumuio de amido no interior da célula durante a degrada¢fo do polissacarideo da
parede, supostamente devido ao excesso de carboidrato no citoplasma {como sugerido
por Harris e Chrispeels, 1975). Os autores identificaram 3 etapas na mobilizagio do
xiloglucano da semente: uma etapa de hidratacdo da semente e mobilizacio dos corpos
protéicos, uma etapa de mobilizacdo do xiloglucano ¢ uma etapa pés-mobilizagdo onde
o cotilédone permanece ligado ao eixo embriondrio com cerca de 10% do peso inicial,
sem alteracdes significativas nas massas de matéria fresca e seca.

Desde entio, as principais enzimas de degradacio de xiloglucano de 7. majus
foram isoladas e caracterizadas pelo grupo do professor Grant Reid da Universidade de
Stirling na Escocia: a B-galactosidase (Edwards et al., 1986; Fanutti et al., 1993), a endo-
B1.,4-glucanase (Edwards et al., 1986), a a-xilosidase (Fanuttiet al,, 1991} e a B-
glucosidase (Crombie et al., 1998). Estas enzimas agem em conjunto sobre o

polissacarideo para liberar 0s monossacarideos constituintes gue seriam internalizados
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pela célula. Posteriormente um padrfo semelhante de atividades enziméaticas foi
encontrado por Alcéntara et al. (1999) em Copaifera langsdorffii. A (-galactosidase
desse sistema foi isolada e, ao contrario da enzima de 7. mgjus, ela hidrolisa apenas
algumas galactoses em posicBes especificas, sugerindo z existéncia de mecanismos sutis
e sofisticados de degradacgfo do polissacarideo (Alcéntara et al., 1999). Sabe-ze hoje que
a endo-P-glucanase presente durante a mobilizacdo do xaloglucano é uma
transglicosilase (XET-xiloglucano endo-transglicosilase) (Farkas et al., 1992; Fanutti et
al.. 1993) membro da familia de transglicosidases (Campbel e Braam, 1999) expressa
exclusivamente nos cotilédones (Rose et al., 1996).

Embora a presenca de xiloglucano de reserva em Hymenaea courbaril L.
(Leguminosae) j4 tenha sido sugerida em 1960 {Kooiman, 1960}, o acompanhamento da
mobilizacio so foi feito 40 anos depois (Tiné et al., 2000). G acompanhamento da
estrutura do polissacaridec ao longo do processo de mobilizaco sugeriu a presenca de
pelo menos duas classes de xiloglucano: uma de reserva (extraivel com agua quente e
pobre em arabinose, cujo teor diminui ao longo do processo) e outra estrutural {extraida
apenas com NaOH e rica em arabinose, cujo teor ndo ¢ alterado ao longo da mobilizagdo
das reservas).

Além do acompanhamento citoquimico (Figura 4), a atividade das quatro
enzimas de desmonte do xiloglucano foi acompanhada. A caracterizacio parcial das
enzimas levou os autores a propor um mecanismo de contrele da degradacgio baseado no
controle da atividade de [3-galactosidase pelo pH, de forma analoga ao mecanismo de
crescimento acido induzido por auxina na parede priméria (Figura 5). Duas das exo-
hidrolases {a-xilosidase e B-glucosidase) possuem um pH étimo proximo a 4,5,
enquanto a outra ([3-galactosidase) possui um pH 6timo préximo a 3,5, sendo que em pH
4,5 ha uma queda acentuada de atividade. O desmonte do polissacarideo seria iniciado
pela agdo de XET sobre o polimero. A caracterizaciio desta enzima mostrou que, ao
contrério da XET de Tropaeolum majus, a atividade hidrolitica € muito pequena, sendo
que dificil detectar a queda da massa molecular na auséncia de oligossacarideos. Apés o
desmonte do polissacarideo, os monossacarideos resultantes seriam internalizados pelas

células, convertidos em sacarose e exportados para o eixo embrionério.
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Figura 4. Segbes transversais de cotilédones de H. courbarl! impregnadas com solucao
de lodoflodeic de Potassio (420x) antes (A) e depois {B) da mobilizagio do xiloglucano de

reserva. O espessamento azul da parede corresponde ao xiloglucano de reserva visto em “A”

/—\ Controle por

y sPH
. _..__.—_____..._& 1
Xiloglucano XET l/

E@l/’ o-xil \
3 B-gte ~

gal ¥

gle

Transglicosilagdo Desgalactositagdo Desmontagem

Figura 5. Modelo proposto para a desmontagem “in vivo” do xiloglucano de reserva em
sementes. O polissacarideo & parciaimente hidrolisado pela XET. Somente quando certos
residuos de galactose em XLXG e XLLG seriam hidrolisados {desgalactosilagio), o©s
oligossacarideos remanescentes dos fragmentos maiores contendo XX1L.G e XXXG entrariam no
ciclo final de desmontagem na qual a glucose e a xilose seriam atacadas pela -glucosidase e
a-xilosidase para produzir monossacarideos livres. XET=xiloglucano endo-iransglicosiiase, B-

gal=f-galactosilase, a-xil=a-xilosidase, B-gle=p-glucosidase. Adaptado de Tiné et al.{ 2000}.
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Celulase versus XET

Digestdo com celulase tem sido utilizada na caracterizacio de xiloglucano desde
1980 (Kato € Matsuda, 1980). Estudos estruturais desta enzima mostraram que o sitio
catalitico possul entre 0,5 a 1 nm, dependendo do mecanismo da reacfio (Davies e
Henrissat, 1995). No caso das enzimas que mantém a conformacio da ligacio
(“retaining enzymes”) como a celulase de Trichoderma resei vendida comercialmente
{(Megazyme), o sitio catalitico tem cerca de 0,5 nm, o que corresponde aproximadamente
ao comprimento de um residuo de glucose na cadeia de xiloglucano (Taylor e Atkins,
1985). Esta celulase possui uma estrutura “jelly roll”, com diversos segmentos em folha
pregueada formando uma fenda onde a cadeia de substrato se encaixa’, colocando o
residuo a ser hidrolisado alinhado com residuos de acido glutdmico que agem como
doadores e aceptores de elétrons durante a catdlise (Figura 6).

As celulases sio intbidas por altas concentracdes de produtos como celobiose
(Bhat et al., 1989), mas monossacarideos como a glucose sfo inibidores bem menos
eficientes (Wood e Bhat, 1988). A caracterizagio do modo de acdo das celulases
mostrou que estas enzimas sdo capazes de transglicosilar (transferir residuos de aglcares
de uma cadeia para outra) (Bhat et al., 1990). O mecanismo da reacdo deve ocorrer de
modo semelhante na hidrélise e na transglicosilagdo, mas no caso desta Gltima reacdo, o
aceptor da cadeia ¢ a hidroxila de um outro carboidrato, e nfo a agua. A
transglicosilagdo em celulase s ocorre em condi¢des de alta concentragio de produto ou
em solugOes etandlicas, mas o fato de ser possivel forgé-la em enzimas hidroliticas
levanta importantes guestdes sobre a origem evolutiva da xiloglucano endo-
transglicosilase (XET), a enzima de plantas responsavel pela hidrélise “endo™ da cadeia

de xiloghucano. Uma dela € se estas enzimas teriam um ancestral em comum.

? informagdes atualizadas sobre esta classe de enzimas estdo disponiveis no site hitp://afmb.cnrs-

mrs. fi/CAZY
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Figura 6. Mecanismos de hidrolise de ligacdes glicosidicas. A reagio de hidrdlise de
figac&o pode manter a posicdo da hidroxita anomérica (A-refaining) ou inverter a posicao (B-
inverting). Tanto na XET quanto na celulase de Trichoderma resell, os residuos acidos séo
acidos giutdmicos. O sitio catalitico das enzimas “inverting” & maior para poder acomodar uma
molécula de agua para efetuar hidrélise em um Unico passo. Adaptado de Davies e Henrissat
(1995).

A comparacio da estrutura primdria das XETs ¢ outras enzimas hidroliticas
coloca a XET mais préxima a outras hidrolases como liguenase (5(1,4),(1,3) glucosil
hidrolase) e a B(1,3) glucanase, mas todas estas enzimas s3o estruturalmente muito
proximas & celulase, possuindo a estrutura basica “jelly roll”, com folhas pregueadas
formando uma superficie onde o substrato ancora. Nenhuma XET, no entanto, teve sua
estrutura tercedria determinada por cristalografia ou Ressonéancia Magnética Nuclear até
o momento, de forma que estas assergSes a respeito da estrutura terciaria sdo feitas
apenas por semelhanga entre as estruturas primérias. Estas semelhancas reforgam a idéia

de ser possivel comparar os dados relativos ac modo de ac8o destas enzimas, embora
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elas sejam obtidas de origens muito distintas {celulase fungica ¢ XET de plantas). As
diferencas entre estas duas enzimas provavelmente se devem as diferentes funcBes para
05 Organismos que as produzem. Plantas produzem celulases apenas em algumas
situacBes muito especificas como formacio de aerénquima, por exemplo. A enzima mais
amplamente distribuida em tecidos vegetais que age sobre os B-glucanos séo
transglicosilases (xiloglucano endo-transglicosilase-XET). A transglicosilac8o realizada
pela XET, provavelmente esta ligada ao metabolismo do xiloglucano na planta,
permitindo o crescimento controlado da célula, enguanto a hidrolase produzida por
microorganismos estaria ligada ao processo de invasdo ¢ degradagio da parede vegetal.
A analise da estrutura fina do xiloglucano de sementes de Tropaeolum majus L.,
Tamarindus indica L. e Copaifera langsdorffii L. com XET de Tropaecium majus L.
mostraram que esta enzima libera como produtos de reagdo os mesmos oligossacarideos
liberados pela aclo da celulase de Trichoderma: XLLG, XXLG, XXLG e XLLG,
sugerindo uma semelhanca no modo de reconhecimento do substrato na celulase e na
XET. At o momento, as Gnicas XETs purificadas a partir de sementes que acumulam
xiloglucano como reserva foram as de T majus (Edwards et al., 1986 e Fanutti et al.,
1993) e de Hymenaea courbaril (Alcinrara, 2000). A caracterizacdo da primeira enzima
mostrou que ela requer uma série de 3 glucoses da cadeia principal para poder
reconhecer o substrato. O residuo cuja ligacdo vai ser quebrada nfo pode estar
ramificado, mas como a ligacéo da cadeia inverte os residuos adjacentes, estes dois
podem apresentar ramificagdes. A XET de H. courbaril, ao contrario da enzima de 7.
majus, s6 € capaz de reduzir o tamanho do xiloglucano na presenca de oligossacarideos,
o que significa que esta enzima apresenta uma capacidade hidrolitica muito limitada
(Tiné et al., 2000), mesmo em baixas concentracdes de xiloglucano e praticamente s6 €
capaz de transglicosilar. A XET de 7. majus, por outro lado, € capaz de produzir
oligossacarideos em baixas concentragdes de subsirato e apenas quando a concentragio
de fragmentos de xiloglucano (receptores da transglicosiiacéio) aumenta, a
transglicosilacdo passa a ser a reacdo predominante. Diante das semelhancas apontadas
entre a XET e a celulase, acreditamos que as informagfes obtidas por hidrélise com

celulase fingica possam ser estendidas ao metabolismo da parede.
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Justificativa

Todas as plantas apresentam uma etapa heterotréfica no seu ciclo de vida. Na
maioria das Anglospermas, a semente € uma das etapas mais vulneraveis do ciclo de
vida, pois representa um momento em que o novo individuo ainda nflo € capaz de extrair
do ambiente todos 08 recursos necessarios a sua sobrevivéneia. A diversidade de nossa
flora e a diversidade de estratégias de crescimento acaba sendo refletida, em certo grau,
na diversidade de compostos de reserva das espécies tropicais. Apenas entre 08
carboidratos poliméricos, podemos citar plantas que acumulam amido, frutanos,
{(galacto)mananos e xiloglucanos. Nesta etapa em que os individuos sdo heterotréficos e
dependem das reservas provenientes da planta mie, o metabolismo dos carboidratos de
reserva € uma das pecas-chave na estratégia de vida da planta e sua distnibuicio.

Dentre as sementes que acumulam xiloglucano, apenas quatro espécies tiveram
sua estrutura fina (composicéo de oligossacaridecs) estudada até o momento:
Tropaeolum majus, Tamarindus indica, Copaifera langsdorffii e Hymenaea courbaril.
As trés Gltimas pertencem ao mesmo grupo taxondmico {Leguminosae,
Caesalpinioideae, tribo Detarie), enquanto 7. majus € uma Tropaeolaceae. De fato, as
leguminosas se prestam muito bem a estudos da evolugo da reserva de carboidratos,
pois dentro da familia € possivel encontrar as mais diferentes estratégias de
sobrevivéncia e de metabolismo de carboidratos de reserva. E possivel encontrar desde
sementes que possuem grandes quantidades de reserva de carboidrato como A
courbaril até sementes com baixos contetidos de reservas como Pipradenia
gonoacantha. Ainda dentro da familia existe uma grande diversidade de polissacarideos
de reserva que ocorrem em sementes: amido, galactano, (galacto)manano e xiloglucano
{Buckeridge et al., 2000a).

Embora Lima e colaboradores (1993) tenham definido a estrutura do xiloghucano
de H. courbaril como sendo um xiloglucano “ortodoxo” (ou seja, formado basicamente
por repetigdes de blocos de quatro glucoses, como o xiloglucano de Tamarindus indica
e Tropaeolus majus), Buckeridge et al. (1997) revelaram a existéncia de uma nova

classe de oligossacarideos gerados por digestio com celulase. Cerca de metade do
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xiloglucanc de reserva de H. courbaril € composta por um polissacarideo baseado em
oligossacarideos formados por 5 glucoses, ao contréario das estruturas ja descritas,
formadas basicamente por grupos de 4 glucoses.

O jatoba (Hymenaea courbaril) ¢ uma leguminosa arborea que tem sido
explorada comercialmente por fornecer uma madeira dura e resistente & putrefacio, que
pode ser usada em construgdes pesadas e obras hidraulicas (Carvalho, 1994). Como uma
espécie tipica de estagios avangados de sucessfo em florestas neotropicais, o jatoba €
uma planta bastante exigente quanto as condicdes de crescimento e desenvolvimento.
Com a reducdo das areas de mata nativa do pais, esta espécie, assim como varias outras,
correm ¢ risco de entrar em extingfo. Estudos a respeito de sementes de espécies
tropicais sdo, portanto, um passo importante para desenvolver estratégias de manejo ¢
conservacdo de florestas onde estas ocorrem (Janzen e Vézguez-Yanes, 19913,

Um outro aspecto importante a ser salientado € que apesar das diferengas nas
proporgdes de monossacarideos entre o xiloglucano de parede primaria e o de reserva,
este ultimo € um bom modelo de estudo de polissacarideo de parede. A sua abundancia
facilita a obtenc@o de material para estudos, e por requerer uma grande quantidade de
enzimas para sua hidrolise, facilita também a obtencéo destas para uso como
ferramentas no estudo dos polissacarideos. Além disso, a existéncia de um
espessamento rico em xiloglucano levanta outras perguntas a respeito da capacidade de
auto-interacdo deste polissacarideo, pois nos modelos de parede existentes, o
xiloglucano estd sempre associado a celulose ¢ entremeado por outros polimeros,

enquanto nos casos de paredes de reserva a celulose nunca foi detectada.

Objetivos

O presente trabalho teve como objetivos caracterizar os padrSes de ramificacio
do xiloglucano de reserva de Hymenaea courbaril e avaliar a influéncia destas cadeias
laterais na interagfo com celulase em comparacdo com os xiloglucano de reserva de
outras espécies que ndo possuem oligossacarideos com cinco glucoses em sua cadeia.

Como as cadeias laterais podem modular 3 interacfio entre a enzima e o substrato, um
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novo padrio de ramificacfo no xiloglucano pode ter efeitos no catabolismo do
polissacarideo.

Este estudo também visa imunolocalizar o xiloglucano de reserva na parede
celular. Da mesma forma que nos estudos bioquimicos, serfio utilizadas outras espécies

que acumulam xiloglucano em suas sementes para comparagio.



Galactosylated oligosaccharides from the XXOCAG family

Artige 1

Structure of three new galactosylated oligosaccharides of the

XXXXG family from the storage xylogiucan of Hymenaea courbaril 1.

A ser submetido a revista “Carbohydrate Research”.



Lad
pesad

Galactosylated oligosaccharides from the JOXE family

Structure of three new galactosylated oligosaccharides of the XXXXG family

from the storage xyloglucan of Hymenaea courbaril L.

-
7

Marco Aurélio SilvaTiné'?, Clévis Oliveira Silva"?, Nicholas C Carpita? , Marcos

. - . la
Silveira Buckeridge *.

I Secio de Fisiologia e Bioguimica, Instituto de Botanica, Avenida Miguei
Stéfanc 3687, Agua Funda, 04301-902, Sdo Paulo, SP.

2 PhD student at Departamento de Biologia Celular ¢ Estrutural, Instituto de
Biologia, UNICAMP, Campinas, SP

3 Departament of Plant Pathology, Purdue University, West Lafayvette, IN 47907~
1155.

*to whom correspondence should be addressed.

e-mail: msbucki@usp.br
Running title: Galactosylated oligosaccharides from the XXXXG family
abbreviations:

HPAEC-PAD, High Performance Anion Exchange Chromatography-Pulsed

Amperometric Detection; ESI-MS, Electrospray ionisation -Mass Spectrometry;

Keywords: Xyloglucan, Hymenaea courbaril 1., storage, polysaccharides, cell

wall, electrospray-mass spectrometry.



Galactosyviated oligosaccharides from the XXXXG family

Ced
]

Abstract

Three new oligosaccharides from the storage xyvloglucan of Hymenaea courbaril
were purified by size exclusion chromatography. The proportion of monosaccharides
obtained by acid hvdrolysis for each of these three oligomers was 5:4:1
{glucose:xylose:galactose), indicating that they differ from each other only by the
position of a single galactosyl residue. Of the three oligosaccharides, only one was
susceptible to Copaifera langsdorffii B~galactosidase to generate XXX XG and was
identified as XLXXG. All three oligosaccharides had the same mass to charge ratio as
determined by mass spectrometry analysis (m/z=1541), but produced different
secondary fragments, after ESI-MS. Only one oligomer produced "LG" fragment
{m/z=659). characteristic of XX¥L.G, and one produced "XL" fragment (m/z=773),
indicative of XL.XXG and consistent with the susceptibility to B-galactosidase
hydrolysis. The third oligosaccharide did not produce any specific fragment that could
only be generated.by a specific oligosaccharide, but had ESI-MS profiles consistent with
XXLXG. These resuits allowed us to identifv the three oligosaccharides as XXXLG,
XLXXG and XXLXG. Thus, unlike other xyloglucans described in the literature, A
courbaril storage xyloglucan i1s composed of five glucose units, in addition to the four-
glucose units normally found. The ESI-MS of dimers of oligosaccharides detected the
preferential presence of the two series in the same polysaccharide, suggesting that they
are alternated in the polymer, with implications in the distribution of the galactoses
along xyloglucan chain. This imposes a re-evaluation of the strict

cellobiosyl/cellotetraosyl unit structure, indicating a novel synthesis mechanism.



Galactosylated oligosaccharides from the XXOULG family

Lad
Led

Introduction

Kvloglucan is a major matrix glycan in the primary walls of all dicots and several
monocot species. Some seeds store this polysaccharide in large amounts as a resource
for the embryo after germination (Buckeridge et al., 2000). The seed storage xvloglucan
has a cellulosic-like (1-24) B- D-glucan backbone, where some glucose residues are
substituted with (1-26)a- D-xylopyranoside and these can be further substituted with
(1-22)B-D-galactopyranoside. According to the current nomenclature (Fry et al., 1993),
the unbranched glucose residues are named “G”, the xylose-substituted glucoses are
named “X” and the trisaccharide formed by glucosyl with xylosyl and galactosy!
attached are designated “L”. This basic structure is shared by all xyloglucans desecribed
to date, but in the primary wall, further substitutions with fucose and arabinose are
common (Havashi, 1989).

The most widespread technique used for studies on xylogiucan has been the
digestion with a Trichoderma endo-B-glucanase (celiulase). This enzyme hydrolyses
xyloglucan polymers only at glycosidic linkages where an unbranched glucose residue is
present. This pattern of action produces a few structurally distinct oligosaccharides that
usually have four glucoses in the main chain, differing from each other by the position
and length of the side-chains (Vincken et al., 1997a). This basic structure was suggested
many years ago (Kooiman, 1960) from the proportions of monosaccharides. It was
assumed that this four-glucoses structure was a restriction imposed by the inversion of
the glycosyl residues typical of (1,4)-B linkages (Carpita and Vergara, 1998). Since
xvloglucan and cellulose share the same glycosyl backbone, it was proposed that
cellobiose was the basic unit of both polysaccharides.

One of the few exceptions in the XXXG-based xyloglucan is the polysaccharide
from Solanaceae species, where only two contiguous glucose residues are substituted
with xylose (Sims et al., 1996). But even in this case, the third glucosyl residue is
acetylated at position 6, and the basic structure is also composed of a cellotetraosyl

backbone (XXGG).
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The storage xyloglucan from Hymenaea courbaril L., on the other hand, was the
only xyloglucan to date shown to contain a 1:1 proportion of a 5-glucose backbone
oligosaccharides, besides the usual family of XX XG-based oligosaccharides
(Buckeridge et al., 1997}, The first oligosaccharide of this series to be purified and
characterised was XXXX(G, but the authors pointed out to the existence of other
unidentified oligosaccharides produced by cellulase from polymeric xyloglucan and
suggested the presence of a family of galactosylated oligosaccharides with five glucoses
in the main chain. In this work, we show that three of these oligosaccharides are
produced by the addition of a single galactosyl residues at the three possible positions of
attachment. Electrospray Mass Spectrometry analvysis of fragments containing two
constitutive blocks of H courbaril xvlioglucan revealed that the polvmer is formed by
alternation of XXXG and XXXXG. The implications of our discoveries for the

mechanism of xyloglucan biosynthesis and mobilisation are discussed.

Results

Isolation and linkage analysis

‘Three unidentified oligosaccharides were purified from Hymenaea courbaril
seed storage xyloglucan by size exclusion chromatography on Biogel P-4 and named
Y1, Y2 and Y3, according to their elution profile in the HPAEC-PAD (Figure 1). These
three oligosaccharides represent approximately 30% of the total cligosaccharides
produced by the action of cellulase on the polymer (Table 1). The linkage analysis of
each purified cligomer showed the expected linkages (4,6-glc:6-gic:4-glc) for a storage
xyloglucan oligosaccharide. The ratio between the glucose linkages in the
oligosaccharides (Table 2) was approximately 3:1:1 (4,6-glc:6-glc:4-gle), confirming the
initial hypothesis that these oligosaccharides have 3 branched glucoses in the middle of
its structure for each reducing and non-reducing end. No arabinose or fucose were
detected. The proportion of monosaccharides determined by acid hydrolysis and analysis
by HPAEC-PAD was the same for all three oligosaccharides (5:4:1 gleixyl:gal),

indicating that the they differ from each other only by the position of one galactosyl
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residue as side chain, Methylation analysis of the polymeric xyloglucan did not show the
presence of any other glycosidic linkage regarding galactose apart from the typical 1,2-5
{See paper 3}. On the basis of these results the expected structure of the three
oligosaccharides isolated from a mixture of limit digest oligosaccharides from
Hymenaea should be XLXXG, XXLXG or XXXLG. However, the position at which
galactosyl is linked in each oligosaccharide could not be deduced from their order of

elution in the HPAEC-PAD.

Digestion of xyloglucan oligosaccharides with B-galactosidase

In order to deduce the position of galactose in at least one of the
oligosaccharides, we used -galactosidase from cotyledons of Copaifera langsdorffii,
which has been demonstrated o hydrolyse galactose only at the “terminal” position
(XL--) of xyloglucan oligosaccharides (Alcantara et al., 1999). Of the three possible
structures, only one of them (XLXXG) should be susceptible to the action of C.
langsdorffii B-galactosidase. The hydrolysis confirmed this hypothesis as only one of the
oligosaccharides ("Y2") was susceptible to the action of the enzyme, producing XXXXG
(Figure 2). The oligosaccharide Y2, therefore, was identified as XLXXG.

‘ Analysis of purified oligosaccharides and limited digest polvmers by electrospray

mass spectrometry
Figure 3 shows the electrospray mass spectrometry analyses of the mixtures of

cellulase limit digest oligosaccharides from Tamarindus indica and H. courbaril. In T
indica the presence of fragments m/z 1085, 1247 and 1409 are consistent with the
presence of XXXG, XLXG/XXLG and XLLG, respectively, The H. courbaril storage
xvloglucan contained much less of the ion m/z=1085 (XXXG), large amounts of ion
m/z= 1247 (mainly XXLG, according to HPAEC-PAD analysis) and a limited amount of
the ion m/z =1409 (XLLG). The XXXXG series is clearly superposed to the XXXG
oligosaccharides as can be deduced by the presence of XXXXG (m/z=1379),
KLXXGAXLXGXXXLG (m/z=1541) and XLLXG/XLXLG/XXLLG (m/z=1703).
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‘The analysis of the purified oligosaccharides showed that all of them had the
same ratio mass/charge (m/z=1541). The secondary fragmentation of this ion, however,
produced different fragmerts that allowed the identification of the position of the
galactosyl residue 1n each oligosaccharide (Figure 4). One of the fragments produced
only by ¥1 was the one assigned to “LG” (m/z=659). Since xyloglucan oligosaccharides
always have an unbranched glucose at the reducing end as a result of the mode of action
of the fungal cellulase on the polymer, the only oligosaccharide of the three possibilities
that could produce such a fragment was XXX1LG. The oligosaccharide Y2 produced a
fragment assigned to “XL” (m/z= 773), confirming our enzymatic identification of Y2 as
being XLXXG. The oligosaccharide Y3 did not produce any fragment that could only be
generated by specific oligosaccharides, but the fragmentation obtained was compatible
with XXLXG, the only possibility that fit the data (Figure 4).

The ESI-MS of the mixture of oligosaccharides in the dimers range (around m/z
2500) showed several ions (Figure 5). The dimers XXXGXXXXG (m/z=2423},
XXLGXXXXG (m/z=2585), XXLGXLLG (m/z=2615) and XLLGXXXXG (m/z=2747)
were identified, indicating that both series of oligosaccharides are present in the same
xyloglucan molecule and arranged predominantly in an alternated fashion. The ion
m/z=2585 can also be assigned to the oligosaccharides XXXGXLXXG, XXXGXXLXG
or XXXGXXXILG, since all of them have the same molecular weight.

Discussion

Oligosaccharides characterisation- the results presented in this work fully
confirm that Hymenaea courbaril synthesises a storage xyloglucan with unique
structural features, such as an elongated branched main chain composed of 5-glucose
oligosaccharides and also that it has a singular pattern of galactose branching throughout
the polymer. Results from our laboratory showing that the storage unfucosviated wall is
present among two primaries fucosylated inner and outer walls (see paper 3) suggest that

the XXXXG based polymer appears to have exclusively storage function.
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The three most abundant unidentified oligosaccharides from Hymenaea courbaril
storage xyloglucan were isolated by size exclusion chromatography and identified by
ESI-MS. All of them had only one galactose and differ from each other only by the
position of the galactosyl side chain. As expected from the monosaccharide analysis, the
mass/charge ratio of the oligosaccharides was the same (m/z=1541), but the ESI-MS of
the purified fractions allowed the analysis of the specific fragmentation for each
oligosaccharide. The first two oligosaccharides produced diagnostic fragments that made
possible the precise identification as XXXLG and XLXXG. The fragmentation of the
third oligosaccharide was compatible with the only possibility left from the
monosaccharide analysis (XXLXG). Furthermore, the ratio between the glucose linkages
indicates that there are three glucoses in middie of the oligosaccharide chain (4,6-linked
gle) for each reducing (4-linked gic) and non-reducing end (6-linked glc).

Xvloglucan biosynthesis- although no model for the biosynthesis of xvloglucan
has been proposed to date, Hayashi (1981) suggested that the glucosyl- and the xvlosyl-
transferases act on the “cis” face of the Golgi complex, assembling the glucose-xylose
backbone. The mechanism of interaction between these two transferases is still unclear,
but the models proposed from now on will have to take into account both families of
oligosaccharides (with 4 and 5 glucoses in the backbone). The existence of two different
domains in the wall of the storage cells with two different xyloglucans (fucosylated and
non-fucosylated) (see paper 3) indicates that the cotyledons of H. courbaril have at least
two classes of xyloglucan: the structural and the storage (as suggested by Tiné et al.,
2000). During seed maturation, the shift from the structural to the storage xyloglucan in
the parenchyma cells possibly involves changes in the biosynthetic complex, probably
with shift in the expression of different glucosyl and xylosyl-tranferase genes. The
existence of functionally and structurally different xyloglucans could explain the need of
families of transferases in the plant (Carpita and Vergara, 1998), since the biosynthesis
of different polymers could require different genes for the transferases.

The amount of oligosaccharides with galactose adjacent to the non-reducing end
(“XL...” oligosaccharides) is approximately 24% in H courbaril (Table 2). In fact, the

amount of galactose released by the B-galactosidase when the total mixture of
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oligosaccharides 1s used as substrate is negligible (data not shown), especially when
compared with C. langsdorffii mixture, which is richer in “XL...motifs. This indicates
that xyloglucan disassembling mechanism in A courbaril is slightly different from other
xyloglucan-storing seeds. Once the oligosaccharide is released by XET in the apoplast,
the first enzyme that acts upon it is the a-xylosidase. Since B-galactosidase seems to be
an important step in the control of degradation in species other than Hymenaea, some
differences in the control of xyloglucan disassembling may apply to this species. The
unusual branching pattern could also lead to different kinetics of interaction of XET with
the polysaccharide, as happens with celiulase (Vincken et al, 1997a). If we consider the
effect of the side chains in the recognition of the substrate by the enzvme, this change in
xvlosil branching pattern means that part of the information required to the
disassembling process resides on the subsirate itself and is “programmed” during
xvloglucan deposition.

Almost all dimers of oligosaccharides identified in the ESI-MS were mixtures of
oligosaccharides from the two series (with 4 and 5 glucoses) indicating a tendency for
alternation of the two series of oligossacharides along the polymer. Therefore, the use of
the nucleotide-sugars during xyioglucan biosynthesis is strictly controlled by the
enzvmes and the proportion of glucose and xylose used probably does not depend only
on the availability of the substrate and the random occupation of the active sites. This
alternation also has implications in the distribution of the galactoses along the main
chain. The fifth glucose inverts the chain 180°, therefore inverting the position of the
galactose in the next oligosaccharide when compared to the previous oligosaccharide.
This leads to an uniform distribution of galactoses even in a polvmer not so rich in
XILLG but richer in XXLG, like the one of . courbaril. These two alternatives
(enrichment in XLLG and presence of XXXXG) seem to be two options to cope with the
same problem: how to assemble a functional wall with a proportion of cellulose and
hemicellulose so different from the primary wall.

Implications to xylogiucan disassembling- the activity of the C. langsdor{fii B-
galactosidase on XLXXG confirmed that the enzyme has high specificity to “XL"

motives positioned at the non-reducing end of xyloglucan oligosaccharides. Despite the
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lack of kinetic studies on the influence of the length of the oligosaccharide on the
activity of this enzyme, the substitutions or length of the oligosaccharide chain at the
recducing end seem to have little or no effect on the recognition of the substrate, since the
mode of action of this enzyme upon the S-glucose oligosaccharides was the same as
upon the 4-glucose oligosaccharide. This would be expected from an enzyme involved
in xyloglucan degradation, since in each cvcle of oligosaccharide disassembling with a-
xvlosidase and B-glucosidase (Tiné et al., 2000), the oligosaccharide would become one
glucosyl residue closer to the reducing end, but the next possible position of the
galactosyl would still be at the same distance from the non-reducing end.

The storage xyloglucan of H. courbaril differ from other storage xvloglucans
(Copaifera langsdorffii, Tropaeolum majus and Tamarindus indica) in at least two
points: it has oligosaccharides with one more isoprimeverose unit and the amount of
galactosyl close to the non-reducing end ("XL...”) is lower. In Tropaeolum majus, for
example, the presence of XLLG can be used as a marker of storage xvloglucan
deposition {(Desveaux et al., 1998). The galactosyl transferase detected in pea
microsomes (i.€. primary cell wall) add galactosyl residues preferentially in the first
xvloxyl residue from the reducing end of the oligosaccharide, producing more XXLG
than XLXG (Faik et al.,1997). The abundance of XL.LG in storage xyloglucan from
most species suggest the existence of more than one galactosyl transferases, each with a
different affinity for their substrate. On the other hand, in A. courbaril, the change in the
biosynthesis pattern seem to be rather related to a change in xylosyl transferase.

Which properties of the polysaccharide would favour the establishment of a new
structure on H. courbaril? The impact of these structural features on the
physicochemical properties of the storage xyloglucan is not clear yet, but the presence of
this fifth glucose in the main chain inverts the position of the side chains and creates a
unique pattern of xylosy! and galatosyl side chain, without changes in the proportion of
the monosaccharides (Buckeridge et al., 1997) and, in principle, without an increase in
the energetic costs to produce the polymer. With large seeds, which accumulate
approximately 2 grams of xyloglucan per seed, a possible explanation may be linked to

the packing of the wall or mechanisms of control of degradation. In these storage walls,
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there is little or no cellulose and xylogiucan has to interact with other xyloglucan
molecules to form a solid matrix. Changes in the branching pattern could have a
profound influence on the interaction of these molecules. Apparently, the two groups of
xvloglucan-storing species have solved the problem in two different ways: one group
with the xvioxy! transferase (H. courbarily and the other with the galactosyl transferase

(C. langsdoriffii , T indica and T. majus).

Material and methods

Isolation of B-galactosidase from cotyledons of Copaifera langsdorifii

Seeds of C. langsdorffii were collected {from trees cultivated at the Instituto de
Botanica de S3o Paulo and stored at 5°C. Seeds were soaked in water and after full
imbibition they were planted in pots containing a mixture of forest soil and sand (1:1).
Enzyme preparation followed exactly the same procedure used by Alcéntara et al.
(1999), resulting in a single polypeptide band. No residual activities of either -
xylosidase or $-glucosidase were present after checking by assaying these enzymes
directly or after HPAEC analysis of the products of hydrolysis of a mixture of

xvioglucan oligosaccharides previously incubated with pure B-galactosidase.

Purification of the oligosaccharides

Xyloglucan was prepared from the powder of seeds of Hymenaea courbaril as
described by Buckeridge et al. (1997). Five mL of a 0.5% (w/v) solution of xyloglucan
in Na™ Acetate buffer (50 mM pH 5,0) were digested with 200ul of a 1:100 dilution of
Trichoderma viride celiulase (Megazyme, 500 U/mL in 3.2 M ammonium sulfate, pH 7}
for 24 hours at 30°C. The solution of oligosaccharides produced was loaded onto a
Biogel P-4 (BioRad) column (1.5 x 170 ¢cm) and eluted with a 0.05% solution of NaN.
Fractions of I mL were collected and carbohydrates were quantitatively analysed by
Phenol-Sulfuric method {Dubois et al., 1936). The qualitative analysis of the fractions

were performed by High Performance anion Exchange Chromatography with Pulsed



Galactosviated cligosaccharides from the XXXKXG family 41

Amperometric Detetion (HPAEC-PAD) with a Carbopak PA-100 column (Dionex). The
separation was performed in 88mM NaOH (constant) with a linear gradient of sodium
acetate from 35 to 75 mM for 20 minutes followed by another linear gradient from 75 to
200 mM until 50 minutes (0,9 mi.mm'i}. Fractions that contained the same

oligosaccharide were pooled.

Monosaccharide analysis

Volumes corresponding to 50 ug of each purified oligosaccharide were freeze-
dried in glass vials and dissolved in 350 pl of IN HCIL. The tubes were sealed and heated
at 100 °C for two howrs. The monosaccharides produced were analysed by HPAEC-PAD
in a Carbopak PA-1 column (Dionex) with 20 mM NaOH for 40 minutes (0.8 mL.min ™).

Digestion with B-galactosidase

The B-galactosidase from Copaifera langderfii was purified according to
Alcéntara (1999). This enzyme can only remove the galactose linked to the second
xylose from the reducing end of xyloglucan oligosaccharides, therefore, it recognises as
substrate only the "XL" in the non-reducing end of the oligosaccharide, but not "XXL".
A hundred microliters of fractions from Biogel P-4 column were digested with 20 uL of
B-galactosidase (480 pmol gal.min™.ml™ upon pNP-B-D-galactopyranoside) at 30°C for
24 h. The sample was directly loaded in the liquid chromatograph (HPAEC-PAD) for

analysis of oligosaccharides.

Linkage Analysis

The freeze-dried oligomers stored over P05 in a vacuum desiccator were
methylated with n-butyllithium and methy! iodide as described in Gibeaut and Carpita
(1993). Partly methylated alditol acetates were separated by gas-liquid chromatography
and identified by electron-impact mass spectrometry as described by Carpita and Shea
{1989).
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Electrospray MS and MS/MS

The samples were analysed by electrospray MS on a Finnigan MAT liquid
chromatograph quadrupole mass spectrometer system {Thermoguest Corp., San Jose,
CA). Freeze-dried samples containing 0.1 to 1 mg of digest were dissolved in 100 pL of
water, and 10 ul of glacial acetic acid and 10 uL of methano! were added. The source
voltage was set at 3.5 kV, the capillary voltage was varied between 20 and 30V,
depending on sample abundance, and the capillary temperature was 225°C. Typical
background source pressures were 1.5 x 107 torr as indicated by an ion gauge. The
sample flow rate was 10 uL per min, and the drying’ gas was nitrogen. The samples
were typically scanned from m/z 300 to m/z 2000. Helium was introduced into the
system to an estimated pressure of 1 x 107 torr to improve trapping efficiency, and it
also acted as the collision gas during collisionally activated decomposition (MS/MS)
experiments. The collision energy was set at 40 1o 50% of a2 maximum of 5 V “tickie”
voltage, depending on abundance and mass of the fragment. Gramicidin, m/z 570.7, was
used for mass calibration, and calculations of m/z for all molecular ions and their
fragments were within experimental error limits of 0.06%, as established for

electrospray MS by Haynes et al. (1997).
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Table 1. Proportion (in percentage of the peak areas) of limit digest
oligosacchandes obtained by HPAEC-PAD in the three legumes where storage
xvloglucan has been analysed. The last line (“other”) refers to the mixture of
oligosaccharides with two and three galactosyl residues that were detected but not

identified.

Oligosaccharides C. langsdorffii 1. indica H. courbaril
XXXG 12.5 24.4 32
KLXG 10.8 8.0 traces
XKLG 257 36.0 25.6
XLLG 51.0 316 13.1

KHEXXG - - 117
XXXLG (YD) - - 12.4
XLXXG(YZ) - - 112
XXLXG (Y3) - - 4.9

Other - - 18.0
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Table 2. Proportion between glucose linkages in the purified fractions of

oligosaccharides.

4-linked gic 6-linked gic 4,6-linked glc
XXXLGYD 1.06 1.56 3
KLKXXG(Y2) 0.85 1.33 3

HXLKEG(Y3) 0.63 110

Lpd




Galaciosylated cligosaccharides from the XOOULG family

Oligosaccharides

XXXLG (YD)

1, XLXXG{Y2)

SV

i
3

XXLXG (YD)

S A

g

Figure 1. Analysis by HPAEC-PAD of the oligosaccharides obtained from .
courbaril storage xyloglucan after hydrolysis with cellulase. A- oligosaccharides
mixture showing the presence of the four and five glucose series of oligosaccharides in
the total cellulase Himit digest. B-oligosaccharides purified by gel filtration on Biogel P-
4. The oligosaccharides were labelled according to their order of elution from the
column: Y1, Y2 and Y3. The known oligosaccharides are: a-XXXG, b-XXLG and c-
mixture of XLLG and XXXXG.
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A Y1 C ¥2
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gal % ont . S
. : & f-galactosidase 7
. B-galactosidase L " o

Figure 2. Digestion of the oligosaccharides with C. langsdor{fii B-galactosidase.
Biogel P-4 fractions (A and C) were hydrolysed with B-galactosidase (B and D). The
oligosaccharides Y1 and Y3 were not attacked by the enzyme, while Y2 generated

KXKKG (arrow) and free galactose {gal).



(Galactosyiated oligusaccharides from the XXOXG family 48

XXLG XXLG
- PRtrpve-s
KLXGYy KRG
100- 1247 .5 05-: 42475
w1 indica i F. Courbaril
s KLLS .
86 1409 5 8
85 ; 85
80 80~
75 5.
B 767
a5 &5
& g
= B85 &
° XXXGy £
£ s 10ES ¢ £ 5.
o "
¢ 14305 g .
£ 2 2128
Pl A5 1 X
é Ties § 5 I 2085
4 : R : : HLG
: : : E $40.2 : ’ /
. I sseyiene :
: asag 5188 H H . : 1408.5
» ‘ 7504
a5 :
. ko) H
= 0.8 : f1ays
N a1
15 5748 ; 9534
1520.3
15303
TS g
1500 2000

Figure 3. Electrospray mass spectrometry (ESI-MS) of storage xyloglucan from
Tamarindus indica and Hymenaea courbaril. The polysaccharide from 7. indica does

not contain the 5-glucose oligosaccharides present in H. courbaril.
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Figure 4. Electrospray mass spectrometry (ESI-MS) of the purified oligosaccharides from H. courbaril storage

xyloglucan (m/z= 1541). Some of the key ions for the characterisation of the oligosaccharide are identified.
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Figure 5. ESI-MS of the dimers of limit digest oligosaccharides of xyloglucan
from H courbaril. Some of the ions are indicated, as well as the number of glucoses in
their main chain, showing the preferential altemation of four and five-glhucose
oligosaccharides. The line over XXXXG means that the galactosyl residue can be in any

of the “X” indicated.



A

Action of celiulase on storage xyloglucans

Artigo 2

(Galactose branching modulates the action of cellulase on

seed storage xyloglucans

A ser submetido a revista “Carbohydrate Polymers”.

Pad



1.
Tad

Action of celiulase on storage xvioglucans

GALACTOSE BRANCHING MODULATES THE ACTION OF CELLULASE
ON SEED STORAGE XYLOGLUCANS

,ye . N F1.7 . . 3 . .
Marco Aurélio SilvaTiné"”, Denis Ubeda de Lima'?, Marcos Silveira

Buckeridge'*.

1 Secio de Fisiologia e Bioguimica, Instituto de Boténica, Avenida Miguel
Stéfano 3678, Agua Funda, 04301-802, S30 Paulo, 5P,

2 PhD student at Departamento de Biologia Celular e Estrutural, Instituto de
Bioclogia, UNICAMP, Campinas, SP

3 Departamento de Biologia Vegetal, Instituto de Biologia, UNICAMP,

Campinas, 5P

*to whom correspondence should be addressed.

e-mail: msbuck@usp.br
Running title: Action of cellulase on storage xyloglucans
" abbreviations:

HPAEC-PAD, High Performance Anion Exchange Chromatography-Pulsed

Amperometric Detection.

Keywords: Xyloglucan, Hymenaea courbaril L., storage, polysaccharides, cell

wall, endo 3-glucanase.



Action of celiulase on siorage xylegiucans 54

Abstract:

Kyloglucan is a cell wall polysaccharide that has a main B-D-(1—4)-glucan
backbone branched at regular intervals with o (1->6) linked D-xylopyranosyl or 8-D-
galactopyranosyl{ 1-»2)D-xylopyranosyl residues. Despite the presence of other types of
substitutions in the primary wall, these residues compromise almost all the structure of
xyloglucan when it occurs as a storage polymer in seeds. Due to its celiulose-like
backbone, this polymer is susceptible to the action of endo-B(1,4) glucanase (cellulase) at
the non-branched glucosyl residues and the digestion of xyloglucan with cellulase and
characterisation of the oligosaccharides generated have been widely used in the study of the
structure of xyloglucan. Storage xyloglucans from Copaifera langsdorffii and Hymenaeo
courbaril were hydrolysed with cellulase and the equilibrium reached after 24 hours was
analysed by Gel filtration and High Performance Anion Exchange Chromatography. The
equilibrium contained limit digestion oligosaccharides (LDOs) and dimmers and trimmers
of these LDOs that, despite their susceptibility to the enzyme, were not hydrolysed. Some
of our data suggests that the side-chains of the polysaccharides can modulate the
recognition of the fragments of xylogiucan by the enzyme: (1) the presence of a B3-
galactosidase in the system avoided the accumulation of these dimmers and trimmers, (2}
less-branched LDOs are attached first by the enzyme, (3) polymers with different structure
are hydrolysed at a different rate by the same enzyme. Considering that the branching
pattern of the polysaccharide seems to have direct influence in the interaction of the
enzyme with the substrate we suggest that, the structure of the polysaccharide would code

at least part of the information required for its own metabolism.
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Introduction

Seed xyloglucans have a main B-D-(1—4)-ghucan backbone branched with « (1 3G
linked D-xvlopyranosy! or §-D-galactopyranosyl{1 =2)D-xylopyranosyl residues. Except
for the absence of terminal fucosy! units o-L-(1->2)-linked to the 3-D-galactosyl groups,
there is a remarkable similarity between seed reserve xvloglucan and structural xyloglucan
from primary walls of dicotyledoneous vegetative tissues (Hayashi, [989).

Using microbial cellulase, Kooiman (1961) found that tamarind seed xyloglucan
is composed of the heptasaccharide GleyXvh, with variation in the substitution with
salactose residues. Following this finding, many authors have successfully used
cellulase limit digest oligosaccharides {LDOs) as a diagnostic of the presence of
xyloglucan in plant tissues. The experimental approach is to subject the soluble
polysaccharide to the prolonged action of fungal endo-B-glucanases (cellulases) and
perform analysis of the LDOs by TLC and/or HPAEC-PAD.

On the basis of the data produced until 1992, an unambiguous nomenclature for the
structural blocks of xyloglucan has been proposed. This nomenclature takes the backbone
as a central point. Unsubstituted glucose is assigned G; glucose residues branched with
xylose are assigned X and if galactose is branching xylose, the trisaccharide is assigned L
(Fry, York, Albersheim, Darvill. Hayashi, J oseleau, Kato, Lorences, Maclachlan,
McNeil, Mort, Reid, Seitz, Selvendran, Voragen & White, 1993).

Usually, treatment of xyloglucan with different microbial cellulases (eg.
Trichoderma spp or Penicilium spp) give similar results, (Vicken, Beldman, Nissen and
Voragen, 1996). Another class of enzymes which is able to attack the main chain of
xvloglucan is the XET-Xyloglucan Endo-Transglycosilases (Farkas, Sulova, Stratilova,
Hanna & Mclachlan, 1992). Fanutti, Gidley & Reid (1996) performed a comparative
study using Trichoderma cellulase and nasturtium XET and showed that their pattern of
action on xyloghucan is similar. Both produce a mixture of LDOs composed of XXXG.
XLXG, XXLG and XXLG.
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Vincken, York, Beldman and Voragen (1997a) reviewed the literature of usage
of LDOs to characterise xyloglucan and suggested that these polymers can be classified
into two groups, the Solanaceae type, which is based on XX GG blocks, and the others,
which are based on XXXG blocks.

A comparative study of the fine structure of seed storage XGs (Tamarindus
indica, Tropaeolum majus and Copaifera langsdorffii) has shown that they present a
similar structural pattern of limit digest oligosaccharides, all being composed almost
entirely of the Gleg subunits XXXG, XLXG, XXLG and XL1.G (Buckeridge, Rocha,
Reid & Dietrich, 1992). Buckeridge, Crombie, Mendes, Reid, Gidley and Vieira (1997)
reported that the XG from seeds of Hymenaea courbaril displays unique structural
features. Instead of being based on XXXG only, approximately 50% of the H. courbaril
X G is composed of a family of oligosaccharides based on XXXXG.

In the present work, we performed a study of the action of cellulase from
Trichoderma on XXXXG based xyloglucan from Hymenaea courbaril as compared with
other storage XXXG type polymers. We observed that galactose modulates the action of
Trichoderma cellulase on the storage xyloglucans from Copaifera langsdorffii,
Tamarindus indica and Hymenaea courbaril. This modulation appears to be solely by

structural constriction due to galactose distribution in the polymer.

Results

The digestion of H. courbaril storage xyloglucan with Trichoderma cellulase at
low enzyme concentration rendered a mixture of oligosaccharides and low molecular
mass polymers that appear as distinct peaks under chromatography on Biogel P-6
(Figure 1). This chromatographic pattern did not change after extended incubation up to
72 hours {data not shown) indicating that net hydrolysis stopped.

With the aim of checking the hypothesis that acetylation might have been a
reason for resistance to further hydrolysis, H. cowrbaril XG was treated with NaOH.
This hypothesis was ruled out on the basis of the fact that no change in the

chromatographic pattern shown in Figure 1A was observed after treatment with 100mM
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NaOH for 1h prior to cellulase incubation (Figure 1B). This would have been expected if
acety] substitutions were present, since they are hydrolysed at high pH.

HPAEC analysis of the different P-6 fractions {Fl, FIIl and FIII} revealed that
they are composed of a mixture of GlesXyl; and GlesXyly LDOs (Figure 2.
Furthermore, monosaccharide analvses of these fractions showed an enrichment in
galactose in the higher molecular weight fractions (Table 1). Trace amounts of arabinose
were found in the mixture of LDOs from FHymenaea but its occurrence did not reach the
necessary frequency to explain the modulation of cellulase attack (see paper 3).

Both, increase in enzyme concentration or decrease in substrate concentration
increased hydrolysis efficiency (Figure 3). However, the effect of enzyme concentration
had a much greater effect since doubling the enzyme concentration led to disappearance
of fragments larger than two LDOs (compare Figures 3A and B with 3C and D). The
proportion of LDOs in the equilibrium reached after 24h with lower cellulase
concentration did not reflect the proportion of oligosaccharides n the polymer.
Fragments containing less “XL...” motives {galactose adjacent to the reducing end)
appear to have been the last to be released from the polymer (compare the proportion of
LDOs in figures 3A and D).

The fact that the reduction of substrate concentration led to an increase in
hvdrolysis raised the question whether the accumulation of lower molecular mass
polymers might somehow be related to an inhibition effect. The oligosaccharides XXX G
and X1LG were isolated from a mixture of LDOs from 7. indica and C. langsdorffii
respectively and their addition at an initial concentration of 0.5% (w/v) to the reaction
mixture did not change the pattern of reaction products at all (results not shown). As the
addition of FII or FIII did not interfere with the reaction either, our resuits ruled out the
hypothesis of inhibition by the products.

The isolated fractions from Biogel P-6 were further incubated (24 and 48 h) with
Trichoderma cellulase (Figure 4). Fractions FiI and FIII were hydrolysed to produce the
oligomers FI. These strongly suggest that FII and FIII are formed by multiples of k1
oligosaccharides. We propose that FII are dimmers whereas FIII are trimmers of the

KU XG/KXXXG families of oligosaccharides.
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In order to test the hypothesis that galactose residues might be preventing further
hydrolysis of the polymers, the storage xyloglucans from H. courbaril and Tamarindus
indica were treated simultaneously with Trickoderma cellulase and nasturtium B-
galactosidase (NfB-gal) (Figure 5). When native xyloglucan polymers are treated with
Np-gal alone, small amounts of galactose were released from the non-reducing terminals
of the polymers {Alcéntara et al. 1999}, but no oligosaccharides could be detected
(Figure 3). However, the prolonged action of a combination of Trichoderma cellulase
and NB-gal with xvloglucan polymers from H. courbaril and T.indica completely
hydrolysed FII to FI. At the same time as the §-1,4 linkages were hydrolysed, the
oligosaccharides produced were consistently degalactosylated. This can be deduced
from the presence of high proportions of XXXG and XXXXG in A courbaril and
X¥XG in T, indica together with the production of high amounts of galactose from both
1.DOs (Figure 5). These experiments suggest that the presence of galactose at certain
positions modulates cellulase action.

Figure 6 shows the patterns of hydrolysis of xyloglucans from H. courbaril and
C. langsdorffii with Trichoderma cellulase at half of the usual concentration (25 mU). In
these chromatograms, it can be clearly seen that even at early steps of hydrolysis (1h),
fractions containing 2.3,4, 5 and higher blocks are produced. The reaction proceeded
until it reaches an equilibrium and it is noticeable that speed of reaction strongly
decreases as smaller fragments are produced.

Whereas in H. courbaril the equilibrium was reached after 3 h of reaction, for C.
langsdorffii it was observed only after 9 h, indicating that H. courbaril xvloglucan is

more labile that the one from C. langsdorffii.

Discussion

In this work we confirm and extend the hypothesis that galactose modulates
cellulase activity on xyloglucans by structural constriction. Other authors have suggested

this modulation (Vincken, Beldman and Voragen, 1977b; Fanutti, Gidley and
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Reid,1996) and with the use of storage xyloglucans, we obtained direct evidence for that
by using a purified B-galactosidase from nasturtium cotyledons. Because Hymenaea
courbaril XG was used as substrate, it was possible to evaluate the influence of
galactose residues further ahead towards the reducing end of the chain, this due to the
presence of XXXXG based pelymer in Hymenaea courbaril xyloglucan {Buckeridge,
Crombie, Mendes, Reid, Gidley and Vieira, 1997).

The dimmers and trimmers of LDOs (FII and FIII) were susceptible o the attack
of cellulase. This indicates that the accumulation of these fragments is not due to their
intrinsic resistance to hydrolysis and that the reaction reaches an equilibriurn even when
sites of hydrolysis are still available. The presence of B-galactosidase in the assay alters
the equilibrium reached. When the galactoses are removed from the fragments of
xyloglucan as they are produced, the hydrolysis proceed almost without accurnulation of
FII and FIII (Figure 5). This also points 1o the importance of the galactosyl side-chains
in the modulation of the point of attack of the enzyme on the substrate. Apparently the
accumulation of galactosylated oligosaccharides hinders the total hydrolysis of cellulase
and the enzyme is not sensitive to the accumulation of free galactose. This highlights the
importance of the interaction of the cellulase with the exo-hydrolases that occur in
biclogical processes like fungal disassembling of the wall during pathogenesis and
storage xyloglucan disassembling after seed germination. Although the exo-hydrolyses
do not participate directly on the cellulase hydrolysis reaction, it seems to be capable to
modulate the rate of reaction by altering the affinity of cellulase by the xyloglucan
fragments. This supports the hypothesis that the activity of the exo-hydrolases might be
the control points of the xyloglucan disassembling process (Crombie, Chengappa and
Hellyer, 1998, Tiné, Cortelazzo and Buckeridge, 2000).

The proportion of LDOs obtained in the beginning of hydrolysis of Copaifera
Jangsdorffii was very different from the proportion of LDOs in the total polymer
(compare the proportion of XXXG and XLLG in Figures 3A and 3D). The mixture of
LDOs was richer in XXX G in the beginning of the hydrolysis, although this
oligosaccharide is not one of the major oligosaccharides in the total polysaccharide

composition. This difference in proportion suggests that the attack of the enzyme on the
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polymer is not random, and the enzyme hydrolyses first at the less branched regions
(XX3{(G). This preferential attack of the enzyme upon certain oligosaccharides releases
fragments that are progressively poorer in these preferential sites of hydrolysis.
Therefore, as hvdrolysis proceed, the structure of the substrate changes continuously
with the frequency of these high-affinity sites decreasing and the fragments produced
become less susceptible to the enzyme attack. As a consequence, there appear 1o exist
sites of action that, under low enzyme concentration, are attacked so slowly that are seen
as being resistant to enzyme action towards the end of reaction.

The time course of hvdrolysis of xyloglucans with different structures showed
differences in the interaction between cellulase and xyloglucan. Under the conditions
used, the xvloglucan of H courbaril reaches the equilibrium in less than three hours,
with little alteration in the average molecular weight of the fragments in the next 21
hours. The polysaccharide from Copaifera langsdorffii, on the other hand, reaches this
point only between 3 and 9 hours. The storage xyloglucan from /. courbaril differ from
the one of C. langsdorffii in at least two points: 1) it has a series of five glucose-
oligosaccharides and, ii) has less oligosaccharides with the “XL...” motif (see paper 1) in
its structure. The presence of XXXXG-based oligosaccharides alters the distribution of
the points susceptible to the attack of cellulase along the polymer. The fifth glucosyl
residue in the structure of the oligosaccharide inverts the position of the next
oligosaccharide and, therefore, the position of the next attack of the cellulase. This
means that XXXG-based polymers are asymmetric {considering a flat conformation),
with all the points susceptible to cellulase in the same side of the polymer. In the
presence of XXXXG-based oligosaccharides, however, the inversion of the chain
generates a more symmetric polymer, with points of hydrolysis on both sides of the
chain. This could make the polymer of H courbaril susceptible to the enzyme even if
complexed with other polymers. The differences in amount of “XL...” motifs may also
be an important element in the kinetics of hydrolysis of the polymer, since the presence
of this galactose adjacent to the non-reducing end seems to play an important role in the

interaction of the enzyme with the substrate.
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Fanuti, Gidley & Reid (1996) performed a study of the subsite recognition of
nasturtium XET. They found that the positions of the galactose residues on each LDO
appear to modulate differentially the attack of the enzyme. Vincken, Beldman and
Voragen (1997b) studied the substrate specificity of endo-glucanases with a focus on the
xyloglucanase activity. They found that galactose and fucose interfere with the action of
the enzymes, usually by decreasing reaction speed. Together with our results, these data
indicate that the interaction of the endo-glucanases (either from plants or from fungi}
and xyloglucan is dependant on the branching pattern, which is a feature of the
polysaccharide. This means that the polymer is capable to modulate the action of these
enzymes upon the substrate and at least part of the information required for xyloglucan
degradation is “recorded” in the polymer itself, i.e. on the branching pattern of the
polymer produced during its biosynthesis.

Our results suggest that the fine structure of xvloglucans, especially regarding
galactose positioning, seem to determine the speed with which cellulase attacks different
points at the molecule. Although in the present work we did not perform experiments
with XETs, Fanuti, Gidley and Reid. (1991) found similar effects of galactose on
celiulase and XET hydrolyses of tamarind xyloglucan. In the present work, we used
Copaifera’s xyloglucan instead, but recent results from our laboratory show that the fine
structure of these two xyioglucans (the proportion of oligosaccharides) 1s almost
identical (C.0.Silva, D.U. Lima & M.S. Buckeridge, unpublished).

The results presented above have interesting implications for the biological roles
of storage xyloglucans. First, for a seed storage system where the proportion
cellulose/hemicellulose is very altered in relation to the primary wall, xyloglucan
molecules have to maintain self interactivity and galactose is thought to hinder it (Levy,
1991). On the other hand, positioning of the galactosy! residues are important to give
higher solubility to the molecules, i.e. as higher the galactose content, the higher the
water solubility (Buckeridge, Santos and Tiné, 2000) so that a polymer with very high
galactose proportions would be promptly soluble but according to our results would also
be hydrolysed very slowly. The second implication regards the attack of a fungi to

xvloglucan containing seeds. The existence of branching points that moduiate
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degradation by cellulase, such as the one studied in the present work, poses the problem
of increase of complexity to the micro-organism evolutionary performance and denotes
important aspects of the co-gvolution of legumes, that store xyiogiusan, and fungi

capable to attack such seeds.

Muaterials and Methods

Plant material and polysaccharide extraction

Seeds of Hymenaea courbaril L. were provided by the Seed Department of the
Institute of Botany at S&o Paulo (Brazil) and those of Copaifera lungsdor[fii were
harvested at the S#o Paulo Botanical Garden. The polysaccharides were extracted from
cotyledon powders with water (1% w/v) at 80°C for 8 h with constant stirring. After
filtration, 3 volumes of ethanol were added to the aqueous extracts, kept overnight at
5%C and centrifuged (12,000 g for 15 minat 5 %C). The pellet was washed with acetone,

dried at room temperature and, after ressuspension in water, freeze-dried.

Treatment of xyloglucan of Hymenaea courbaril with NaOH

The water soluble xyloglucan from H. coubaril was incubated with 100 mM
NaOH suplemented with 0.01% NaBH, for 30 min at room temperature. The sclution
was neutralised with acetic acid and deionised with cationic and anionic Dowex resins.
After freeze drying, the polymer was applied onto a Biogel P-6 column as described

below.

Analysis by gel filtration

Five mL of 2 0.5% (w/v) solution of xyloglucan in Na~ Acetate buffer (50mM
pH 5.0) were digested with 200ul of a 1:100 dilution of Trichoderma viride cellulase
(Megazyme, 500 U mL ™ in 3.2 M ammonium sulfate, pH 7.0) for 24 h at 30°C. The

solution of oligosaccharides produced was loaded onto a Biogel P-6 (BioRad) column
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(1.5 % 170 cm) and eluted with a 0.05% solution of NaNj. Fractions of I mL were
collected and carbohydrates were guantitatively analysed by phenol-suifuric method

(Dubois, Gilles, Hamilton, Rebers and Smith, 1936).

Monosaccharide analysis

Pooled fractions had their total sugar determined as above and a volume
corresponding to 1 mg was freeze-dried and hydrolysed to their monossacharide
constituents using 72% H;504-4% H,80, (Saeman, Buh! and Harris, 1945). The
monosaccharide solution was neutralised with 60 pl of a 50% {w/w) solution of NaOH
(Fischer Scientific) to a pH between 6 and § and the monosaccharides were analysed on
a Carbopak PA1 column (Dionex DX-500 system) using water as eluent (1mlmin™) for

50 min with a post-column with 500mM NaOH { imlmin ™).

Analysis of xyvloglucan oligosaccharides

Kyloglucan oligosaccharides were analysed by HPAEC-PAD on a Dionex
system DX-500 using a CarboPak PA100 column and detected by pulsed amperometric
detection (PAD). The samples were eluted with a gradient of sodium acetate (from 35 10
75 mM) in sodium hydroxide (88mM) and with a flow of 0.9 mL/min. High molecular
weigh fragments were analysed on the same system with an acetate gradient from 50 to

330 mM of Na Acetate in NaOH 88mM for 50 min (0.9 mLmin™).

Digestion with Cellulase and B-galactosidase

For the production of high molecular weight fragments of xyloglucan, solutions
of storage xvloglucans (0.1, 0.5 or 1.0 %, w/v) were prepared on 50mM Na acetate
buffer pH 3.0. Two hundred microliters of the polysaccharide solution were incubated
with 50 ul of cellulase (1.0 U.ml™). For assays with lower concentration of cellulase, the
solution of cellulase used was 0.5 U.ml™. For incubations with B-galactosidase, the same
incubation system was used, with the addition of 20 ul of Tropaeolum majus B-

gaiactosidaée purified according to Edwards, Bowman, Dea and Reid (1998).
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Table 1. Monosaccharide composition of the pooled fractions from Bio-Gel P-6

(celiulase limit digest oligosaccharides) from storage xyloglucan of Hymenaea

courbarii.

Fractions Glucose Xyliose Galactose
FI 5,0 3,0 1,0
Fli 5,0 3,1 1,6
FIII 5,0 2,9 2,9
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Figure 1. Gel chromatography on Biogel P-6 of exhaustive digestion with
cellulase from Trichoderma sp (Megazyme, Australia) under suboptimal enzyme
concentration. A — pattern of oligosaccahrides obtained with the native polysacchande;

B — polysaccharide was treated with 100mM NaOH for 1h prior to dialysis and enzyme

assay.
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Figure 2. Analysis by High Performance Anion Exchange Chromatography of

the three fractions isolated by Biogel P-6 (Fl, FII and FIII). The top chromatogram
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corresponds to the mixture of oligosaccharides loaded into the column. The peaks in the

limit digest oligosaccharides fraction are: a=XXXG, b=XXLG, c=XLLG+XXXXG,

d=XXXLG, e=XLXXG, F=XXLXG. Peaks d, ¢ and { were identified according to paper
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Figure 3. Effect of enzyme and substrate concentration on the rate of hydrolysis
of xyloglucan. Two concentrations of Copaifera langsdorffii xyloglucan (1.0 and 0.1%)
were hydrolysed with 50 and 25 miliunits (mU) of cellulase. The oligosaccharides in the
LDO mixture are: a=XXXG, b=XLXG, ¢=XXLG and d=XLLG.
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Fill

Figure 4. Hydrolysis of the fragments of storage xylogiucan from Hymenaea
courbaril (fractions FII and FIII from Biogel P-6) with Trichoderma cellulase. Both
fragments are susceptible to hydrolysis with the enzyme, producing the FI

oligosaccharides.
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Figure 5. Hydrolysis of A cowrbaril and T, indica storage xyloglucans with

cellulase, cellulase plus nasturtium P-galactosidase and nasturtium B-galactosidase only

for 24 h. The arrow points to the free galactose released, a=XXXG, b=XLXG,
c=XXLG, =XLLGHXXXXG (in T indica, this peak contains only XLLG),
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Figure 6. Time course of hydrolysis of storage xyloglucans from H. courbaril

and Copaifera langsdorifii from 1 to 24 h. The numbers above the peaks indicates the

number of oligosaccharides in the fragment. LDO= cellulase limit digest

oligosaccharides.
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Abstract: The plant cell wall is a composite of polysaccharides, proteins and
phenolic compounds, which vary according to the species, tissue, cell and specific wall
within a single cell. Among the hemnicellulosic polvmers, XG is of universal occurrence
in dicots. It is composed of a cellulosic backbone of B-1.4-glucan carrying branches of
o-1,6 xvlosyl residues to which are attached galactosyl residues linked 3-1,2. Terminal
fucosyl residues may also be present at the ends of the galactose-containing branches.
Fucose-coniaining side-chains are not typically found in seed storage XG. When treated
with fungal cellulase, XGs are cleaved into oligomers that can be used as a fingerprint of
the polvmer. After separation of oligomers from cotyledons of Hymenaea courbaril on
Biogel P-6, they were subjected to monosaccharide analysis by HPAEC-PAD. Small
amounts of fucose were detected, These results indicate that, besides the unfucosylated
seed storage XG, small amounts of primary cell wall fucosylated XG is present. Sections
of cotyledons of Hymenaea courbaril were labelled with the CCRC-MI monoclonal
antibody that specifically recognises the fucosyl-o-(1,2)-galactosyl motifs in primary
cell wall XG. Twe labelled wall lavers could be observed by light microscopy: one inner
layer of primary cell wall near the plasma membrane and one outer layer near the middle
lamella. This indicates the presence of at least two populations of xyloglucan in different
lavers in the storage wall: a structural fucosylated xyloglucan and a storage
unfucosylated xylogiucan. The two distinct populations were also detected in other
xyloglucan storing cells in seeds of Copaifera langsdorffii, Tamarindus indica and
Tropaeolum majus. These results were confirmed by immunogold staining, which
showed clear boundaries between the outer and inner primary walls and the storage wall,
suggesting a rapid shift in the biosynthetic mechanism upon change from the synthesis
of the structural and the storage polymers. During storage mobilisation, only the storage
XG disappears whereas the two primary walls collapse. These results highlight the rather
complex topology of XGs with different fine structures within the wall and suggest that
storage mobilisation must be finely controlied to selectively mobilise only the

appropriate polysaccharide within storage tissues.
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Introduction

Many legume seeds contain carbohydrates as storage compounds that are used
by the embryo/plantiet during and after germination. Usually, the first reserves to be
broken down are the raffinose family oligosaccharides, whereas cell wall
polysaccharides such as galactomannan (Reid, 1985), galactan (Crawshaw and Reid,
1984) and XG (Reis et al., 1987; Buckeridge et al., 1592) are thought to be reserves for
the growing plantlet, being degraded afier germination (Buckeridge and Reid, 1996).
Among legumes, some members of the subfamily Caesalpinoideae are known fo
accumulate XG in the cotviedons (Kooiman, 1961; Polhill and Raven, 1981; Buckeridge
and Dietrich, 1990; Buckeridge et al., 1995). These polymers are present in storage cell
walls of species such as Tamarindus indica (tamarind) (Koiman, 1961), Copaifera
langsdorffii and Hymenaea courbaril {Buckeridge and Dietrich, 1990; Buckendge et al,,
1992). In these walls, the proportion of hemicellulose and other polymers is highly
deviated from the proportions of a growing wall (Buckeridge et al., 2000). Although the
existence of these storage walls has been described a long time ago (Vogel and
Schleiden, 1839), the question of how a solid wall is assembled with little or no cellulose
remains to be elucidated.

Seed storage XG is composed of a cellulosic §-(1,4)-glucan backbone, carrying
branches of a-(1,6)-xylopyranosyl (forming with the glucose of the backbone a
disaccharide assigned X) or B~(1,2)-p-galactopyranosyl-ct(1,6)-p-xylopyranosyi
(forming a trisaccharide assigned L)(Fry et al., 1993). Except for the absence of terminal
fucosyl units o-(1,2)-linked to the B-p-galactopyranosyl groups, there is a remarkable
similarity between seed storage and structural XGs from primary walls of dicots
(Hayashi et al., 1989). A comparative study of the fine structure of seed storage
xyloglucans (Tropaeclum majus, Tamarindus indica and Copaifera langsdorffii) has
shown that they present similar structural patterns of limit digest oligosaccharides, al
being composed almost entirely of the Gle, subunits XXXG, XLXG, XXLG and XLLG
(Buckeridge ¢t al., 1992). The only exception was the XG from seeds of the tropical tree

Hymenaea courbaril, which displays unique structural features. Instead of being based
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on XXXG only, approximately 50% of the H. courbaril XG are composed of a family of
oligosaccharides based on XXXXG (Buckeridge et al., 1957).

Recently, Tiné et al. (2000a) described the events that take place during XG
mobilisation in cotyledons of developing plantlets of H. courbaril. They found that the
hydrolytic activity of XET is highly dependent on the presence of XG oligosaccharides
and proposed that 8-galactosidase could be one of the control points of the
disassembling process. The authors demonstrated that a small portion of the XG of seeds
of H. courbaril that can only be extracted with alkali has a different monosaccharide
composition and does not decline after germination. The increase observed in the
proportion of arabinose in the storage XG afier mobilisation was suggested to be due 1o
the decline in the storage polymer content and to a proportional increase in the
contamination with a “structural” arabinose-containing polymer. These data suggested
that in the seeds of this species at least two types of XG are present in the storage wall:
(1) a storage XG, highly soluble and poor in arabinose and (ii) a structural XG, less
soluble and richer in arabinose, as found in Tiné et al. (2000).

In fruits of Tropaeolum majus, Desveaux et al. (1998) described the presence of
large deposits of non-fucosylated XG in the periplasmic spaces of cotyledon cells and
small amounts fucosylated X G in the structural fraction that is bound to cellulose in the
primary walls. The storage XG is synthesised without fucose, although it can be
fucosylated by a nasturtium transferase in vitre, and it is deposited as a layer underneath
the “structural layer”.

In H courbaril, when. the storage XG was treated with fungal cellulase and
cleaved into oligomers, small amounts of fucose were detected. These results indicate
that, besides the unfucosylated seed storage XG, small amounts of primary cell wall
fucosylated XG are present. This work demonstrates the presence of fucose in the
storage cell walls of seeds of Hymenaea courbaril L. and localises this residue at
subcellular level using the monoclonal antibody CCRC-M1. Our data show that not only
two classes of XG occur in the storage wall but also that they are chemically and

topologically distinct, with the “storage” polymer trapped between two layers of
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“structural” XG. Comparison with two other legumes Copaifera langsdorffi,

Tamarindus indica and with the non-legume Tropaeolum majus is also included.

Resulis

Compeosition of XG Oligosaccharides of H. courbaril and C. langsdorffii

The extraction of the storage polysaccharides from H. cowrbaril and C
langsdorffii with hot water followed by hydrolysis with Trichoderma cellulase generated
gel-filtration patterns typical of the storage XGs (Fig. 1). Further hvdrolysis of Biogel P-
6 isolated fractions with cellulase generated the typical structural blocks of XGs, i.e. the
HHHG family based structural blocks for C langsdorffit and the mixture of XX and
KHXKKG families of oligosaccharides for A courbarii (not shown). The structure of the
polysaccharide was confirmed by GC/MS analysis (Table I) and no unusual glycosyl
linkages for a storage xyloglucan were detected.

The fractions obtained after Biogel P-6 were isolated and had their
monosaccharide composition analysed by hydrolysis and HPAEC-PAD (Table II). In all
fractions, besides glucose, xylose and galactose, small proportions of arabinose and
fucose were detected. Since we have used purified Trichoderma cellulase and fucose and
arabindse were found to be present in the limit digest oligosaccharides, it is very likely
that they came from XG. The possibility that fucose might have come from
rhamnogalacturonan I may be discarded since incubation of this polymer with purified
cellulase would hardly release fragments in the range of 3000 Da and residues typical of

RGI were not detected in the GC/MS analysis.

Distribution of Fucose Epitopes in the Cotyvledons Cell Walls
Using a fucose recognising antibody (CCRC-M1) (Puhlmann et al., 1994),
fucose has been detected in the storage cell walls of seeds of C. langsdorffii, Tamarindus
indica, Tropaeolum majus (Fig. 2), and H. courbaril {Fig. 3). In the quiescent seeds of
C. langsdorffii there is a thin outer layer in the storage wall that is recognised by the

CCRC-M! antibody (and, therefore, contains fucose) and a thick layer where no
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labelling can be visualised (Fig. ZA). In & courbaril a second layer of fucosylated wall
can also be observed adjacent o the plasma membrane {Fig. 3). Tamarindus indica and
Tropaeolum majus (Figs. 2B and 2C, respectively), used for combarison, showed the
same pattern observed for A courbaril, where the unfucosylated X G 1s depostied
between two layers of fucosylated XG.

The CCRC-M1 antibody used could, in principle. recognise the fucosyl side-
chains of rhamnogalacturonan 1. However, the distribution of the labelling along the
outer layer did not mach with the acidic polysaccharide distribution observed for this

species: mainly in the pit-fields and contacts between two cells (Ting et al., 2000b).

{hanges in storage and structural layvers during xyloglucan mobilisation
Figure 3 shows clearly that in . courbaril, both lavers of fucosylated XGs are

observed and only the non-labelied middle layer is mobilised after germination. This
indicates that the “structural” and the “storage™ X Qs are different not only in chemical
composition (presence of fucose), but also in subcellular localisation. As shown in
Figure 4, the fucosylated inner layer is not disassembled by the hydrolytic machinery
involved in storage mobilisation and maintains its integrity even after the complete
degradation of the storage XG.

The sharp transition from one layer to the other (Fig. 4} indicates that the two
populations of XG are clearly defined and the shift in the biosynthesis from one to the
other must be very well defined as well. The gold particles labelled the inner and outer
walls, with no labelling in the storage wall. The electron densities of the storage and
structural layers are also different, suggesting that other differences may exist, such as
the density of cellulose in the structural and storage layers.

Figures 4D and E show the presence of degradation pockets in the storage layer.
At this stage, the pockets do not have a preferential location close to plasma membrane

but the mobilisation of the storage XG seems to occur throughout the entire layer.
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Diiscussion

Fucosyl residues were detected in the oligosaccharides of storage xvloglucan
from seeds of C. langsdor/ffii and £ courbaril. The immunclocalisation of the residue in
the wall of these seeds showed that the fucosylated and the unfucosylated xvloglucans
are not evenly deposited in the wall, but appear as distinet layers. Thus, the presence of
fucose in XG, even in very small amounts, might be related either to minor activity of o~
fucosyl transferase during storage XG biosynthesis or to a smalil contamination of the
extracted XG with some structural XG from the primary wall. In cotyledons of 7. majus,
T. indica and H. courbaril, an inner laver of fucosylated xyloglucan close to the plasma
membrane was also observed. This suggests that the presence of this layer is not related
to the occurrence of the unusual structure {S-glucose oligosaccharides) of the A
courbaril storage xyloglucan., previcusly reported (Buckeridge et al., 1997), but a rather
general feature of xyloglucan-containing storage walls.

The previous evidences of the presence of multiple layers in storage walls of
Tamarindus indica and Tropaeolum majus were indirectly obtained by Reis et al. (1985)
and Desveaux et al. (1988) based on electron density of the layers and chemical analysis
of the water-extracted polysaccharides. The results shown in Figures 2 and 3 are the first
direct evidence of differences in composition among these layers by in situ detection: the
XG from the inner and the outer layers have fucosyl substitutions whereas the middle
layer is characterised by the absence of these sugar restdues. Desveaux et al. (1998)
described a swelling of the outer layer in Tropaeolum majus during the deposition of the
storage layer. This dispersion of the microfibrils induced by the thickening of the wall
may be the reason for the existence of an inner layer that maintains the integrity of the
wall throughout the whole process of storage layer deposition and mobilisation. In C.
langsdorffii, however, an inner layer labelled with CCRC-M1 was not observed.
Considering that in these seeds the storage XG is mobilised by a mechanism similar to
the other species (Alcantara et al., 1999), the presence of this inner layer seem not to be

essential to the physiological role of the storage wall, and at the same time requires



Detection and localisation of fucosylated xyloglucan in storage walis 82

further investigation to understand which evolutionary forces might have been involved
in the selection of such a character.

The presence of these layers characterise the existence of at least two
populations of xyloglucan in the wall. These populations are distinct in function,
subcelular localisation and composition. The storage xyloglucan is very soluble, lack
fucose and arabinose (as suggested by Tiné et al., 2000a), whereas the structural
xylogiucan is less soluble (despite the small contamination in the water soluble}, with
fucosy!l and arabinosyl side chains. The assembling of a functional storage wall with
xvloglucan in seeds, therefore, possibly requires a complex modulation of the fucosyl
transferase during XG biosynthesis.

This chemical distinetion of the xyloglucan is important to separate the
functions of the two polymers. In H courbaril, the proposed control points of the
disassembling process seem to be related to the exo-hydrolases (Tiné et al,, 2000a).
These enzymes act sequentially on the fragments of xyloglucan produced by XET. The
B-galactosidase, B-glucosidase and o-xylosidase alternate themselves in cycles of
disassembling, but each enzyme can only hydrolyse its corresponding substrate residue
{(galactosyl, xylosyl or glucosyl) after the action of the previous enzyme (Crombie,
1998). It may be suggested that the presence of fucosyl and arabinosyl! in the structural
xyloglucan may hinder the attack of the exo-hydrolases present during the mobilisation
of the storage xyloglucan. This could be an explanation for the absence of fucosyl from
the storage xyloglucans, as well as the avoidance of biological effects of the fucosylated
oligosaccharides. In other words, the differences in the monosaccharide composition,
therefore, can be a simple mechanism to separate the metabolism of the two populations
of xyloglucan.

During seed development, the parenchyma cells go through at least two
different metabolic states: the “growth and division™ and the “storage™ state. During
morphogenesis, the tissues are growing and differentiating. When the seed is close to its
final size, the metabolic state of the cells change and they tum their metabolic pathways
to the accumulation of storage compounds. As a consequence, the dry mass of the seed

increases with little change in the final size. This shift in the metabolic state is followed
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by changes in the ratio sucrose/monosaccharides (Weber et al., 1997). Clearly, this shift
also involves changes in the cell wall biosynthesis with changes in the fucosyl-
sransferase activity. The structural polysaccharides are important to maintain the
integrity of the tissues during growih, but as soon as cell extension stops. the storage
polysaccharide (unfucosylated) is deposited. It is not clear whether the storage layer is
deposited below the structural layer and a second structural layer in deposited later on to
maintain the mechanical properties of the wall or wheather the storage layer is deposited
hetween two structural layers previously assembled (in the case of the species that have
an inner wall}. In both alternatives, a complex synchronisation of the biosynthetic

apparatus with and the previously deposited layers and the cell metabolism must occur.

Material and Methods

Plant material

Seeds of Hymenaea courbaril L. were provided by the Seed Department of the
Institute of Botany at Sfo Paulo (Brazil) and those of Copaifera langsdorffii were
harvested at the S&o Paule Botanical Garden. Tamarindus indica seeds were purchased
at local market and seeds of Tropaeolum majus were purchased from Dahnfeldt,
Denmark, and both were used only for comparison in the fluorescent immunolabeling

analysis.

XG Extraction

XG was prepared from the powder of seeds of . courbaril and C. langsdorffii
as described by Buckeridge et al. (1997). Five mL of a 0.5% (w/v) solution of XG in
Na™ Acetate buffer (50mM pH 3,0) were digested with 200l of a 1:100 dilution of
Trichoderma viride cellulase (Megazyme, 500 U mL"in 3.2 M ammonium sulfate, pH
7.0) for 24 h at 30°C. The solution of oligosaccharides produced was loaded onto a

Biogel P-6 (BioRad) column (1.5 x 170 cm) and eluted with a 0.05% solution of NaNj.
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Fractions of 1 mL were collected and carbohydrates were quantitatively analysed by

phenol-sulfuric method (Dubois et al., 1956).

Sugar Composition Analysis

Volumess corresponding to 1 mg of pooled fractions (1, 11, 111} were freeze-dried
in 15 mL tubes and hydrolised with sulfuric acid according to Saeman et al. (1945). The
monosaccharides produced were analysed by HPAEC-PAD in a Carbopak PA-1 column
(Dionex) with 20 mM NaOH for 40 min (0.8 mL min™).

The freeze-dried oligomers stored over P05 in a vacuum desiccator were
methylated with n-butyllithium and methyl iodide as described in Gibeaut and Carpita
{1993). Partly methylated alditol acetates were separated by gas-liquid chromatography
and identified by electron-impact mass spectrometry as described by Carpita and Shea

(1989).

Growth Conditions of H. courbaril

Seeds of H. courbaril were scarified individually by abrading the seed coat with
sand paper, weighed, soaked in commercial sodium hypochlorite for 5 min, washed with
tap water for 10 min, soaked in distilled water for 12 h and imbibed in a tray covered
with moist filter paper. After germination, the seeds were transferred to pots filled with
sand:vermiculite (2:1). Trays with the seeds regularly spaced were kept at 25 °C under a
12 h photoperiod. The cotyledons were collected 14, 35 and 48 days after planting
(before, during and after XG mobilisation, respectively) and used for immunolabeling
procedures. Quiescent seeds of H. courbaril, C. langsdorfii, Tropaleum majus, and

Tamarindus indica were also processed for comparison.

Fixation and Embedding

Cotyledon pieces of H. courbaril measuring approximately 2 mm length at all
sides were fixed with p-formaldehyde (2.5%) /glutaraldehyde (0.5 %) in phosphate
buffer 0.05M pH 7.2 for 4 h at room temperature under vacuum, washed 3 times in the

same buffer, post-fixed for 1 h in the same buffer containing 1% {w/v} osmium
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tetroxide. The fixed tissue was again rinsed 3 times in phosphate buffer before
dehydration in a series of ethanol (20, 35, 50, 60,70, 80, 90, 100% (v/v) for 30 min at
each step) at room temperature. The dehydrated tissne was gradually infiltrated with LR
White embedding resin (Ted Pella Inc., Redding. CA) according to the following
schedule: 20, 40, 60 and 80% (v/v) LR White: ethanol, each step for 24 h with a change
of resin every 8 h and 100% LR White for 24 h with a change of resin every 8 h. The
infiltrated tissue was transferred to BEEM capsules (Ted Pella) containing 100% LK
White for embedding. Polymerisation was accomplished by heating at 60°C for 48 h. For
the other three species only quiescent seeds were used. They were processed as
described above except that fixation was performed in 50mM cacodilate buffer with 130

mM glveine overmght.

Immunefluorescence Procedures

All incubations were carried out at room temperature unless otherwise indicated.
For H. courbaril, transversal thick sections (250 nm) were cut with an MT 6000-XL
(RMC Inc., Tucson, AZ) ultramicrotome and mounted on glass microscope slides
previously coated with a solution of 0.4%(w/v) gelatin, 0.04% {w/v) Chrom-alum
(Fisher), and 0.02% (w/v) Sodium Azide. For the other three species, thicker sections
(1500 nm) were used. The sections were hydrated by placing droplets of KBPS on them
for 10 min. Non-specific antibody-binding sites on the sections were blocked by
incubation with 3% (w/v} nonfat dried milk in KBPS for 45 min. The sections were then
incubated for 60 min on droplets of CCRC-M1 antibody diluted 1:1 (v/v}) in KBPS,
followed by a 30 s rinse in KBPS 3 times. The sections were then incubated in droplets
of goat anti-mouse IgG-fluorescein isothiocyanate conjugate for 1h. The sections were
washed with one 30 s rinse each of KBPS and distilled water. Epifiuorescence of the
imunostained tissue sections was viewed through a Zeiss UV filter set (excitation filter
450-490nm, beam splitter 510nm, barrier filter 520 nm) and photographed with T-max
100 35-mm (Kodak).
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Some control experiments were performed by omission of the primary antibody.
For the competition assays, a 2M fucose in KBPS solution was incubated together with

the primary antibody.

EM Procedures

Thin sections (<100nm) were mounted on gilded copper slot grids and labelled as
described for imunoflucrescence microscopy, except that the secondary antibody was
gold anti-mouse IgG conjugated to 15-nm colloidal gold (prepared as described by
Freshour et al., 1996). After immunolabeling, the sections were post-stained for 3 min
with 4% (w/v) agueous urany! acetate and for 30 s with lead citrate. The sections were

examined at 80 kV with a Zeiss EM 902 A electron microscope.
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Figure 1. Biogel P-6 profile of the storage XG from H courbaril (A) and C.
langsdorffi (B) after hydrolysis with fungal cellulase. The peaks I, Il and III refer to the

number of limit digest oligosaccharides present in the fragment.
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Figure 2. Immunofluorescent labelling of transversal sections of cotyledons of

Copaifera langsdorffii (A), Tamarindus indica (B and Tropaeolum majus (C) with
CCRL-MI antibody. The arrowheads point 1o the labelling in the outer wall and the

arrow points to the labelling in the inner wall. bar = 10 um
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Figure 3. Immunofluorescent labelling of the fucosylated XG in sections of

cotyledens of Hymenaea courbaril before (A) and after (B) mobilisation of the storage

cell walls. Fluorescent walls were labelled with CCCR-M1 (first antibody) and FTIC
(second antibody).X788; bar =10 um.



Dataction and localisation of fucosyiated xyloglucan in storage walls 93

Figure 4. Immunogold labelling of the fucosylated XG in sections of cotyledons

of Hymenaea courbaril by TEM. The box in A indicates the area enlarged in B. (A) Low
magnification (2800X, bar=2.5 um). (B) High magnification (22000X, bar = 0.3 pm).
(C) Detail of the outer layer of the wall. Arrows indicated the presence of fucosylated
XG (gold particles) labelled with CCCR-M1 (first antibody). (D) Low magnification of
the walls during XG degradation (2800X, bar = 2.5 um). (E) High magnification of the
walls during the mobilisation of the storage XG showing degradation pockets (arrow) in
the storage wall (SW) (22000X, bar = (.3 um). Ci = cifoplasm, CW = cell wall, SW =

storage XG; In = inner wall, Ou = outer wall.
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Table Il. Linkage analysis of the siorage polysaccharide of Hymenaea courbaril,

Linkage Proportion
=Xyl 37.4
t-(ial 32.9
2-Kyl 5.7
4-(5le 5.3

4,6-Gle 18.6
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Table I1. Monosaccharide composition of the fractions from Biogel P-6

chromatography. The fractions were identified as in figure 1. ND= not detected.

Biogel Monosaccharides
Species Fractions Glucose®  Xvlose  Galactose  Fucose Arabinose
Fl 4.00 2.50 1.30 0.4 0.08
H. courbaril Fil 4.00 2.30 2.3 0.4 0.13
FIII 4.00 2.70 ND ND 0.09
FI 4.00 2.80 1.50 0.04 ND
C. langsdorffii Tl 4.00 2.80 1.60 0.08 0.01
FIII 4.00 2.90 1.60 0.03 0.03
FIV 4.00 2.80 1.76 0.02 0.02

* The proportion of glucose was fixed as 4 residues according to the XG structure

described for these species (Buckeridge et al., 1992; Tiné et al., 2000a).
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Discussio

Estrutura do xiloglucano e acdo das hidrolases

Neste trabalho foram caracterizados trés novos oligossacarideos presentes no
xiloglucano de reserva de Hymenaea cowrbaril L. A existéncia de uma série de
oligossacarideos com cinco glucoses na cadeia principal havia sido relatada em 1997
nesta espécie (Buckeridge et al., 1997} e a ocorréncia de XXXXG foi confirmada por
espectrometria de massa e pela caracterizagdo dos novos oligossacarideos desta série gue
apresentam ramificagdes com galactose: XXXLG, XLXXG ¢ XXLXG. A
espectrometria de massa permitiu ainda determinar que ambas as series de
cligossacarideos estdo presentes em uma mesma molécula de xiloglucano e parecem
estar alternadas ao fongo do polimero.

Sabe-se que as substituices com xilose sdo capazes de impedir a agio da
celulase sobre os residuos glucosil substituidos. Em outro trabalho apresentado, foi
possivel mostrar que as substitui¢Bes com galactosil sdo capazes de modular a intera¢do
entre a celulase e o xiloglucano, embora ndo sejam capazes de impedir completamente a
acio da enzima. Como um comportamento semethante foi encontrado tanto em
Hymenaea courbaril quanto em Copaifera langsdorffii (que nao possul a série de
oligossacarideos com cinco glucoses), ¢ provével que este efeito seja independente do
padrio de substituicbes com xilosil.

A localizacdo na parede dos residuos de fucose presentes ne xiloglucano extraido
dos cotilédones levou & caracterizaco de camadas na parede das células
parenquimaticas. Ficou clara a separagio das populagdes de xiloglucano que diferem
nfo apenas na fungfo. mas também na composi¢io quimica e na localizagdo na parede:
um xiloglucano é estrutural e outro de reserva, Esta formago de camadas na parede
implica em uma complexa coordenacio do mecanismo de biossintese e de deposicao dos

xiloglucanos durante a maturacdio da semente.
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O uso de uma B-galactosidase ja caracterizada no nosso laboratério permitiv a
identificacio de um dos novos oligossacarideos que foi posteriormente corroborada pela
espectrometria de massa. Apesar de se saber que esta ﬁ—galacmsidase ae C. langsdorffii
56 ataca o galactosil adjacente ao terminal ndo redutor do oligossacarideo, néio havia
nenhuma evidéncia experimental de qual lado do substrato seria reconhecido pela
enzima. Duas possibilidades haviam sido levantadas, a saber: o reconhecimento do
substrato (oligossacarideo) poderia ocorrer pelo terminal redutor ou pelo nfo redutor.
Segundo o modelo corrente de degradacio de XG de H. courbaril (Ting et al., 2000),
caso o reconhecimento ocorresse pelo terminal redutor, seriam necessarias varias -
galactosidases para desmontar os oligossacarideos, pois a cada ciclo de ag3o da B-
glucosidase e o-xilosidase, o préximo galactosil ficaria “um monossacarideo™ (cerca de
0,5nm) mais préximo do terminal redutor, devido a retirada da glucose. O modelo de
reconhecimento pelo terminal nZo redutor, por outro lado, prevé a agfio de uma unica B-
galactosidase, uma vez que esta sO atuaria sobre o proximo galactosil apos a remogéo do
glucosil e do xilosil do terminal ndo redutor. Apds a agdo das outras exo-hidrolases,
portanto, o galactosil estaria novamente 4 mesma distancia do terminal nao redutor que
estava no ciclo anterior das hidrolases, embora estivesse 0,5nm mais préximo do
terminal redutor. Os dados obtidos neste trabalho apontam para o reconhecimento pelo
terminal ndo redutor, pois 2 acho da B-galactosidase sobre o XLXXG foi a mesma
descrita para 0 XLXG (Alcéntara et al., 1999).

Quanto ao reconhecimento pela celulase, seus sitios de ataque ficam um residuo
glicosil mais distantes um do outro nos oligossacarideos da série do XXXXG. Na
conformacio cadeira do glucopiranosideo, isso corresponde a cerca de 0.5 nm (Taylor ¢
Atkins, 1983). Considerando que o sftio catalitico das celulases possui um tamanho
semelhante (Figura 6), esta distdncia poderia deslocar o substrato para fora do sitio
catalitico se o reconhecimento do substrato envolvesse o reconhecimento de dois
possiveis pontos simultdneos de ataque. Como a celulase € capaz de hidrolisar ambas as
séries de oligossacarideos, podemos concluir que, apesar de a cavidade catalitica da

enzima ser longa o suficiente para abranger cito residuos de glucose, nem todos séo



utilizados no reconhecimento do substrato. Esta flexibilidade no reconhecimento do
substrato por parte da celulase ¢ esperada quando consideramos que a enzima € capaz de
hidrolisar ¢ xiloglucano embora provavelmente tenha evoluido para hidrolisar as cadeias
lineares de glucose da celulose onde n&o existem ramificacSes. Por outro lado, a redugao
dos fragmentos FII de H. courbaril com borohidreto diminuiu drasticamente a
susceptibilidade & hidrélise com celulase e a taxa de formag8o de FI (dados ndo
mostrados), © que sugere que mesmo alteragdes de conformagéo a quatro ou cinco
residuos de glucose do ponto de hidrolise s@o capazes de alterar a suscetibilidade dos
fragmentos a celulase.

Além da diferenca no comprimento do oligossacarideo, a presenga de
oligossacarideos com cinco glucoses na cadeia principal gera uma inversdo desta que
torna a molécula simétrica. Esta simetria n8o ocorre em xiloglucanos que nio possuem
oligossacarideos com 3 glucoses em sua cadeia (Figura 7). No caso do xiloglucano
apenas com 4 glucoses, um dos lados da molécula possul sitios de ataque pela celulase,
enquanto o outro lado € altamente ramificado. o que ndo ocorre no xiloglucano que
possui oligossacarideos com 5 glucoses. Embora em solugdo a conformac3o da molécula
seja dindmica e o polissacarideo possua pelo menos duas conformagdes de minima
energia (achatada e em espiral- Levy et al., 1991), esta mudanga na simetria pode
influenciar no reconhecimento do substrato pelas enzimas (XET e celulase).

A mudanca na simetria proposta pode ser um importante elemento na interagao
com outros polissacarideos. A experiéncia do nosso laboratorio mostra que ©
xiloglucano de H. courbaril ¢ mais dificil de solubilizar que os demais xiloglucanos de
reserva {Miguel Minhoto, comunicacio pessoal). O xiloglucano de A. courbaril se liga
mais com a celulose que os demais xiloglucanos de reserva (Lima e Buckeridge, 2001).
Se considerarmos a conformagio achatada do xiloglucano proposta para a ligagéo com
celulose (como representado na figura 7), esta adsorséo maior poderia ser resultado da
possibilidade de acesso a ambos os lados do xiloglucano, novamente como conseqiiéncia
da simetria do xiloglucano. Além disse, no caso de moléculas de xiloglucano associadas
a outros polimeros, existe a possibilidade de ataque da cefulase (ou XET) 2 face livre do

xiloglucano, pois ambos os lados do polimero possuem sitios para a agéo das enzimas.
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Esta acessibilidade do polimero mesmo quando interagindo com outras moléculas pode
ser um importante elemento em um sistema de reserva onde o xiloglucano precisa ser
desmontado.

A existéncia de duas populages de xiloglucano quimica e espacialmente
definidas na parede € um importante elemento na fisiologia da parede de reserva. Os
dois tipos de xiloglucano possuem funcSes distintas claramente definidas: um €
estrutural, menos solivel, rico em arabinose (Tiné et al., 2000) e fucose, enquanio ¢
outro & mais solivel e composto apenas por glucose, xilose e galactose. Como as exo-
hidrolases de xiloglucano sé atacam residuos no ramificados, a presenga de
substituicdes com fucose & arabinose deve bloquear a degradagfo de pelimeros com
estas substituicdes. Num sistema onde a degradaco € limitada pelas exo-hidrolases,
portanto, é natural que a agfo da XET néo seja um ponto de controle da degradagio

{Tiné et al., 2000).

Figura 7. Comparago entre dois fragmentos de xiloglucano. A- xiloglucano composto
apenas por oiigossacarideos com guatro glucoses na cadeia principal. B- xilogiucano com
oligossacarideos com quatro e cinco glucoses alternados. Os potenciais sitios de atague da
celulase estdo indicados por barras nas moiéculas. As galactoses ndo estio indicadas. Os
blocos indicam a seqgléncia de 3 glucoses requeridas para o reconhecimento do ponto de
hidrolise na molécula. A posicao hidrolisada esta indicada pela cunha no bloco. E possivel
perceber a inversao da molécula em funcéo da distribuicdo dos sitios de ataque da celutase (em
B os sitios de atague se alternam em ambos os lados da cadeia principal). G = glucose p-(1.4);
X = xilose o-(1,6).
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Evolucdo do xiloglucano de reserva em Leguminosae

UUma das principais caracteristicas do xiloglucano € a sua capacidade de interagir
com a celulose. A interacio do xiloglucano com outras moléculas de xiloglucano, no
entanto, passa a ser relevante em paredes de reserva onde a quantidade de celulose €
menor e a densidade de xiloglucanoc é muito mais alta que na parede primaria.
Considerando a teoria de transferéncia de funcdes segundo a qual o xiloglucano de
reserva teria evoluido a partir do xiloglucano de parede priméria (Buckeridge et al.,
2000a), um dos principais problemas a serem resolvidos ao longo da evolugéo da parede
de reserva seria; como montar uma parede s6lida com um minimo de celulose?

Embora poucos xiloglucanos de reserva tentham sido caracterizados com
detalhes, alguns padrdes parecem emergir. Uma caracteristica comum a todos eles € a
remoco da fucose. Esta ramificacho parece ocorrer exclusivamente em parede primaéria
e sua remocio deve ser uma condigfo imprescindivel para a montagem de uma parede
de reserva. Considerando o modelo proposto para a biossintese de xiloglucano, esta
alteracio envolveria uma modificagio na fucosil-transferase na face trans do Complexo
de Golgi. Nio se sabe a razfio desta necessidade de eliminagfio da fucose do polimero,
mas além das alteracdes conformacionais induzidas pela fucose (Levy et al., 1991) ja foi
descrita atividade biologica dos oligossacarfdeos de xiloglucano fucosilados (McDougall
e Fry, 1988 ¢ 1990, Emmerling e Seitz, 1990). A perda da fucose poderia ser uma forma
de evitar o efeito bioldgico (antagdnico 4 auxina) dos oligossacarideos gerados durante a
mobilizacdio das reservas, separando os mecanismos de sinalizagdo celular da
degradacdio do xiloglucano. Uma outra alternativa seria a demarcag@o quimica entre duas
populages de xiloglucano (de reserva e estrutural, como discutido anteriormente).

No que se refere 4 galactosil-transferase, no entanto, parece haver pelo menos
duas estratégias. O xiloglucanoc de reserva de T. majus, 1. indica ¢ C. langsdorffii,
quando submetido a hidrélise com celulase, produz uma mistura de oligossacarideos rica
em XLLG. As descricdes de xiloglucano de parede primaria da literatura, no entanto,
mostram polimeros ricos em XXLG (e XXFG, o oligossacarideo fucosilado derivado do

XXLG). A abundancia de motivos “XL...” em oligossacarideos de xiloglucano parece,
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portanto, estar associada a xiloglucano de reserva (Desveaux et al., 1998). Os
oligossacarideos de xiloghucano de H. courbaril, no entanto, sio pobres em motivos
“¥1..”, mas possuem uma série de oligossacarideos com cinco glucoses na cadeia
principal.

As duas modificagdes no xiloglucano sio funcionais, pois todas as espécies
citadas conseguem se estabelecer em seus ambientes. Suas sementes germinam € 0
xiloglucano de reserva é mobilizado provavelmente por mecanismos muito semelhantes.
Como estas duas estratégias sdo mutuamente exclusivas (rico em XLLG gu com
XX XHG), aparentemente elas evoluiram para resolver o mesmo problema. Uma vez que
uma das alternativas foi implementada, nZ¢ hd mais pressdo de selec@o para modificar o
xiloglucano de reserva.

Nos estudos feitos em nosso laboratéric com folhas de H. courbaril, a nova série
de oligossacarideos nfo foi detectada. Isso indica que a série de oligossacarideos com
cinco glucoses € utilizada exclusivamente para reserva nesta espécie, o que reforga a
idéia de que s3o necessdrias modificagdes no xiloglucano para que se possa montar uma

parede de reserva rica neste polissacarideo.

Codificagdo de informagdo no polimero

Em 1948, Claude Shanon publicou dois artigos que lancaram as bases para a
teoria da informacdo (Shanon, 1948a,b). Esta teoria define informacdo do ponto de vista
estatistico e, em termos gerais, confere a um simbolo qualquer uma quantidade de
informacfo inversamente proporcional  freqiiéncia deste simbolo. Como informagcio €
tratada de uma forma puramente estatistica, esta teoria pode ser aplicada a qualquer
seqiiéncia, sejam nimeros, letras, aminodcidos ou nucleotideos. De fato, ¢ avango da
bioinformatica e a automacio da analise de seqiiéncias de DNA estenderam o uso desta
teoria muito além do imaginado originalmente (Fleissner e Hofkirchner, 1996;
Schneider, 2000). Atualmente, ferramentas de calculo de freqiiéncia de nucleotideos s8o
capazes de estimar o nimero de diferentes proteinas que se ligam a um determinado

dominio conservado baseando-se apenas na probabilidade com que uma seqii€ncia
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ocorre {Herman e Schneider, 1992). Basicamente, o que se sabe ¢ que o tamanho de uma
seqliéncia conservada é apenas o necessdrio para que esta seqiiéncia seja identificada de
forma inequivoca, Quando uma segiiéncia possul o dobro da informacfo necessaria para
sua identificagio, é provavel que esta segiiéncia seja reconhecida por dois ligantes
independentemente.

Por analogia, podemos considerar que os padrdes de ramificago de xiloglucano
codificam informacio (X, L ou G). Esta nova série de oligossacarideos encontrada em
H. courbaril representa uma forma distinta de distribuicfo das cadeias laterals e,
portanto, aumenta o contetdo informacional do xiloglucano. Como os sistemas
bicldgicos geralmente nfo acrescentam mais informagio do que o necessario para o
desempenho das fungdes das moléculas, qual tipo de vantagem este aumento de
informaco traria? Algumas abordagens atuais consideram as enzimas como maguinas
moleculares capazes de ler uma seqiiéneia de simbolos no substrato (nucleotideos ou
monossacarideos) e calcular uma saida (catalizar reacdes) de acordo com o smal lido ne
substrato. Em uma seqiiéncia com mais informaco seria possivel codificar novos
comandos, aumentando o numero de possibilidades na interagdo enzima-substrato.

Uma conseqiiéncia direta desta alterac8o estrutural na interag@io com enzimas € a
possivel alteracdo nos mecanismos de controle. O modelo proposto para controle da
degradacfio do xiloglucano de reserva coloca a B-galactosidade como a enzima
responsavel pelo “escape” dos oligossacarideos do ciclo de transglicosilagio (Ver Figura
5 e Tiné et al 2000). Como os oligossacarideos de A. courbaril sio relativamente pobres
em extremidades “XL...”, a quantidade de substrato para a B-galactosidase € menor. Em
ensaios de B-galactosidase no nosso laboratdrio, por exemplo, o uso desta mistura de
oligossacarideos como substrato levou a uma atividade muito baixa, provavelmente pela
disponibilidade limitada de substrato, o que néo ocorre guando usamos a mistura de
oligossacarideos de C. langsdorffii, rica em XLLG (Clévis Oliveira Silva, comuni¢acéo
pessoal). A enzima responsével pela remogdo dos fragmentos de xiloglucano do ciclo da
XET no caso de H. courbaril, portanto, deve ser a a-xilosidase (Figura 5). O modelo
proposto anteriormente, no entanto, continua sendo valide para as espécies ricas em

KLLG.
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Mesmo com esta alteracio da ordem em que as enzimas atuam sobre 08
oligossacarideos de H. courbaril, a B-galactosidase continua sendo provavelmente um
dos pontos de controle da degradacio do xiloglucano. Como as exo-hidrolases se
alternam em um ciclo para desmontar um polimero, a reducio de atividade de qualquer
uma das hidrolases (c-xilosidase, B-galactosidase e B-glucosidase) poderia levar a uma
reduggo no ritmo de degradago. A diferenga de pH 6timo das enzimas, portanto,
continua sendo um provavel elemento de controle. Como existe uma diferenga no pH
&timo destas enzimas (pH étimo em torno de 3,5 para a B-galactosidase e 4,5 para as
outras duas exo-hidrolases), oscilagdes no pH da par;de poderiam modular a a¢&o das
enzimas sobre os oligossacarideos da parede (Tiné et al.,, 2000). A ordem em que as
enzimas irfio atuar no polimero, no entanto, depende da estrutura fina deste. Assim, parte
da informacio para a degradagio do polimero ¢ codificada no proprio substrato ja no
momento de sua biossintese durante a maturacio da semente.

No caso dos polissacarideos de 7. majus, C. langsdorffii e T. indica, a passagem
de xiloglucano de parede priméria para xiloglucano de reserva durante a evolucio parece
estar relacionada essencialmente a alteragdes na atividade de galactosil- e fucosil-
transferases. No caso do polissacarideo de H. courbaril, parece ter havido uma alteragdo
do local onde a informagio é codificada, pois j4 na face cis do complexo de Golgi a
biossintese de blocos de 4 ou 5 glucoses cria um padrio diferente de ramificagles,
enquanto a atividade de galactosil-transferase néo parece ser muito modificada. Os
processos de degradago e biossintese do xiloglucano de reserva, portanto, parecem estar
finamente sincronizados nas espécies e o veiculo para a integragio entre os dois
processos pode ser o préprio polissacarideo, uma vez que o padrdo de ramifica¢8o do
xiloglucano ¢ capaz de codificar informagdo suficiente para modular a agdo das enzimas.

Além da codificaco de informacéo através da seqiiéncia do polimero, existe a
possibilidade de a organiza¢do da parede trazer informagdes topologicas (relativas a
forma). Se, por exemnplo, virarmos uma membrana qualquer dentro da célula pelo
avesso, dificilmente esta membrana continuara exercendo corretamente suas funcdes,
apesar de nenhuma alteragdo de composig#o ter sido provocada. Isso porque a

organizagfo espacial dos elementos celulares contém, em si mesmo, informacio
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necesséria ao correto funcionamento da célula. Neste contexto, a localizag8o da camada
de xiloglucano de reserva entre duas camadas estruturais, pode trazer um importante
elemento na compreensio da fisiologia da parede celular de reserva. Estes conceitos de
informago mais abrangentes podem trazer novos pontos de vista sobre a bioguimica e
possibilitar a integrac@io de diversos elementos da fisiologia: composicio quimica,

enzimologia e localizacdo.
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