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Stellingen
1. Pectine uit sojabonen blijkt uit alleen hoogvertakte segmenten (hairy regions) te
bestaan, de onvertakte homogalacturonaan segmenten (smooth regions) die tot nu
toe incelwanden van andere onderzochte plantenweefsels van dicotylen voorkomen
ontbreken. (dit proefschrift)
2. Onderzoekers proberen de resultaten van onderzoek naar celwandpolysachariden
altijd te vertalen naar universele modellen. De waarde van deze modellen is echter
beperkt engeldtalleen voordat specifieke weefsel vandeonderzochte plantensoort.
(dit proefschrift)
3. Het aantal suikersubstituenten per 100 xylose-eenheden in de hoofdketen is een
betere maat voor de substitutiegraad van arabinoxylanen dan de verhouding tussen
dehoeveelheid arabinose enxylose,(dit proefschrift)
4. De verzelfstandiging van scholieren dankzij het studiehuis leidt tot nieuwe
aanpassingsproblemen indesteedsschoolserwordende universiteiten.
5. Dezoektocht naarbeschikbareverloskundigen iseen zwarebevalling.
6. Door het constante gebruik van de mobiele telefoon is de bereikbaarheid juist
afgenomen.
7. Als namen binnen een organisatie sneller veranderen dan de productietijd van het
briefpapier met logoisersprakevaneenidentiteitscrisis.
8. Als mannen ook verplicht waren verlof op te nemen na de bevalling zouden zij
eraangewend raken eengroterdeelvandezorgvoordekinderen opzichtenemen.
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In soybean cell wall material, pectic substances are the major non-starch polysaccharide.
These pectic substances distinguish themselves from pectic substances of cell wall material
from otherplants in the absence of homogalacturonan, the presence of fucose residues in the
xylogalacturonan, and two uncommon structural features of the pectic arabinogalactan side
chains, namely the presence of internal (l,5)-linked arabinofuranose and terminal
arabinopyranose. Therefore, thesepectic substances areratherresistanttodegradation byboth
established (like polygalacturonase) and novel (like RG-hydrolase) pectic enzymes. The
hemicellulosic polysaccharides in the soybean cell wall appeared to be predominantly
xyloglucans,composed ofXXXG-typebuildingunits likemost legumexyloglucans.
In the cell wall material from maize kernels, glucuronoarabinoxylans are the major
non-starch polysaccharides. The glycosidic linkage composition of the extracts and their
resistance to endo-xylanase treatment indicated that the extracted glucuronoarabinoxylans
were highly substituted. The same conclusion could be drawn from their degree of
substitution (87%),defined asthenumber of sugar substituents per 100xyloseresidues inthe
backbone. The glucuronoarabinoxylans from maize kernel cell walls appeared to be more
complex than those from sorghum cell walls, which were the most complex
glucuronoarabinoxylans described so far.
The uncommon structural features of soybean cell wall pectic substances and the
complexity of maize kernel cell wall glucuronoarabinoxylans explain their resistance to
degradation by enzymes generally used to degrade thiskind of polymers, and indicates that a
search for new enzymes is required to enable enzymatic modification of these
polysaccharides.
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CHAPTER 1
INTRODUCTION

Chapter1
BACKGROUND
This thesis forms part of a larger research project on the elucidation of the chemical fine
structure of polysaccharides from plant cell walls directed to their functional properties,
funded by the Dutch technology Foundation (NWO/STW). The plant cell wall
polysaccharides play important roles intheprocessing oftheplant materials to food and feed.
The determination of the structure of polysaccharides usually includes the isolation of the
polysaccharides from their original source by removal of other constituents like protein, fat,
and starch, without modifying or removing a part of these polysaccharides. Subsequently,
they can be characterised by determination of their sugar composition, glycosidic linkage
composition, andestablishing thepresence ofsubstituents (e.g. acetyl,methoxyl, feruloyl, and
coumaryl groups). NMR spectroscopy and mass spectrometry are used in the analysis of not
too complex polysaccharides or polysaccharide fragments. Chemical and specific enzymatic
degradation is used to obtain fragments that fit within the analytical range of NMR and MS
analyses. This strategy is shown in Figure 1.1. NMR spectroscopy and mass spectrometry
were performed at the Bijvoet Centre of the University of Utrecht. Based on the obtained
knowledge of polysaccharide structures, it was tried to get a better understanding of the
digestibility and the nutritional value of soybean meal and maize polysaccharides in feed
applications (Department ofAnimalNutrition, Wageningen University).
Raw materials

1
Cell wall polysaccharide complex

1

I
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technology

Enzyme
technology

\

/
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(hypothetical) polysaccharidestructures
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Food and feed applications

Figure1.1. Schemeoftechniquesanddataflowwithintheresearchproject.
Inthisresearch project, attention isfocussed on cell wallpolysaccharides oftwoplant
species, soy and maize. The two species investigated represent different taxonomic groups,
soybean belonging to the dicotyledonous and maize to the monocotyledonous plants. Besides

Chapter1
containing two very important structures present incell wall material, these raw materials are
alsoofgreat importance infood andfeed industry.
Soybean meal and maize by-products from the wet milling process are important
agricultural by-products. These by-products are enriched in proteins and cell wall
polysaccharides and are used in livestock feeds. At present, little information is available
about the chemical structure of the individual cell wall polysaccharides in relation to their
digestibility/fermentability and physiological action in the gastrointestinal tract. Anumber of
effects of intact cell walls are the limited accessibility of nutrients within the cellular matrix
of the plant, the limited degradation of the cell wall itself, and physical effects (particularly
increased viscosity) of the cell walls in the small and large intestines1. Knowledge of the
polysaccharide structure is needed for the selection of the appropriate tools for modification
of feed ingredients. These pre-treatments canoptimise theuptake ofthe feed and improve the
well-being oftheanimals.
Soybean meal can also be used as a raw material for the production of soy protein
isolate.Isolated soyprotein isused incomminuted or emulsified meatproducts, inthebaking
industry, in (milk-free) infant formulas and food, andmeat analogueproducts.In anumber of
cases, the purity of the protein product is desired to be above 90%. Knowledge of the
polysaccharide structure isneeded to selectthe enzymes abletoremovepolysaccharides from
theprotein fraction.
A third reason for the interest in the structure of the polysaccharides from soybean
meal and maize kernels is their application as novel ingredients in foodstuffs, possibly after
(enzymatic) modification.
In short, this research project focussed especially on the identification and
characterisation of cell wall polysaccharides in relation to functional properties, enzymatic
modifications to improve these properties, polysaccharide degradation by enzymes, detection
of structural barriers limiting enzyme action and identification of enzyme activities with
potential toovercome these limitations.

THESUBSTRATES:SOYBEANMEALANDMAIZEKERNELS
Soybeans (Glycinemax)belong to the pea family of the Leguminosae. They are the world's
most important oilseed cropand astaple food oftheOrient.Worldproduction in 1990totalled
107millions metric tons. Although indigenous to the Far East, it is now cultivated elsewhere
- particularly intheUnited States2.
The soybean seed consists of three basic parts: (1) the seed coat, which protects the
embryo from fungi and bacteria before and after planting; (2) the embryo; and (3) the
cotyledons, which account for most of the bulk and weight (90%) of the seed and contain
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nearly all the oil and protein. Early in the maturity of the cotyledons, starch granules are
predominant,butthey decreasetolessthan 1%ofweight asbeansmature2,3.

HMJUM (SEEDSCAR)
COTYLEDON
RADICLE
HYPOCOTYL
EPICOTYL
SEEDCOAT
COTYLEDON

Figure 1.2. Thesoybeanseed.
Soybeans are processed primarily to obtain (1) oil for use in shortenings, margarines,
and salad dressings; (2) soybean protein products for direct human consumption; and (3)
soybeanmeal for use asaprotein supplement for livestock. Theprotein of soybean meal isof
better qualitythan otherprotein-rich supplements ofplant origin,becauseofits well-balanced
amino acid profile2.
As afirstapproximation soybeans contain 20%lipid, 40%protein, 35%carbohydrate,
and 5%ashonadryweightbasis.Considerable variability exists inthesenumbers, depending
onthecultivar andthegrowing conditions. Thecarbohydrates consist of solubleand insoluble
carbohydrates. Insoluble carbohydrate includes pectin, cellulose and hemicellulose that
largely form the cell walls in soybean cotyledons. Thisfibrecomponent is more prevalent in
soybean seed coats (hulls) than in cotyledons. The soluble carbohydrate in soybeans
represents about 10%by weight of the dry bean and includes about 5% sucrose, about 4%
stachyose, andabout 1% raffinose3.
Maize (Zeamays)is aplant ofthe tribe Maydea ofthegrass family of theGramineae.
Maize ranks as the second most widely produced cereal crop world-wide. Only wheat is
produced in greater quantity4. North America has always been the centre for maize
production. In 1990thetotalworldproduction was475millionsmetrictons2.
The maize kernel is composed of four main parts: (1) the germ; (2) the endosperm,
which forms the major portion (82%) of the kernel, and is comprised of a protein matrix
encapsulating granules of starch; (3) the pericarp, which is composed entirely of dead empty
cells, and is high in cellulose and hemicellulose; and (4) the tip cap, which was the point of
attachment to the cob and the passageway for the movement of nutrients to the developing
kernel3.
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Figure 1.3. Maturemaizekernelmorphology3.
Most of the corn crop goes directly into animal feed uses. Other direct uses of maize
include sweet corn, popcorn, alkali-cooked corn to produce tortillas, breakfast cereals, and
other foods made from whole maize or by traditional stone grinding. Other ways to utilise
maize involve one or more levels of value-added processing. A large part of the maize
production is wet milled, thus producing corn starch, corn sweeteners (sugar and syrup), and
corn oil. The most valuable fractions are starch and germ. The by-products account for onethird of the mill output. Most of theby-products, except the oil recovered from the germ, are
utilised aslivestock feed .
As a first approximation maize kernels contain 4% lipid, 11% protein, 72% starch,
10%othercarbohydrates, 2%crudefibreand 1%mineralsonadryweightbasis5.

T H E CELL WALL OF MOST FLOWERING PLANTS

Cell walls are a major component of plant material. Although the primary wall has
considerable mechanical and tensile strength, it is also flexible to accommodate turgor and to
allow for cell elongation; it is permeable and yet an effective defence against microorganisms. Thecell wall isafibre-compositematerial ofskeletal cellulose microfibrils, which
form the scaffolding framework of the wall, and so-called matrix polymers, which include
xyloglucans, xylans, pectins, and proteins. Recent models of cell wall architecture have
suggested that cell walls of dicots and non-graminaceous monocots are constructed from at
least two independent but co-extensive and interactive networks, a cellulose/xyloglucan
network and a pectin network, with athird interactive network of structural proteins in some
cells(Figure1.4)6'7'8.
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Figure 1.4. An extremely simplified and schematicrepresentation oftheonionparenchyma cellwall7.
The cellulose/xyloglucan network
Cellulose ((l,4)-linked p-D-glucan) is the major component of the primary cell wall. The
cellulose chains can associate into microfibrils by intermolecular hydrogen-bonding. The
surfaces of these microfibrils are coated with hemicelluloses to prevent them from
aggregating 9 . Two hemicelluloses - xyloglucan and arabinoxylan - are components of all
primary cell walls, although the relative amounts of the two hemicelluloses vary from plant to
plant. It is possible that a small amount of a third hemicellulose, a glucomannan or
galactoglucomannan, is a component of primary cell walls 10 .
In the cell wall of dicots, the principal hemicelluloses are xyloglucans 6 . The basic
structure of this cell wall polymer consists of a backbone of P-(l,4)-linked-D-glucosyl
residues, with D-xylosyl side chains ct-linked to C6 of some of the glucosyl residues. Some of
the xylosyl side chains are extended by the addition of a P-linked-D-galactose residue, or a aL-fucosyl-(l,2)-P-D-galactose dimer to C2 of the xylosyl residues. Arabinosyl residues are
occasionally linked to C2 of some of the xylosyl residues of some xyloglucans". The degree
of backbone branching appeared to be characteristic; most xyloglucans are composed of either
XXXG-type or XXGG-type building units' 2 . The letters "G" and "X" refer to an unbranched
P-D-Glc£> residue and an ct-D-Xyl/>-(l—>6)-P-D-Glcp segment, respectively13. The polyXXXG class includes xyloglucans from both gymnosperms and angiosperms, xyloglucans
from solanaceous plants belong to the poly-XXGG group 12 .
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Xyloglucan is thought to form atightly bound molecular monolayer on the surface of
cellulose. A portion of a xyloglucan chain that is sterically prevented from binding to one
cellulose microfibril will form, if possible, a multiple hydrogen-bond attachment to another
cellulose microfibril, thereby cross-linking the microfibrils and creating a cellulose/
xyloglucan network10.
Thepectinnetwork
The second polysaccharide network present in primary cell walls is composed of pectic
polysaccharides. The organisation ofpectic substances is amajor control element in defining
the sieving properties of the wall14. Other functions ofplant cell wall pectins are determining
cell wall porosity; providing charged surfaces that modulate wall pH and ion balance; and
serving as recognition molecules that signal appropriate developmental responses to
symbiotic organisms,pathogens, andinsects6.
The pectic substances comprise a family of acidic polymers like homogalacturonans,
and rhamnogalacturonans with several neutral polymers like arabinans, galactans and
arabinogalactans attached to it15,16'17. A model of apple pectin molecules is presented in
Figure 1.5. The pectin consists of smooth galacturonan regions interrupted by blocks of
ramified rhamnogalacturonanregions,so-called hairy regions. Thebranches areneutral sugar
rich side chains18. The relative amounts of the different pectic sub-units vary from plant to
plant.

YX

\X

Figure1.5. Schematicstructureofapplepectin19.
The hairy regions of apple appeared to be composed of three sub-units, and a
structural modelisshown inFigure 1.6. Thepectic sub-unitsaredescribedbelow.
Homogalacturonan is the most well known part of pectic substances (Figure 1.5). It
consists of (l,4)-linked a-galacturonic acid residues. Methylesterification of the carboxyl
groups is the most common modification of homogalacturonan. Another type of substitution
is acetylation of homogalacturonan on C2, C3, or both C2 and C3 positions of the
galacturonic acid inpotato20andbamboo21,and especially sugarbeet homogalacturonan hasa
high acetylcontent16.
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Xylogalacturonan (sub-unit I) is a relatively recently discovered sub-unit of pectic
substances. The backbone consists of (l,4)-linked a-D-galacturonic acid residues. Xylose
residues are P-(l,3)-linked to part of the galacturonic acid residues. A part of the galacturonic
acid residues are methyl esterified, and the methyl esters are found to be equally distributed
among the substituted and unsubstituted galacturonic acid residues. Xyloglacturonan is
probably associated with rhamnogalacturonan regions 22,23 .

DDDI

IDHDD

tfVWWtf
• methyl ester
$

GalA

m

rham

#>

gal

•

xyl

Figure 1.6. Hypothetical structure of apple pectin MHR (modified hairy regions). Sub-unit I,
xylogalacturonan; sub-unit II, stubs of the backbone rich in arabinan side chains; sub-unit III,
rhamnogalacturonan oligomers.The distribution ofacetyl groups isnotpresented, but the major part is
located within sub-unit HI24'25.No information isavailable onthe presence ofmethyl esters in sub-unit
II26.
Rhamnogalacturonan

(sub-units II and III) is the second major type of pectic

polysaccharide. It is the collective noun for pectic fragments having a rhamnose to
galacturonic acid ratio, varying between 0.05 and l 26 . Arabinosyl- and galactosyl-rich side
chains are attached to C4 of the rhamnosyl residues, although the proportion of rhamnosyl
residues with attached side chains varies from - 2 0 % to - 8 0 % depending on the source of the
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polysaccharide10. The side chains can vary in size from a single glycosyl residue to 50 or
more glycosyl residues27'28. Rhamnogalacturonans are typically highly acetylated29 at
positions C2 and C3 of the galacturonic acid residues20'30. The rhamnogalacturonans include
the intensively studied pectic segments which have a strictly alternating sequence of
rhamnose and galacturonic acid,namedrhamnogalacturonanI17.
Rhamnogalacturonan II is another common pectic sub-unit in fruit and vegetable cell
walls ' ' . Itwas,however, notdetected inapplepectin MHRby Schols etal.26(duetotheir
removal during ultrafiltration of the enzyme-treated apples), and therefore not present in
Figure 1.6. This sub-unit has a highly conserved structure. The backbone is composed of
about nine (l,4)-linked oc-D-galacturonic acid residues. Four different, complex side chains
are attached to C2 or C3 of four of the backbone residues. These side chains contain
rhamnose and several rare characteristic monosaccharides such as apiose, 2-O-methyl-Lfucose, 2-0-methyl-D-xylose, aceric acid (3-C-carboxy-5-deoxy-L-xylose), KDO (3-deoxy-Dmanno-octulosonicacid),andDHA(3-deoxy-D-lyxo-heptulosaric acid) 4.
31 32 33

T H E CELL WALL OF GRASSES

In Gramineae, the chemical structure ofthe wall differs from that of all other flowering plant
species. This type of cell wall is composed of cellulose microfibrils similar in structure to
those of the cell walls of flowering plants. Instead of xyloglucan, the principal polymers that
interlock the microfibrils are (glucurono)arabinoxylans. This type of cell wall is poor in
pectin.
Arabinoxylans are linear chains of (3-(l,4)-linked D-xylopyranosyl residues, to which
a-L-arabinofuranosyl residues are attached as side chains to the C2, C3 or both C2 and C3
position35. Arabinoxylans can also be substituted with glucuronic acid or 4-O-methylglucuronic acid at the C2 of the xylosyl units36'37'38'39, consequently designated
glucuronoarabinoxylans. Additionally, branching with single unit side chains of xylose is
suggested40. Besides these single unit substituents, a variety of di- and trimeric side chains
havebeen identified asminor constituents of(glucurono)arabinoxylans. These sidechainscan
be composed of arabinose only39'41'42'43, or can include xylose and galactose
residues35'44'45'46'47. Another feature of (glucurono)arabinoxylans is the presence of acetic,
ferulic or coumaric acid as ester groups. Xylans can carry O-acetyl ester groups at position 2
of an arabinofuranose residue48, ferulic and coumaric acid are covalently linked via an ester
linkage to the C5 position of arabinofuranose residues48'49'50'5'. In addition, O-acetyl ester
groups canalsobe attached to C2orC3ofthexyloseresidues inthebackbone,but so far this
was only found in hardwood xylans52'53'54'55'56'57.Arabinoxylans from various plants share the
same basic chemical structure, the main differences are found in the ratio of arabinose to
xylose, in the relative proportions and sequence of the various linkages between these two
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sugars, and in the presence of other substituents58. As an example, the structural model of
sorghum glucuronoarabinoxylan is shown in Figure 1.7. Sorghum glucuronoarabinoxylan is
the most complex arabinoxylan described in literature. Neither rye, wheat endosperm, nor
barley arabinoxylan contains glucuronic acid or short side chains, and this makes them more
easily degradablebyxylanases.
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Figure1.7. Astructuralmodelforsorghumglucuronoarabinoxylan5'
Like xyloglucan, the unbrached (l,4)-linked xylans can hydrogen bond to cellulose or
toeachother60. Theextend ofhydrogenbond formation for glucuronoarabinoxylans islimited
as a result of the presence of substituents61. Besides these interactions through hydrogen
bonding, ferulic acid iscapableof forming both ester andether linkages and,therefore, itmay
participate incross-linking reactions ofcellwallmacromolecules62.

O U T L I N E OF THE THESIS

The structures of cell wall pectic substances and xyloglucan from soybean meal and of
(glucurono)arabinoxylan from maize kernels have been studied extensively. To study the cell
wall polysaccharides, isolation procedures were performed in which non-cell wall
components likefat, starch, andproteins areremoved.
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Specific extraction procedures wereusedto extract thedifferent classes ofpectins and
hemicelluloses from soybean WUS. The obtained fractions were characterised by
determination of their sugar composition and molecular weight distribution (chapter 2). It
appeared that soybean WUS is hardly degraded by enzymes. It is however possible that no
degradation canbe achieved by enzymes even when the appropriate substrate ispresent. This
might be caused by low cell wall porosity, adsorption of the enzyme to other cell wall
polysaccharides, inhibition of the enzymes by cell wall components or hindrance by side
chains, including both spatial hindrance and a high degree of substitution of the backbone.
Although the CDTA-extractable pectic substances are no longer part of the cell wall matrix,
they could still not be degraded by pectic enzymes, except for their arabinogalactan side
chains (chapter 3). After incubation with pure and well-defined arabinogalactan-degrading
enzymes anenzyme resistant pecticbackbone remained. Significant degradation ofthispectic
polymer could only be achieved by acid hydrolysis. The resulting fragments of the pectic
backbone were characterised, both chemically and enzymatically (chapter 4). The
arabinogalactan fragments released after incubation of the CDTA-extractable pectin with the
arabinogalactan-degrading enzymes were the subjects of research in chapter 5. The
degradation products were separated by size-exclusion and anion-exchange chromatography,
and subsequently characterised using mass spectrometry. Information on the structures ofthe
various oligomers and mode of action ofthe enzymes led to more detailed knowledge on the
structure oftheintact cellwallpolysaccharides.
Thepectic substances form onlyonenetwork oftheplant cellwall. Theother network
is the cellulose/hemicellulose network. The hemicelluloses of the soybean cell wall were
under investigation in chapter 6. Analyses of the oligomers formed after enzymatic
degradation showedthe formation ofcharacteristicpoly-XXXGxyloglucan oligomers.
The approach and methodology developed for the elucidation of polysaccharide
structures in soybean meal was also successfully applied to maize kernel
glucuronoarabinoxylan (chapter 7). These glucuronoarabinoxylans appeared to have a very
complex structure, more complex and more resistant to enzymatic degradation than those of
sorghum kernelcellwalls.
Inthe concluding remarks (chapter 8),anoverview ofthethesis work is given and the
results arediscussed inthecontextofexistingpolysaccharide knowledge andresearch aims.
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CHAPTER 2
CELLWALLPOLYSACCHARIDESFROMSOYBEAN (GLYCINEMAX.) MEAL

ISOLATIONANDCHARACTERISATION

M.M.H.HUISMAN,H.A. SCHOLS&A.G.J.VORAGEN
CARBOHYDRATEPOLYMERS 1998,37,87-95

Chapter2
Cell wallmaterial was isolated asWater-Unextractable Solids(WUS)fromsoybean meal.The
isolation of WUS yields a fraction that contains 92% of the polysaccharides present in
soybean meal andonly fewother components. Arabinose, galactose, uronic acids andglucose
(cellulose) were themajor constituent sugars.WUSwassequentially extracted with chelating
agent (Chelating agent Soluble Solids, ChSS), dilute alkali (Dilute Alkali Soluble Solids,
DASS), 1M alkali (1 M Alkali Soluble Solids, 1 MASS) and4 M alkali (4 M Alkali Soluble
Solids,4MASS)toleaveacellulose-richresidue (RES).ChSSwasthemajor extract, yielding
38% of the polysaccharides present in the WUS. All extracts and the residue were
characterised bytheir sugar composition andtheir molecular weight distribution. Theextracts
ChSS and DASS were fractionated by anion exchange chromatography. They showed
identical elution patterns: an unbound fraction, five bound fractions of which one fraction
eluted only with alkali. Anion exchange chromatography was also performed after
saponification ofbothpectin-rich extracts,againresultinginidentical elutionpatterns.

INTRODUCTION
One ofthe basic products ofthe soybean isoil.Theby-product ofthe industrial oil extraction,
soybean meal, is enriched in proteins and cell wall polysaccharides. Soybean meal is used in
livestock feeds and as a raw material for the production of soy protein isolates. The
polysaccharides in soybean meal are badly utilised by monogastric animals. Partial
degradation of these polysaccharides with enzymes could improve the utilisation by animals.
Knowledge of the polysaccharide structure is needed to select enzymes, which are able to
degrade the polysaccharides in a way that is optimal for the uptake by and well-being of the
animals. Intheproduction of soy protein isolate from dehulled anddefatted soybean meal, the
purity of the protein product is desired to be above 90%. Enzymes able to remove
polysaccharides from the protein fraction could be of importance in protein isolation.
Identification and selection of such enzymes requires knowledge of the polysaccharide
structure inthe soybean cell walls.
Some structures of soybean cell wall polysaccharides have already been partly
elucidated during the sixties. Within this group of polysaccharides, the arabinogalactans have
been studied most intensively1'2'3'4, and showed to contain chains of (l,4)-linked f3-Dgalactopyranose residues in which some residues carry through C3 a side chain of ((1,5)linked) L-arabinofuranose residue(s). However, large variation is present in the degree of
branching and in the distribution of the substituents over the main chain. Aspinall and
Cottrell5 also isolated a highly branched arabinan, containing (1,3)- and (l,5)-linked
arabinofuranose residues.
Within the group of acid polysaccharides, the sugar composition has been determined
and a number of hydrolysis products have been characterised. The results indicate a main
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chain consisting of D-galacturonic acid and L-rhamnose residues and side chains containing
mainly galactose and arabinose residues. Two noteworthy observations were firstly the
presence of oligosaccharides containing contiguous rhamnose residues, and secondly the
presence of xylosyl-galacturonic

acid dimers,

indicative

for the presence of

6

xylogalacturonan . The structure of the pectin molecules as a whole has not yet been
investigated.
Until now no survey has been published in which fractions from soybean meal are
characterised with respect to their (polysaccharide) composition. Moreover, isolated soybean
polysaccharides have also not been investigated in detail, except for chelating agent extracted
pectic substances by Brillouet and Carre . The purpose of the present investigation was to
isolate the intact cell wall polysaccharides from soybean meal and to characterise them in
order toperform further structural investigations of the important fractions.

MATERIALS ANDMETHODS
P L A N T MATERIAL

Solvent-extracted, untoasted soybean meal was obtained from Cargill BV (Amsterdam, The
Netherlands).
ISOLATION O F W A T E R - U N E X T R A C T A B L E SOLIDS (WUS)

Dehulled, defatted, untoasted soybean meal wasgroundtopassa0.5-mm sieve.Thismeal (800g) was
extracted with 3 1distilled water containing 0.05% NaN3 during 2h at room temperature. The
suspension wascentrifuged (11000 g; 30 min). Thepellet wasresuspended, and this procedure was
repeated four times. The combined supernatants were subjected to ultrafiltration using a tubular
system (CobeNephross BV,Boxtel,TheNetherlands),resultinginafiltrate (UFF) containing material
smaller than 5000Daandaretentate (UFR)containingpolymers largerthan 5000Da.
Subsequently, the protein was extracted from the residue with 3 1 1.5% (w/v) sodium
dodecylsulphate solution containing 10mM 1,4-dithiothreitol, during 3h at room temperature. After
centrifugation (11000g;30min),this extraction wasrepeated threetimes.Thefinalpellet was washed
twice with distilled water. The combined supernatants were dialysed, concentrated and freeze-dried
(SDSS).
The residue was then suspended in 1 1of distilled water (pH 5.0) at 85 °C, and starch
gelatinisation wasallowed to proceed for lh. Theresidue obtained after centrifugation (11000 g;30
min) wassuspended in 1 1 buffer solution (pH6.5)containing 10mMmaleic acid, 10mMNaCl, 1 mM
CaCli and 0.05%NaN3. Porcine pancreatic a-amylase (2 mg; Merck art. 16312) wasadded andthe
mixture incubated at 30 °C for 19h.After centrifugation (11000 g; 30min),theresidue waswashed
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with 1 1hot distilled water (65 °C) and centrifuged again. The a-amylase digestion and hot water
washing were repeated once.The combined supernatants were dialysed, concentrated andfreeze-dried
(HWS), and the remaining unextractable residue was resuspended in distilled water and freeze-dried
(WUS).
SEQUENTIAL EXTRACTION OF WUS

Soybean WUS (20 g) was sequentially extracted, based on the procedure described by Redgwell &
Selvendran8, with 0.05 M l,2-diaminocyclohexane-Ar,A';jV',./V'-tetraacetic acid (CDTA) and 0.05 M
NH4-oxalatein 0.05 M NaAc-buffer, pH 5.2 (8times 600 ml)at 70 °Cfor lh (Chelating agent Soluble
Solids, ChSS); washed with distilled water (two times 600 ml) and these extracts were added to the
ChSS fraction; extracted with 0.05 M NaOH (threetimes600ml) at2 °C for lh (Dilute Alkali Soluble
Solids,DASS); 1.0 MKOH +20mM NaBH4 (5times 600ml) atroom temperature for 2h (1 M Alkali
Soluble Solids, 1MASS);4 M KOH+20mMNaBH4 (threetimes 600ml) atroom temperature for 2h
(4M Alkali Soluble Solids,4MASS).After eachextraction, solubilised polymers were separated from
the insoluble residue by centrifugation (19000 g; 30 min). All extracts were acidified to pH 5.2 (if
necessary) by glacial acetic acid, concentrated, dialysed and freeze-dried. ChSS (including the two
supernatants obtained after washing the residue from this extraction step) were dialysed against 0.1 M
NH4Ac buffer (pH 5.2) before dialysing against distilled water. The final residue (RES) was
suspended inwater, acidified topH 5.2,dialysed and freeze-dried.

ION-EXCHANGE CHROMATOGRAPHY

Approximately 500 mg of ChSS, saponified ChSS (sChSS), DASS and saponified DASS (sDASS)
were fractionated ona column (550 mmx 15mm) ofDEAE Sepharose Fast Flow, which was initially
equilibrated in 0.005 M NaAc-buffer pH5.0, using aHiload System (Pharmacia).
The ChSS and DASS fractions were suspended in water, the insoluble residues were removed
by centrifugation (5400 g; 5min) and the supernatants were applied onto the column. Saponification
of ChSS and DASS was performed by dissolving them in 0.1 MNaOH (0 °C, 16h) followed by
neutralisation with 0.1 MHAc. These saponified samples were also centrifuged and the supernatants
applied ontothe column.
Elution was carried out sequentially with 400 ml of 0.005 MNaAc-buffer pH 5.0, a linear
gradient from 0.005 to0.5 MNaAcbuffer pH 5.0 (1200ml),alinear gradient 0.5-2 MNaAc-buffer pH
5.0 (1000 ml) and 400 ml 0.005 M NaAc-buffer pH 5.0. Residual bound polysaccharides were washed
from thecolumn with400ml of 0.5 M NaOH.The elutionrate was 10ml/min except for thefirststep,
in which the sample was applied onto the column and the elution rate was 2.5 ml/min. Fractions (23
ml) were collected and assayed by automated methods for neutral sugar content9 and uronic acid
content10. The appropriate fractions were pooled, concentrated, dialysed, freeze-dried and analysed for
neutral sugar composition and uronic acid content.

Chapter2
ANALYTICAL METHODS

Moisture content was determined by drying at 105 °C until no further decrease in weight was
observed.
Starchcontentwasdetermined enzymatically using atestkit(Boehringer, Mannheim, Germany).
Non-starchpolysaccharide content of soybean meal and HWS was determined according to Englyst
and Cummings". The starch was enzymatically hydrolysed, the residue was dried and the sugar
composition was determined.
Neutral sugar composition was determined by gas chromatography according to Englyst and
Cummings", using inositol as an internal standard. The samples were pre-treated with 72% w/w
H 2 S0 4 (lh, 30 °C) followed by hydrolysis with 1 M H 2 S0 4 for 3hat 100°Cand the constituent sugars
were analysed astheir alditol acetates.Cellulosic glucose was calculated asthe difference between the
content ofglucose with andwithoutprehydrolysis.
Uronic acid content was determined by the automated colorimetric w-hydroxydiphenyl assay9'0'12
using an auto-analyser (Skalar Analytical BV, Breda, The Netherlands). Corrections were made for
interference byneutral sugarspresent inthesample.
Protein content was determined by a semi-automated micro-Kjeldahl method'3. The conversion factor
used was6.25.
Degree of acetylation and methylation was determined by HPLC after saponification with 0.4 M
NaOH14.Quantification wasperformed usingacetic acid andmethanol standards.
High-Performance Size-Exclusion Chromatography (HPSEC) was performed on a SP8800 HPLC
(Spectra Physics) equipped with three columns (each 300 x 7.5 mm) of Bio-Gel TSK in series (60XL,
40XL and 30XL;Bio-Rad Labs.) incombination with aTSKguard column (40x 6mm)and elution at
30 °C with 0.4 MNaAc buffer pH 3.0 at 0.8 ml/min. Calibration was performed using dextrans,
ranging from 500 to 4 kDa. The eluate was monitored using a Shodex SE-61 Refractive Index
detector.
High-Performance Anion-Exchange Chromatography(HPAEC) was performed on a Dionex Bio-LC
system as described by Schols etal.'5.The gradient was obtained by mixing solutions of0.1 M NaOH
and 1M NaAc in0.1 M NaOH.
For the determination of small neutral oligomers, fructose, sucrose, raffmose and stachyose,
the (4 x 250 mm) CarboPac PA1 column was equilibrated with 0.016 MNaOH. Twenty u,l of the
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sample wereinjected, andalinear gradientto0.1 M NaOHin33 minwasapplied, followed byalinear
gradient from 0to0.04M NaAc in0.1 M NaOH in 12min.Thecolumn waswashed for 5minwith1
M NaAc in 0.1 M NaOH, then 5minwith 0.1 M NaOH andthen equilibrated again for 12min with
0.016 M NaOH. Calibration wasperformed with standard solutions offructose, sucrose, raffinose and
stachyose.

RESULTSANDDISCUSSION
YIELD ANDCOMPOSITION OFTHEWUS

The yield and the composition of the fractions of soybean meal obtained during the isolation
of WUS are shown in Table 2.1.Therecovery ofthis fractionation is 94%. Themajor part of
the material is water soluble (UFF andUFR), namely 59%.Theyield of the WUS fraction is
16%.
Table 2.1. Yield andcomposition ofsoybeanmealandfractions thereof (percentage dryweight).

Soybean meal

UFF

UFR

SDSS

HWS

WUS

Recovery

Yield

100

19.5

39.6

18.5

0.4

15.7

93.7

Protein content

57.3

21.1

87.8

84.2

15.4

2.1

95.7

Starch content
NSP content

1.0

0

0

0

8.5

0

3.4

15.4"

50.2

13.7

3.0

43.3a

95.8

102.4b

Acetic acid groups

1.1

1.2

0.7

0.3

1.4

2.8

92

Methanol groups

0.3

0.1

0.2

t

1.1

1.1

92

Fructose

0.6

6.6

3.5

0

0

0

446

Sucrose

5.4

0

0

0

0

0

0

Raffinose

0.8

0.5

0.1

0

0

0

17

Stachyose

4.9

8.4

1.2

0

0

0

43

t=trace amount.
a

After enzymaticremoval ofstarch.

b

Inthiscalculation,UFFandUFRare omitted.
The protein content of the soybean meal isvery high, as expected (57%). The recovery

of protein in this procedure is 96%.The major part of theprotein present in soybean meal is
recovered in the UFR fraction (61%); these are the water-soluble proteins. The SDS/DTT
solution is able to extract another 27%of the proteins in the material. The amount of protein
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recovered in the WUS fraction is 0.6% of the protein present in the soybean meal and
represents only2.1%oftheWUS.
The soybean meal contains 1%of starch. Starch molecules are degraded by theuse of
a-amylase in the extraction of HWS, and degradation products are removed during dialysis.
Only 3.4% of the starch resists degradation with a-amylase, these are limit dextrins from
amylopectin.
The polysaccharide content of the soybean meal (15.4%) and the HWS fraction
(43.3%) is determined after removal of starch and oligomeric sugars. In the determination of
the polysaccharide content of the other fractions (UFF,UFR, SDSS and WUS) this step was
omitted, because none of these fractions contained starch anymore. Thus, the polysaccharide
content of the soybean meal does not include the neutral oligomeric sugars, whereas the
'polysaccharide content' of the UFF and UFR fractions includes these small sugars.
Therefore, the calculation of the recovery of polysaccharides (102%) only includes the
polysaccharide contents of the SDSS,HWS and WUS fractions. Of the total polysaccharides
in these fractions, 95% is recovered in the WUS fraction. The acetic acid and methanol
groups are believed to be present as substituents of the uronic acid residues in the
polysaccharides. They are expected tobe recovered in the WUS fraction, which is confirmed
by the results in Table 2.1,showing 40%of the acetic acid groups and 58%of the methanol
groups arerecovered intheWUS fraction. Thewater-solublepolysaccharides (intheUFFand
UFR fractions) contain 45%oftheaceticacidgroups and 33%ofthemethanol groups.
The small sugars - fructose, sucrose, raffinose, and stachyose - are water-soluble and
thusrecovered intheUFF andUFR fraction. The soybean mealcontains 0.6% fructose, 5.4%
sucrose, 0.8% raffinose and 4.9% stachyose, which is in agreement with the figures of
Sosulski et al.16 who found 6.35% sucrose, 1.15% raffinose and 2.85% stachyose. The
recoveries of sucrose (0%),raffinose (17%),andstachyose (43%)detected inthe fractions are
very low. For fructose, however, the recovery is unrealistically high (446%). A possible
explanation for this observation is that the di-, tri-, and tetrasaccharide are degraded by
endogenous enzymes, which would lead to the formation of glucose, fructose and galactose
containing oligomers and monomers. If all oligomers that had not been recovered had been
degraded, the recovery of fructose would have been 600%. The lacking 150% can be
explained by the new unidentified oligomers appearing in the HPAEC patterns of the UFF
and UFR fractions. This enzymatic degradation of oligosaccharides takes place during
ultrafiltration of the cold water-soluble fraction, because so far, no heat treatment has been
given to inactivate enzymes present in the soybean meal. Enzyme activities that might be
present intheresidue areinactivatedby SDSandDTTduringthenext extraction stepandwill
not degradethepolysaccharides presentintheresidue. Since95% ofthepolysaccharides were
recovered in the WUS fraction and no indications for polysaccharide degrading activities
were found, it is believed that degradation of polysaccharides did not occur, and research
directed towardstheWUSwas continued.
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Table 2.2. Sugarcomposition ofsoybeanmeal and fractions thereof(mol%).
Sugar composition
Fraction

rha

fuc

ara

xyl

man

gal

glc

galA

Carbohydrate content2

Soybean mealb

2

3

19

8

3

28

21

18

14.5

UFF

0

0

2

1

6

29

58

3

40.7

UFR

1

t

4

1

13

26

49

6

12.4

SDSS

7

1

11

4

19

14

18

25

2.9

b

HWS

1

1

23

4

2

33

10

26

40.7

WUS

2

3

19

8

2

29

21

17

89.3

t=trace amount
a

Expressed as%w/w.

b

After enzymatic removal ofstarch.
The sugar composition of all fractions from soybean meal was determined and is

shown in Table 2.2. The polysaccharides in the meal and in the WUS fraction consist mainly
of galactose, glucose (mainly cellulose), arabinose, and uronic acids. The kind of uronic acid
was not determined, but Aspinall et al.3'6 have shown that the uronic acids present in soybean
cotyledon meal are primarily galacturonic acids. The cellulose content of soybean meal and
the WUS fraction is 2.7 and 17.7% w/w, respectively.
In the determination of the polysaccharide content of the UFF and UFR fractions,
starch and oligomeric sugars were not removed prior to hydrolysis. Fructose, raffinose (galglc-fru) and stachyose (gal-gal-glc-fru) interfere with the analysis of the sugar composition of
these fractions. In this analysis fructose is partly determined as mannose and glucose. The
major sugars in both the UFF and the UFR fraction are glucose, galactose, and mannose. The
amount of mannose residues in the UFR fraction (13%) is higher than the mannose content of
the UFF fraction (6%), whereas the amount of fructose (present as monomer and in raffinose
and stachyose) in the UFR fraction is slightly lower than in the UFF fraction. This is an
indication of the presence of mannose containing polysaccharides. This can be a result of
incomplete removal of the hulls from the soybean meal, since soybean hulls consist, to a large
extend, of galactomannans, which are isolated by extraction with cold water ' .
The SDSS and HWS fraction are not of importance in our study, because the amounts
of polysaccharides extracted in these two steps are very low. The WUS fraction, however, is
really enriched in polysaccharides. The most important constituent sugars are galactose,
glucose (cellulose), arabinose, and uronic acids. This is an indication of the presence of a
considerable amount of pectins in the WUS. These results are in agreement with Brillouet and
Carre 7 , who also found galactose to be the major sugar constituent, followed by galacturonic
acid, arabinose, and glucose in soybean cotyledon cell walls.
From the data in Table 2.2, it can be concluded that this isolation procedure yields a
WUS fraction in which almost all cell wall polysaccharides are recovered and which is almost
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free of other components. The sugar composition of the WUS fraction is very similar to that
ofthe soybean meal,which indicates that no sugarresidueswere specifically removed during
the isolation procedure. Surprisingly, over 90% of the uronic acids present in the soybean
meal were recovered in the WUS fraction. In the isolation procedure of cell wall material
from for instance onions ,apples'9, and olives20, a significant amount of the pectins is wateror buffer-soluble. This could be an indication of more complex pectic molecules or greater
diversity within the architecture of the soybean cell walls compared with other plant cell
walls.
SEQUENTIAL EXTRACTION OFTHE WUS

CDTAandNKt-oxalatearemostgenerallyused toabstract Ca2+ from the cellwalls,andmost
of the pectic polysaccharides held in the walls by ionic cross-links will be solubilised. The
ChSS fraction, which is the main fraction (38%), is rich in arabinose, galactose, and uronic
acids. The remaining pectic polysaccharides are probably ester cross-linked within the wall
matrix and are(partially) extracted with dilute alkali andrecovered intheDASS fraction. The
sugar composition of this extract is identical with the composition found for the ChSS
fraction. The galactose:arabinose ratio found in both the ChSS and DASS fraction is 1.5:1,
and the uronic acid:rhamnose ratio is 14:1.The sugar composition of the ChSS and DASS
fractions isquite similar to that oftheEDTA-solublepectic substances extracted by Brillouet
& Carre7, their extract also contains pectic substances rich in galactose and arabinose with a
molarratio of 1.5:1andhas auronic acid:rhamnoseratioof 13:1.
Further extraction of the residue with stronger alkali (1 and 4 MKOH) solubilises
small amounts of additional pectic material along with thehemicelluloses. Besides arabinose,
galactose, and uronic acids, the 1MASS fraction contains also 11 mol% of xylose. Xylose
and glucose are the predominant sugars in the 4 MASS fraction, which may indicate the
presence of xyloglucan in this extract. The final a-cellulose residue (RES) still contains a
small amount of uronic acids, representing 11% of the uronic acids present in the WUS.
These uronic acids can be galacturonic acids as well as glucuronic acids. The galacturonic
acids might be present as pectic molecules tightly bound to or firmly entangled in the
cellulose/hemicellulose network. The glucuronic acids will probably be present as
hemicellulose substituents. The yields and sugar compositions of the extracts from WUS are
showninTable2.3.
The degree of acetylation andmethylation inthe WUS are,respectively, 49 and36%.
The ChSS fraction has a degree of methylation of 35% and a remarkably high degree of
acetylation of 36%. Thelow recoveries oftheacetyl groups andmethyl esters after sequential
extraction (30% and 41%, respectively) are caused by the fact that part of these groups are
saponified during extraction with alkali, and as a result of that can not be determined.
Although extraction oftheDASS fraction wasperformed usingNaOH,partofthemethyl and
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Chapter2
acetyl groups were still present (DA = 22% and DM = 29%). This phenomenon was also
found by Ros et al21 extracting a diluted sodium hydroxide soluble pectin fraction from the
albedo of lemons. Assuming that these substituents will be partially saponified during the
extraction of DASS, the degree of acetylation and methylation of this extract will be
underestimated.

a

26
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26
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36
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<*
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Figure 2.1. HPSEC elutionpatterns of (a) ChSS, (b)DASS, (c) 1MASS,and (d) 4 MASS extracted
from soybeanWUS.
The extracts were further characterised by the determination of their molecular weight
distributions, which are shown in Figure 2.1. The ChSS and DASS fractions show almost
identical symmetrical peaks, with an average molecular weight of about 106 Da based on
calibration with dextrans. Since uronide-containing polymers have a larger hydrodynamic
volume than dextrans, due to intramolecular electrostatic repulsion by charge effects and
therefore elute faster than expected on the basis of their molecular weight 22 , the molecular
weight of these two fractions containing pectin-rich polysaccharides, will be smaller than
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mentioned above.The averagemolecular weight ofthe 1MASS is similar to that of the first
two fractions, but the distribution tails to lower molecular weights. The molecular weight
distribution of the 4 MASS fraction is much broader, and the average molecular weight is
lower than the preceding three extracts. For each extract, a standardised amount was
solubilised asmuch aspossible. Thedifferences intheareasunder thepeaks arepartly caused
by differences in the sugar contents of the extracts, which depends on the amount of residual
salt andwater inthe fractions. TheChSS fraction hasthelowest sugarcontent (52.7%),dueto
the fact that the CDTA is difficult to dialyse away from pectins23. The differences in the
solubility of the extracts are also partly responsible for the differences in the areas under the
peaks. This mainly concerns the elution pattern ofthe 4MASS fraction, because this fraction
isnot completely soluble,whereastheothersare.
ANION-EXCHANGECHROMATOGRAPHY OF CHSS ANDDASS

Thepolysaccharides present inthepectin-rich extracts ChSS and DASS arevery similar with
respect to their sugar compositions and molecular weight distributions. For further
characterisation, these polysaccharides were fractionated, based on their charge density. The
soluble parts of these extracts, representing over 90% of the polysaccharides of the extracts,
are applied onto the column. The elution pattern of ChSS and saponified ChSS (sChSS) are
shown in Figure 2.2a and 2.2b, respectively. The residues contain less than 10% of the
polysaccharides present inthedifferent extracts,andareenriched inglucose.
The elution patterns ofDASS and saponified DASS (sDASS) are identical with those
ofChSS and sChSS,andtherefore not shown here. The unbound fractions arepooled aspool
I and the bound fractions are pooled to give pool II-V as indicated in Figure 2.2. The sugar
composition and the uronic acid content of these pools, the residue remaining after
centrifugation of the suspensions (residue), and the strongly bound polysaccharides washed
from the column with 0.5 MNaOH (alkali wash), are presented in Table 2.4. The data
obtained for DASS and sDASSareagain analogous andarenot shown.
The recovery of the fractionations is high. All the pools are rich in arabinose,
galactose, anduronicacids.Ascanbeseen from Figure2.2,therelativeuronic acidcontent of
the fractions increased with increasing salt concentration of the eluent. This is confirmed by
the ratio neutral sugars to uronic acids,which decreases with increasing retention time of the
fraction. At the same time a shift from galactose to arabinose takes place, the
arabinose:galactose ratio increased from 0.52 (pool II) to 0.70 (pool V) for ChSS, from 0.55
to0.72 for sChSS,from 0.53to0.75 forDASS,and from 0.53to0.76 forsDASS.
Pool I consists of the unbound polysaccharides, and is therefore expected to have a
lowuronic acid content. However, thispool contains about 20 mol%uronic acids.A possible
explanation for not binding is that the neutral sugar containing side chains prevent the
interaction of the uronic acids with the column material, and the polysaccharides will be
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eluted inthe void. Alternatively, these unbound uronic acid-containing polysaccharides could
represent methyl esterified (neutral) pectic material. This later possibility is in contradiction
with the fact that this unbound fraction is also found in the elution pattern of the saponified
extracts.
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Figure 2.2. Elution profile of (a) ChSS and (b) sChSS on anion-exchange chromatography.
Uronicacid content (—), neutral sugarcontent (—).
The bound polysaccharides from the saponified extract are slightly lower in their
uronic acid content than those from the unsaponified extract, except for the alkali wash.
Furthermore, a shift in the amount of polysaccharides from pool II and III to pool IV andV
can be detected. By saponification of the methanol groups, the pectins will possess more
charged groups andwill therefore needahigher ionic strength ofthebuffer tobeeluted.
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Table 2.4. Yield on sugar basis (%) and sugar composition (mol%) of fractions obtained after anionexchange chromatography ofChSS and saponified ChSS.

Sugar composition
Yield

rha

fuc

ara

ChSS

xyl

man

25

gal
1

glc

uronic acids
26

37

Residue

8.2

2

2

21

8

34

9

24

PoolI

24.8

2

3

29

6

41

1

19

PoolII

14.7

2

3

24

6

45

1

19

Pool III

13.2

2

4

22

8

39

1

24

Pool IV

11.2

2

3

23

8

35

2

27

IV

19.0

2

2

21

7

29

1

37

Alkali wash

7.4

2

2

21

7

2

32

2

32

114

100

103

263

88

2

98.4

104

97

98

Residue

4.9

2

2

21

8

33

13

21

PoolI

27.8

2

3

27

6

44

1

18

Pool II

6.1

2

2

26

4

48

3

13

Pool III

5.0

1

2

24

5

47

4

16

Pool IV

21.2

2

3

24

6

44

1

19

PoolV

22.8

2

4

22

9

31

1

30

Recovery
sChSS

Alkali wash

8.0

2

2

21

7

2

25

3

40

Recovery

95.7

97

96

98

107

128

105

292

77

t=trace amoun

.

CONCLUSIONS
Isolation of the cell wall polysaccharides from soybean meal, which contains 57% of proteins,
yields a fraction containing almost all polysaccharides present in the meal and few other
components. A complete mass balance for both proteins and polysaccharides of the recovered
fractions during the isolation of the WUS is given. The sugar compositions of the soybean
meal and the isolated WUS fraction are quite similar, indicating that no polysaccharides were
specifically removed during the isolation procedure.
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Sequential extraction of the isolated cell walls with solutions, which selectively
solubilise particular polysaccharides, results intwopectin-rich extracts (ChSS andDASS), an
extract which contains pectins as well as hemicelluloses (1 MASS), an extract mainly
containing hemicelluloses (4 MASS) and a cellulose-rich residue. The pectin-rich extracts
have identical sugar compositions andcontain predominantly galactose, arabinose, and uronic
acids. The 1 MASS fraction contains xylose in addition to the former three sugars, and the
hemicellulose-rich fraction contains mainly xylose andglucose.
Besides having identical sugar compositions, ChSS and DASS also exhibit similar
molecular weight distributions andbehaviour in anion-exchange chromatography. The sugar
composition ofthe pools obtained by ion-exchange chromatography of ChSS andDASS were
also the same. So far no indications have been found to state that ChSS and DASS are
structurally different, although it is obvious that their arrangement in the cell wall was not
identical because they were obtained with different extractants.
Further research will bedirected towards more detailed characterisation of the extracts
by methylation analysis and degradation with specific enzymes. Another item of interest isto
obtain information about physical properties of the isolated polysaccharides. From the sugar
composition of the ChSS and DASS extracts, and the pools thereof obtained by anionexchange chromatography, the presence of xylogalacturonan in these extracts is expected.
Isolation andcharacterisation ofaxylogalacturonan-containing fraction will alsobeoneof the
objects of further research.
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CHAPTER3
ENZYMATICDEGRADATIONOFCELLWALLPOLYSACCHARIDESFROMSOYBEAN
MEAL

M.M.H.HUISMAN,H.A. SCHOLS&A.G.J.VORAGEN
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Chapter3
Soybean meal, soybean water-unextractable solids (WUS) and extractsthereof, which contain
particular cell wall polysaccharides, were incubated with a number of cell wall degrading
enzymes. The intact cell wall polysaccharides in the meal and WUS were hardly degradable,
while the extracts from WUS were well degraded. The arabinogalactan side chains in the
pectin-rich ChSSfraction (Chelating agent Soluble Solids) could to alarge extent be removed
from the pectins by the combined action of endo-galactanase, exo-galactanase, endoarabinanase, and arabinofuranosidase B.The remaining polymer was isolated and represented
30% of the polysaccharides in the ChSS fraction. Determination of the sugar composition
showed these polymers to be very highly substituted pectic structures. It still contained 5
mol% of arabinose and 12mol% of galactose, representing 7% and 12%respectively, of the
arabinose and galactose present inthe ChSS fraction before degradation. Further, the presence
of uronic acid (50 mol%) and of xylose (18 mol%) indicated the presence of a
xylogalacturonan.

INTRODUCTION
The structure of the cell wall polysaccharides from soybean was the subject of a number of
investigations in the sixties. A first determination of the constituent sugars of the fractionated
soybean polysaccharides is described by Kawamura and Narasaki'. Morita and co-workers 2 ' 3 ' 4
determined the structure of an arabinogalactan in the "hot-water-extract" from defatted
soybean flour. They concluded that the backbone of the polysaccharide is a P-(l,4)-linked
polygalactopyranose chain with little branching. The arabinofuranosyl residues are attached as
(l,5)-linked side chains, with an average length of two sugar units, to galactose residues in the
(l,4)-linked main chain by (l,3)-linkages. Aspinall et als describe the same structure to be
present in an extract from soybean meal, obtained with a 2% ethylene diaminetetra-acetic acid
disodium salt solution.
A different picture is provided by Labavitch et alb. A soybean fraction containing
mainly arabinose and galactose was degraded by a purified endo-galactanase, and their results
indicate that the arabinose in this soybean fraction is organised primarily in rather large oligoor polyarabinosides.
The soybean arabinan-galactan described by Labavitch et alb was obtained by alkaline
extraction, by which neutral sugar containing side chains might be detached from branched
pectic polysaccharides. Bacic et al.1 and O'Neill et a/.8 already reported neutral
polysaccharides like arabinans, galactans, and arabinogalactans to be attached to
rhamnogalacturonan in pectic polysaccharides from other sources. In all the other previously
mentioned investigations, the defatted soybean meal had also been in contact with a sodium
hydroxide solution before extraction of polysaccharides. Aspinall et al.5 themselves already
raise the possibility that the neutral polysaccharide might have arisen as a degradation product
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from the acidic polysaccharide, which is also present in the extract, by inadvertent cleavage of
glycosidic bonds of uronyl residues by base-catalysed P-elimination.
To confirm these findings, we deproteinated soybean meal under milder conditions, to
prevent the occurrence of P-elimination, by using SDS (sodium dodecylsulphate) and DTT
((l,4)-dithiothreitol). A CDTA (1,2-diaminocyclohexane-AfAfN'.Af'-tetraacetic acid) extract
of soybean meal pre-treated this way contained 25 mol% of arabinose and 37 mol% of
galactose. This extract showed only one symmetrical peak on size-exclusion chromatography,
and no neutral fraction was obtained by anion-exchange chromatography 9 . This indicated that
the arabinose and galactose residues present in this extract arepart of the pectins.
Information about the structure of polysaccharides can be obtained by both chemical
and enzymatic degradation of polysaccharide fractions, followed by the identification of the
formed degradation products. However, chemical hydrolysis with dilute acid cleaves the
glycosidic bonds in a rather unspecific way, which prevents the conversion of the obtained
knowledge into a hypothetical structure of the polymer. Pure enzymes have high substrate
specificity and form characteristic oligomers; therefore they are a valuable tool in structure
elucidation10. We now report on the enzymatic degradation of soybean cell wall
polysaccharides and the first steps in the structural elucidation of a pectin-rich extract from
soybean cell wall polysaccharides.

MATERIALS ANDMETHODS
MATERIALS
Water-unextractable solids (WUS) were isolated from solvent-extracted, untoasted soybean meal and
sequentially extracted asdescribedbyHuisman et al9.
E N Z Y M A T I C DEGRADATION O F SOYBEAN POLYSACCHARIDES

Solutions (0.25% (w/w)) in 0.05 Msodium acetate buffer (pH 5.0) containing 0.01% NaN3 were
incubated with a number of enzymes or enzyme combinations at 30 °C rotating 'head over tail'.
Soybean meal, WUS, ChSS, DASS (Dilute Alkali Soluble Solids), and 1MASS (1 M Alkali Soluble
Solids) were used as substrates in the degradation studies with cloned enzymes. Incubations with
purified enzymes wereperformed withtheChSSextract.Between two subsequent enzyme incubations
and at the end of all incubations the enzymes were inactivated by heating at 100 °C for 10 min.
Polysaccharides degrading activities weredetermined by HPSEC andHPAECanalyses ofthedigests.
Endo-galactanase,

endo-arabinanase,

rhamnogalacturonan

hydrolase

(RG

hydrolase),

rhamnogalacturonan acetyl esterase (RGAE), and Polygalacturonase-1 (PG-1), an endopolygalacturonase, were cloned from Aspergillus aculeatus" and were kindly provided by Novo
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Nordisk A/S (Bagsvaerd, Denmark). The cloned microorganisms produce low amounts of their own
enzymes in addition to the genetically introduced enzyme, sothe cloned enzymes are not completely
pure. Pectinmethyl esterase (PE)waspurified from aculture medium ofAspergillus niger'2.
The arabinogalactan degrading enzymes usedtodegrade the ChSS extracts were purified from culture
filtrates of fungi. Endo-arabinanase originated from Aspergillus aculeatus and arabinofuranosidase B
from Aspergillus niger1. Exo-galactanasewaspurifiedfromAspergillusniger]A. Theendo-galactanase
is purified from Pectinex Ultra-SP-L; a technical enzyme preparation derived from Aspergillus
aculeatus (Novo-Nordisk Ferment (Switzerland) Ltd., Dittingen, Switzerland)15. The amount of
enzymes used was0.13 ugprotein/ml substrate solution for endo-arabinanase and arabinofuranosidase
B, 0.5 ug protein/ml substrate solution for exo-galactanase and 0.05 ug protein/ml substrate solution
for endo-galactanase.

ISOLATION O F THE POLYMERIC RESIDUE REMAINING AFTER ENZYMATIC DEGRADATION O F
THE ARABINOGALACTAN SIDE CHAINS FROM SOYBEAN PECTINS

A 1%ChSS solution (250mg/25ml)in0.05 M sodium acetatebuffer (pH 5.0) containing 0.01% NaN3
was incubated with endo-galactanase, exo-galactanase, endo-arabinanase, and arabinofuranosidase B
at 30°C for 48h,rotating 'head overtail'. After incubation the enzymes were inactivated (10min, 100
°C) and the supernatant was applied onto a Sephacryl S-100 HR column, which was initially
equilibrated in 0.05 Msodium acetate buffer pH 5.0, using a Hiload System (Amersham Pharmacia
Biotech AB,Uppsala, Sweden).Elution wascarried out using the samebuffer and the elution rate was
2.5 ml/min. Fractions (10 ml) were collected and assayed by automated methods for neutral sugar
content16 and uronic acid content". The appropriate fractions were pooled, concentrated, dialysed,
freeze-driedand analysed forneutral sugarcomposition anduronic acid content.
ANALYTICALMETHODS
Neutral sugar composition was determined by gas chromatography according to Englyst and
Cummings18, using inositol as an internal standard. The samples were pre-treated with 72% (w/w)
H 2 S0 4 (lh, 30 °C) followed by hydrolysis with 1M H 2 S0 4 for 3h at 100°Cand the constituent sugars
were analysed astheir alditol acetates.
Uronicacidcontentwasdetermined bythe automated colorimetric m-hydroxydiphenyl assay17'1 using
an auto-analyser (Skalar Analytical BV, Breda, The Netherlands). Corrections were made for
interference byneutral sugarspresent inthesample asmeasured by theorcinol-sulfuric acidmethod .
High-Performance Size-Exclusion Chromatography (HPSEC) was performed on a SP8800 HPLC
(Spectra Physics, San Jose, CA, USA) equipped with three columns (each 300 x 7.5 mm) of Bio-Gel
TSK in series (60XL, 40XL and 30XL; Bio-Rad Labs., Richmond, CA USA) in combination with a
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TSK guard column (40x6mm)andelution at30°Cwith 0.4M sodium acetate buffer pH3.0at0.8
ml/min. Calibration wasperformed using dextrans. Theeluate wasmonitored using a Shodex SE-61
Refractive Index detector (Showa DenkoK.K., Tokyo,Japan).
High-PerformanceAnion-Exchange Chromatography(HPAEC)wasperformed on a Dionex Bio-LC
system (Sunnyvale,CA,USA)20.Thegradient wasobtainedbymixing solutions of0.1M NaOHand 1
M sodiumacetatein0.1MNaOH.
For the determination of arabinogalactan oligomers, the (4 x 250 mm) CarboPac PA100
column (Dionex) was equilibrated with 0.1 MNaOH. Twenty ul of the sample was injected anda
linear gradient to 0.4 Msodium acetate in 0.1 MNaOH in 40 min was applied. The column was
washed for 5minwith 1M sodium acetate in0.1 M NaOH andequilibrated again for 15 minwith 0.1
M NaOH. Calibration wasperformed with standard solutions of arabinose, galactose anda series of
arabinan oligomers.

RESULTSANDDISCUSSION
DEGRADATION O F SOYBEAN POLYSACCHARIDES WITH CLONED ENZYMES

A first screening of the degradability of soybean meal, WUS and extracts thereof was
performed with cloned enzymes, because purified enzymes are available in only very small
amounts. Incubation is performed with endo-galactanase, endo-arabinanase, RG hydrolase, a
combination of RG hydrolase and RGAE or a combination of PG-1 and PE. Since RG
hydrolase ishindered by thepresence of O-acetyl groups21 RGAE was added to remove these
groups. Similar reasons underlie the addition of PE to PG-1,to remove methylester groups.
Hydrolysis by PG-1 preferably takes place next to a free carboxyl group and PE is able to
remove themethoxyl groups from methylated galacturonic acid residues.
Table 3.1. Sugar composition ofsoybeanpolysaccharides fractions expressed asmol%.

Fraction

Sugar composition
rha fuc ara xyl

man

gal

glc

galA

Carb

WUS

2

3

2

29

21

17

89.3

ChSS

2

Polymericresidue(P)

6

a

19

8

3

25

6

1

37

1

26

52.7

7

4

18

2

12

1

50

69.7

Expressed as% w/w
The digests obtained from soybean meal and WUS contained some arabinose and

galactose, probably because of side-activities in the enzyme preparations. Endo-arabinanase
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was able to solubilise an amount of arabinan oligomers, which was relatively small
considering the high arabinose content (Table 3.1). Although the sugar composition of
soybean WUS indicates the presence of rhamnogalacturonan regions, RG hydrolase - whether
combined with RGAE or not - did not release the characteristic RGase oligomers described by
Schols et al.2 . The combination of PG-1 and PE was able to release some galacturonic acid
monomers in addition to the neutral sugar residues, but did not release galacturonan oligomers
in spite of the high galacturonic acid content of the WUS. Analysis with HPSEC showed that
none of these enzyme preparations were able to solubilise polysaccharides from both the
soybean meal and WUS (elution patterns are not shown). So none of these enzymes were able
to degrade the cell wall as present in soybean meal and soybean WUS, only some small
neutral degradation products and some galacturonic acid residues were released. The network
of the cell wall polysaccharides present in soybean appears to be too complex or too dense to
be penetrated by the applied enzymes. Removal of the protein, which accounts for about 60%
of the soybean meal, from the cell wall material did not increase the susceptibility of the
polysaccharides for enzymatic degradation, as the degradability of the WUS is not improved
compared to the degradability of the soybean meal.
Disruption of this cell wall polysaccharide network by sequential extraction can
possibly increase the degradability by enzymes. Therefore, the degradability of the pectin-rich
extracts - ChSS, DASS and 1 MASS - from soybean WUS was determined by incubation of
the extracts with the cloned enzymes mentioned previously.
Analyses of the digests with HPSEC (only the digests of ChSS are shown in Figure
3.1) exhibit large decreases of the molecular weight of the polysaccharides in these extracts,
except for the PG-1 and PE digests of ChSS and DASS. HPAEC analyses of the digests show
the release of galactose and arabinose monomers in addition to small amounts of arabinan,
galactan and arabinogalactan oligomers. RG hydrolase and PG-1 are also able to release
galacturonic acid residues. The amounts and diversity of oligomers formed with the various
enzyme preparations and from the three substrates are different.
Extraction of the pectic polysaccharides did indeed increase their degradability,
although this mainly concerned the degradability of the (arabino)galactan side chains. All the
enzymes used seem only to be able to degrade part of the (arabino)galactan side chains
present in the pectin-rich extracts from soybean WUS. RG hydrolase and PG-1 preparations,
which are theoretically able to degrade the pectin backbone, do not release their typical
degradation products. The only degradation detected is that of the (arabino)galactan side
chains because of side activities of the preparation. Even after enzymatic removal of O-acetyl
and methoxyl groups from the uronic acid residues, degradation of the pectin backbone could
not be determined.
These results indicate that soybean pectic polysaccharides differ from pectic
polysaccharides from other sources in that they are not degraded by the enzymes as used in
this experiment. The fact that the backbone could not be degraded indicates that the
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galacturonic acid residues are presumably highly substituted or that they are not present in
extended galacturonan chains.
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Figure 3.1. HPSEC elution patterns of the soybean ChSS fraction after incubation with cloned
enzymes for 24h. A: (a)before; and (b) after incubation with endo-galactanase; (c) endo-arabinanase;
(d) RGhydrolase and RGAE.B:(a)before; and (b)after incubation withPG-1andPE.
Screening of the degradability of soybean polysaccharides as described previously was
performed with cloned enzymes. However, these enzyme preparations still contain some sideactivities. Therefore we continued our studies on the characterisation of the cell wall
polysaccharides with highly purified enzymes. They allow better conclusions about which
parts of the polysaccharides are degraded. The next step in the characterisation of the
polysaccharides will use these purified enzymes to investigate which parts of the
polysaccharides in the pectin-rich ChSS fraction are degraded, to determine which
degradation products are formed, and to obtain the part of the polymers which is not
degraded.
DEGRADATION O F THE C H S S FRACTION WITH (COMBINATIONS O F ) ARABINAN/GALACTAN
DEGRADING ENZYMES

The galacturonic acid-rich ChSS fraction is rich in arabinose and galactose residues (Table
3.1). This indicates the presence of pectins with a considerable amount of arabinan, galactan
or arabinogalactan side chains. Incubation with enzymes, able to (partially) degrade these side
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chains, can provide information about their structure. Therefore incubations with endogalactanase,exo-galactanase,endo-arabinanase, and arabinofuranosidase Bare performed.
First, the ChSS fraction was incubated with all enzymes separately. The elution
patterns of the endo-galactanase digest and of the endo-arabinanase digest (24h incubation)
after HPSEC and HPAEC are shown in Figures 3.2(A) and 3.3(A). In addition, incubations
with combinations of the enzymes were performed, both simultaneously and subsequently
after inactivation ofthefirstenzyme.Figures 3.2(B),(C) and3.3(B),(C), show onlytheelution
patternsofthemost interesting digests,because anumberofdigestsare(almost) identical.
The molecular weight distributions shown in Figure 3.2(A) demonstrate that endogalactanase istheonlytested enzymewhichisabletoreducethehydrodynamicvolumeofthe
polymers. Endo-galactanase causes a small shift of the molecular weight and a simultaneous
decrease of the amount of polymeric material (70%of the original area of the high molecular
weightpeakremains after 90minand65%after 24h).Asmallpeak ofintermediate molecular
weight with a retention time of 26 min is formed after 90 min of incubation (not shown).
These rather large degradation products are further degraded after prolonged incubation
(Figure 3.2(Ab)). Since endo-galactanase is only able to degrade the (arabino)galactan side
chains of the pectins in the ChSS fraction, the release of the intermediate products indicates
thatthese sidechains canbeofconsiderable length. Endo-arabinanase isnot abletocause any
change in the molecular weight distribution of the ChSS fraction. Van de Vis 22 also found
that endo-arabinanases showed very little activity on soybean arabinogalactan. Exogalactanase and arabinofuranosidase B (not shown), do not influence the HPSEC elution
pattern. Although the exo-enzymes do release monomelic sugar residues from the
polysaccharide, the effect of these enzymes on the hydrodynamic volume of heterogeneous
polysaccharides isusuallynegligible.
To determine whether the presence of branches on the galactan chain influence the
degradation by endo-galactanase, the ChSS fraction was incubated with combinations of
endo- and exo-galactanase and of endo-galactanase and arabinofuranosidase B. Combined
action of endo-galactanase and exo-galactanase, both simultaneously (Figure 3.2(Bb)) and
subsequently (not shown), brings about a shift in the molecular weight distribution which is
identical totheaction ofendo-galactanase alone.Theamount ofremainingpolymeric material
decreased further to 60%of thepolymers in the ChSS blank, suggesting that exo-galactanase
is able to release galactose from the polymers, and enhances endo-galactanase action. This
additional degradation does not effect the hydrodynamic volume of the remaining polymers.
Incubation of the ChSS fraction with the combination of endo-galactanase and
arabinofuranosidase Bcauses a shift to lower molecular weight, which is slightly larger than
the shift caused by endo-galactanase alone (Figure 3.2(Bd)). The amount of the remaining
polymer inthe digest is also alittle smaller, approximately 60%ofthepolymers inthe blank.
Theresulting elution pattern is quite similar totheprofile ofthedigest obtained by endo-and
exo-galactanase. Thesequence in which the enzymes areadded tothe ChSS fraction doesnot
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influence theHPSEC elutionpattern, suggesting that arabinofuranosidase Bis able to remove
arabinofuranosyl groups from arabinogalactan side chains, but this does not increase the
susceptibility ofthesechains for endo-galactanase.
Labavitch et al.6 demonstrated that rather large arabinan chains are present in a
fraction from soybean meal, which are expected to be degraded by endo-arabinanase. The
absence of a shift in the molecular weight distribution in Figure 3.2(Ac) and the absence of
large amounts of arabinan oligomers in Figure 3.3(Ab) shows that endo-arabinanase alone is
not able to degrade the arabinan chains ofthe ChSS fraction. A linear (l,5)-a-L-arabinan is a
better substrate for endo-arabinanase than a branched arabinan, and since the degree of
branching of pectic arabinans from various plant tissues is found to be relatively high23, it
might be necessary to linearise the arabinan chain before degradation by endo-arabinanase
can take place. To rule out the hindrance of arabinofuranosyl side chains, the ChSS fraction
was incubated with endo-arabinanase and arabinofuranosidase B, simultaneously. However,
this also did not result in a change of the molecular weight distribution of ChSS (Figure
3.2(Bc)).
The combination of endo-galactanase, exo-galactanase, endo-arabinanase, and
arabinofuranosidase Bisvery effective indegrading the ChSS fraction. This digest showsthe
largest decrease of the hydrodynamic volume and the smallest peak of remaining polymeric
material (Figure 3.2(Cb)). About 45% of polymeric material remained. Arabinose and
galactose represent over 60 mol% of the polysaccharides in the ChSS fraction (Table 3.1).
This indicates that this combination of enzymes can remove almost all arabinogalactan side
chains and that the enzymes act in synergism, because the total effect of the combination of
enzymesisgreaterthanthesumoftheindividual effects.
The HPAEC elution patterns of the digests obtained after incubation of the ChSS fraction
with endo-galactanase, endo-arabinanase and arabinofuranosidase B is shown in Figure
3.3(A). Degradation with endo-galactanase releases relatively large (arabino)galactan
oligomers, and after incubation for 90 min, the main oligomer seems to be a tetraose (not
shown). After prolonged incubation (24h),this series of oligomers is further degraded by the
endo-galactanase tomainly mono, di andtrimers (Figure 3.3(Aa)). Endo-arabinanase was not
able to degrade the ChSS fraction (Figure 3.3(Ab)), the digest contains very few oligomeric
degradationproducts.Exo-galactanase releasesgalactosemonomers,asexpected (notshown),
although itcouldnotbeconcluded whetherthegalactoseresidueswerereleasedfromthenonreducing end of galactan chains or from galactose branches. Arabinofuranosidase B releases
mainly arabinose monomers and some arabinan oligomers from the ChSS fraction (Figure
3.3(Ac)).
When endo-galactanase is combined with exo-galactanase (Figure 3.3(Ba)), the
amountof galactose increasescompared withtheamount of galactose inthe endo-galactanase
digest.
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The elution patterns show a decrease of the amount of galactan and/or arabinogalactan
oligomers, although some larger oligomers seem still to be present in the digest. The
oligomers formed by endo-galactanase areprobably further degraded by the exo-galactanase
activity. The endo-galactanase and arabinofuranosidase B digest of the ChSS fraction (not
shown) contains the sameoligomers asthe endo-galactanase digest. The amount of arabinose
monomers is much higher than in the endo-galactanase digest and identical to the amount of
arabinose monomers in the arabinofuranosidase B digest. Thus, arabinofuranosidase B
appears to be unable to further degrade the oligomers formed by endo-galactanase; the
enzyme is only ableto release arabinose residues from the arabinans present inthe polymeric
material.
Combined action of endo-arabinanase and arabinofuranosidase B releases a
considerable amount of arabinose residues and small amounts of arabinose oligomers,
oligomers with a degree of polymerisation up to 5 can be detected in Figure 3.3(Bb).
Rombouts eta/.13 and Beldman etal23 showed that arabinofuranosidase Breleases arabinose
asthe soleproduct, resulting in linearised arabinan chains,which arebetter substrates for the
endo-enzyme. The release of larger arabinan oligomers may have taken place, but the
arabinofuranosidase B present in the incubation mixture is able to degrade these oligomers.
This synergism between endo-arabinanase and arabinofuranosidase B on soybean
polysaccharides wasalso found byvandeVis22.
The combination of endo-galactanase, exo-galactanase, endo-arabinanase, and
arabinofuranosidase B, which showed the largest decrease of the molecular weight and the
smallest peak of remaining polymeric material in the HPSEC elution pattern, shows the
release of high amounts of arabinose and galactose residues and a large number of different
oligosaccharides: arabinan oligomers, galactan oligomers as well as arabinogalactan
oligomers (Figure 3.3(C)).
Enzymatic degradation of the neutral side chains of soybean pectin shows that these
side chains can be of considerable length. Combined action of endo-galactanase, endoarabinanase, exo-galactanase, and arabinofuranosidase Bisrequired to remove the largerpart
of these side chains and this indicates that arabinogalactan side chains arepresent in addition
toarabinan andgalactan sidechains.
CHARACTERISATION OF THE RESIDUAL POLYSACCHARIDE AFTER REMOVAL OF THE
ARABINOGALACTAN SIDE CHAINS FROM SOYBEAN C H S S

The incubation of the ChSS fraction with endo-galactanase, exo-galactanase, endoarabinanase, and arabinofuranosidase B is performed on larger scale to enable isolation and
further characterisation of the remaining polymeric residue. The elution pattern of the
Sephacryl S-100 HR column shows two peaks; the first peak originates from the remaining
polymeric part of the pectin (P) and the second from the oligomeric degradation products
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(Figure 3.4). This polymeric residue yields 30%of the polysaccharides present in the ChSS
fraction, representing 12%ofthepolysaccharidespresent insoybean WUS.
1800
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Figure 3.4. Elution profile of the digest of soybean ChSS, after incubation with endogalactanase, exo-galactanase, endo-arabinanase, and arabinofuranosidase B, on Sephacryl S100HR.Uronicacid concentration (—), neutral sugarconcentration (—).
Table 3.1 shows the sugar composition of the polymeric residue (P) and allows
comparison with the sugar compositions of the WUS and the ChSS fraction from which it
originates. The combined activities of the enzymes used were able to remove almost all
arabinose, only 7% of the arabinose present in the ChSS fraction remained. The amount of
remaining galactose residues was higher and represents 12%of the galactose present in the
ChSSfraction before degradation.Additional incubation ofasmall sample ofresidue (P)with
the samesetofenzymeswasperformed todetermine ifmorearabinose and galactose residues
could be removed with an excess of enzymes. Both, HPSEC and HPAEC analysis of the
digest, did not show any change of the molecular weight distribution or the release of any
degradation product, so further removal of the arabinogalactan side chains was not possible
usingtheseenzymes.
The main constituent sugar of the polymeric residue P was uronic acid (50 mol%).
Striking is the presence of 18 mol% xylose, which may indicate the presence of a
xylogalacturonan. Preliminary results obtained in enzymatic degradation of this polymeric
residue after acid hydrolysis with an exo-galacturonase showed the release of the
characteristic dimer of xylose and galacturonic acid, thus, confirming the presence of a
xylogalacturonan. Inaddition, thepolymer contains 6mol%rhamnose,which isvery likely to
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be present in rhamnogalacturonan regions in the remaining pectin. In the ChSS fraction, on
average 36% of the uronic acid residues carry an acetic acid group and 35% carries a
methoxyl group. The degree ofmethylation and acetylation in the polymeric residue P could
notbe determined, because theavailable amount ofthispolymer wastoo small. However, the
acetyl and methoxyl substituents areprobably still present inthe remaining polymer, because
the incubation and isolation conditions are not likely to have removed any of these groups.
Thus,thepolymeric residue (P)ofChSSappearstobeahighly substituted pectic structure.

CONCLUSIONS

It appears that rather pure cloned enzymes,having only onemajor activity, can not or hardly
degradethepolysaccharides intheintact soybean cellwall.Previousresearch showed purified
enzymes also to be rather limited in the degradation of soybean cell wall material25. Even
incubationwithverypowerful commercial enzymemixtures didnot lead tothedegradation of
the intact cell wall polysaccharides. However, polysaccharides extracted from soybean WUS
can be degraded by enzymes more easily. Extraction of part of the polysaccharides from the
cell wall network might enlarge the pores present in this network and enable enzymes to
penetrate and reach the available hydrolysis sites.This indicates that it isnecessary to disrupt
thenetwork ofthecellwallpolysaccharides toenable theenzymestodegradethem. Still,itis
not yet clear whether the proper enzymes are missing or that the inaccessibility of the
substrate isthemainreason.
The combination of endo-galactanase, exo-galactanase, endo-arabinanase, and
arabinofuranosidase B is very effective in degrading the arabinogalactan side chains in the
ChSS fraction. Analysis of the degradation products and the observed synergistic action of
someenzymecombinations indicatethat ratherlargebranched arabinogalactan sidechainsare
present in soybean pectic structures.About 30%ofthesugarspresent intheChSS fraction are
recovered as the undegradable remaining polymer (P) inthe digest after this incubation. This
polymer still contains 4 mol% of arabinose and 12 mol% of galactose, which could not be
removed by these enzymes. This polymer appears to be a very highly substituted pectic
structure, containing rhamnogalacturonan regions andpresumably xylogalacturonan. From an
unfractionated soybean polysaccharide preparation, various acidic xylose-containing
oligosaccharides were obtained bypartial hydrolysis,byAspinall etal2b. However, this isthe
first time that indications for the presence ofpolymeric xylogalacturonan regions in a pectic
polysaccharide fraction from soybean meal were obtained. Thepresence of xylogalacturonan
regions has been indicated in pectins extracted from pea hulls27, apple28, watermelon and
cotton29.
Further research will focus on the elucidation of the structure of both the remaining
polymer (P) and the (arabino)galactan oligomers which are formed after degradation of the
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soybean ChSS fraction with endo-galactanase, exo-galactanase, endo-arabinanase, and
arabinofuranosidase B. This will include chromatography techniques, degradation with
specific enzymes, and MS and NMR analyses. Knowledge of the structures of these
oligosaccharides and of the mode of action of the enzymes can lead to the elucidation of the
structure of the (arabino)galactan side chains from soybean cell wall pectin. The structure of
the other cell wall polysaccharides of soybean will be another topic of investigation.

ACKNOWLEDGEMENT
This research is supported by the Dutch Technology Foundation (STW), Gist-brocades and
the Product Board for Feeding Stuffs (VVR).

REFERENCES
1.
2.
3.
4.
5.
6.
7.

Kawamura, S.;Narasaki, T.AgricBiol Chem 1961, 25,527-531.
Monta, M.Agric Biol Chem 1965,29,564-573.
Monta, M.AgricBiol Chem 1965,29,626-630.
Morita,M.; Okuhara, M.;Kikuchi,T.; Sakurai,Y.AgricBiol Chem 1967,31, 314-318.
Aspinall,G.O.;Begbie,R.; Hamilton, A.; Whyte,J.N.C.JChem SocC 1967, 170, 1065-1070.
Labavitch, J.M.; Freeman, L.E.; Albersheim,P.JBiol Chem 1976,251,5904-5910.
Bacic, A.; Harris, P.J.; Stone, B.A. In: Preiss, J. (Ed.) The Biochemistry of Plants. Vol 14.
Carbohydrates; Academic Press:New York, 1988;297-369.
8. O'Neill, M.; Albersheim, P.; Darvill, A.G. In: Dey, P.M. (Ed.) Methods in Plant Biochemistry.
Vol 2.Carbohydrates; Academic Press:London, 1990;415-441.
9. Huisman,M.M.H.; Schols,H.A.; Voragen A.G.J.Carbohydr Polym 1998,37,87-95.
10. Voragen, A.G.J.; Schols,H.A.; Gruppen, H.In:Meuser, F.;Manners,D.J.; Seibel,W. (Eds.) Plant
Polymeric Carbohydrates; TheRoyal Society ofChemistry:Cambridge, 1993;3-15.
11. Kofod, L.V.; Mathiasen, T.E.; Heldt-Hansen, H.P.; Dalboge, H. In: Petersen, S.B.; Svensson, B.;
Pedersen, S.(Eds.) Progress inBiotechnology 10.Carbohydrate Bioengineering;Elsevier Science:
Amsterdam, 1995;321-342.
12. Baron, A.;Rombouts, F.;Drilleau, J.F.;Pilnik,W.Lebensm-WissTechnol 1980, 13, 330-333.
13. Rombouts, F.M.; Voragen, A.G.J.; Searle-van Leeuwen, M.J.F.; Geraeds, C.C.J.M.; Schols, H.A.;
Pilnik, W. Carbohydr Polym 1988,9,25-47.
14. Searle-van Leeuwen, M.J.F.;Beldman, G.Unpublished results.
15. van de Vis, J.W.; Searle-van Leeuwen, M.J.F.; Siliha, H.A., Kormelink, F.J.M.; Voragen, A.G.J.
Carbohydr Polym 1991,16, 167-187.
16. Tollier,M.;Robin, J.AnnTechnol Agric 1979,28, 1-15.
17. Thibault, J.-F.Lebensm -WissTechnol 1979, 12,247-251.
18. Englyst, H.N.; Cummmgs,J.H. Analyst 1984, 109,937-942.
19. Blumenkrantz,N.;Asboe-Hansen, G.Anal Biochem 1973,54,484-489.
45

Chapter3

20. Schols,H.A.;Voragen, A.G.J.; Colquhoun, I.J.CarbohydrRes 1994,256,97-111.
21. Schols, H.A.; Geraeds, C.C.J.M.; Searle-van Leeuwen, M.J.F.; Kormelink, F.J.M.; Voragen,
A.G.J. CarbohydrRes 1990,206, 105-115.
22. van de Vis,J.W. Characterization and Modeof Action of Enzymes Degrading Galactan Structures
ofArabinogalactans;ThesisLandbouwuniversiteit Wageningen:Wageningen, 1994; 109-124.
23. Beldman, G.; Schols, H.A.; Pitson, S.M.; Searle-van Leeuwen, M.J.F.; Voragen, A.GJ. In:
Sturgeon, R.J. (Ed.) Advances in Macromolecular Carbohydrate Research; JAI Press: Greenwich,
1997; 1-64.
24. Beldman, G.; van den Broek, L.A.M.; Schols, H.A.; Searle-van Leeuwen, M.J.F.; van Laere,
K.M.J.; Voragen, A.G.J.Biotechnol Lett 1996, 18,707-712.
25. Schols,H.A.; Lucas-Lokhorst, G.;Voragen, A.G.J.Carbohydrates intheNetherlands 1993,7-10.
26. Aspinall, G.O.; Cottrell, I.W.; Egan, S.V.; Morrison, I.M.; Whyte, J.N.C. J Chem Soc C 1967,
170, 1071-1080.
27. Weightman,R.M.; Renard, C.M.G.C; Thibault,J.-F.Carbohydr Polym 1994,24, 139-148.
28. Schols,H.A.;Bakx,E.J.; Schipper,D.;Voragen,A.G.J. Carbohydr Res 1995,279,265-279.
29. Yu, L.; Mort, A.J. In: Visser, J.; Voragen, A.G.J. Progress in Biotechnology 14. Pectins and
Pectinases; Elsevier Science:Amsterdam, 1996;79-88.

46

CHAPTER 4
DETERMINATION OFTHE STRUCTURE OFTHE BACKBONE FROM SOYBEAN PECTIC
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Structural characteristics of pectic substances extracted from soybean meal WUS with a
CDTA-containing buffer were studied. The arabinogalactans present as side chains to the
rhamnogalacturonan backbone were largely removed by enzymatic hydrolysis using endogalactanase, exo-galactanase, endo-arabinanase, and arabinofuranosidase B. The remaining
pectic backbone appeared to be resistant to enzymatic degradation by pectolytic enzymes.
After partial acid hydrolysis of the isolated pectic backbone (fraction P), one oligomeric and
twopolymeric populations were obtained by size-exclusion chromatography. Monosaccharide
and linkage analyses, enzymatic degradation, and NMR spectroscopy of these populations
showed that thepectic substances inthe original extract contain both rhamnogalacturonan and
xylogalacturonan regions,whilehomogalacturonanis absent.

INTRODUCTION
Pectic substances are the major group of polysaccharides in the primary cell wall of
dicotyledonous plants. These pectic substances consist of a number of structurally different
regions. Pectins from apple consist of highly methyl esterified linear homogalacturonan
regions which

alternate

with

"hairy" regions

that

comprise

highly

branched

rhamnogalacturonan'. In addition, these hairy regions appeared to contain xylogalacturonan 2 .
This concept of the appearance of pectic substances proved to be applicable to pectic
substances from other sources, like for example cotton suspension-cultured cell walls,
watermelon 3 , and pea hulls 4 ' 5 . However, differences in the relative amounts of the subunits
may exist.
Another type of pectic polysaccharide in the plant cell wall is RG-II. RG-II is a small,
structurally well defined, complex pectic polysaccharide. It consists of a homogalacturonan
backbone to which side chains, containing rhamnose and several rare "diagnostic"
monosaccharides, are attached6.
Studies on the structure of soybean pectic substances go back to 1967. An acidic
polysaccharide complex was extracted from soybean meal 7 ' 8 , which showed to possess a
highly branched structure composed of galacturonic acid, galactose, arabinose, xylose, fucose,
and rhamnose. The interior chains were found to comprise 4-substituted galacturonic acid and
2-substituted rhamnose residues, and exterior chains were composed mainly of neutral sugar
residues. Some of the rhamnose residues were branched at C4, and some galacturonic acid
residues were branched with xylose residues through C3.Most of the fucose and a substantial
proportion of the xylose residues were present as non-reducing end groups. These results
indicated that soybean pectic substances contain both rhamnogalacturonan

and

xylogalacturonan regions. However, only the formulation of partial structures for the soybean
acidic polysaccharide complex was permitted, because the data were obtained after partial
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acid hydrolysis. This is an a-specific way of hydrolysis, and resulted in rather small
fragments.
In the preceding paper 9 we showed that the pectic backbone from CDTA-extractable
pectins (CDTA, l,2-diaminocyclohexane-Af,Ar,Ar,Ar'-tetraacetic acid) could be isolated after
enzymatic removal of the arabinogalactan side chains. In this study we report on both the
enzymatic and acid hydrolysis of the remaining pectic backbone. Furthermore, structural
analyses of this backbone and fractions thereof will be described.

EXPERIMENTAL
MATERIALS

Water unextractable solids (WUS)were isolated from solvent-extracted, untoasted soybean mealand
sequentially extracted10. The arabinogalactan side chains from the pectins in the chelating agent
soluble solids(ChSS)extractwereremovedbyenzymatic degradation andtheremaining polymerwas
isolated anddesignatedfractionP9.
W E A K ACID HYDROLYSIS OFFRACTION P

A 8mg/ml solution of fraction Pwashydrolysed in0.1 M HC1at 80°C.During hydrolysis samples
were taken after various time intervals, andthereaction wasstopped byneutralisation ofthe solution
withanequal amountof0.1M NaOH.Thehydrolysates wereanalysed withHPSECandHPAEC.
E N Z Y M A T I C DEGRADATION

Solutions (0.25%(w/w)) offractionPin50mMNaOAc buffer (pH 5.0)containing 0.01%NaN3 were
incubated with a number of purified enzymes at 30 °C rotating 'head over tail', during 24h.The
purified enzymes used were endo-galactanase(0.34|igprotein/ml substrate solution),exo-galactanase
(0.52 u.g protein/ml substrate solution), PG (0.49 ug protein/ml substrate solution), PL (9.76 ug
protein/ml substrate solution), RG hydrolase (0.53 ug protein/ml substrate solution), and exogalacturonase (1.03 ugprotein/ml substrate solution). Endo-galactanase waspurified from Aspergillus
aculeatus". Exo-galactanase was purified from Aspergillus niger'2. Polygalacturonase (PG; E.C.
3.2.1.15) waspurified from Kluyveromycesfragilis"'. Pectin lyase (PL;E.C.4.2.2.10) was purified
from Aspergillus niger'4. Rhamnogalacturonan hydrolase (RG hydrolase) was purified from
Aspergillus aculeatus'5''6. Exo-galacturonasewaspurifiedfromAspergillusaculeatus' .
Solutions (0.5%(w/w)) of fraction P were also incubated with technical multienzyme preparations
under the conditions described above. Thetechnical enzyme preparations used were Pectinex UltraSP-L derived from Aspergillus aculeatus, Viscozyme derived from Aspergillus aculeatus (Novo-
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Nordisk Ferment (Switzerland) Ltd., Dittingen, Switzerland), Rapidase liq+ derived from Aspergillus
niger/Trichoderma sp. (Gist-brocades, Delft, The Netherlands), and Driselase derived from Irpex
lacteus (Sigma, StLouis,MO,USA).The enzyme preparations were dialysed against 50 mMNaOAc
buffer (pH 5.0) and diluted 100 times. Fifty (J.1 of the enzyme solution was added to 0.5 ml of the
substrate solution.
Solutions (0.1%(w/w)) in 0.05 MNaOAc buffer (pH 5.0) containing 0.01% NaN3 of the
populations obtained after fractionation of the acid hydrolysate of fraction P (PI, PII and PIIIA) were
incubated with PG (2.4 u.gprotein/ml substrate solution), RG hydrolase (0.18 u.gprotein/ml substrate
solution), and exo-galacturonase (1.03 ug protein/ml substrate solution). In addition, these substrates
were also incubated with xylogalacturonan hydrolase (XGH; 16 ug protein/ml substrate solution)
purified from the culture filtrate of Aspergillus tubigensis cDNA library expression cloned in
Kluyveromyces lactis'* for lh at 30°C.
All enzymes were inactivated by heating at 100 °C for 10 min. Polysaccharide-degrading activities
weredetermined byHPSECandHPAECanalysesofthedigests.
N E U T R A L SUGAR COMPOSITION

The neutral sugar composition was determined by methanolysis combined with TFA hydrolysis'9.
Samples were first dissolved in distilled water (1 mg/ml). An aliquot of 20 u.1of this solution was
dried by a stream of air followed by methanolysis with 0.5 ml anhydrous 2 M HC1 in absolute
methanol for 16hat 80 °C.After cooling, the liquid was evaporated by a stream of air and 0.5 ml of 2
M TFA solution wasadded andheated for lh at 121°C.The samplesweredried and 100 u,lof distilled
water was added. Analysis ofthe liberated products wasperformed usingHPAEC.
URONICACIDCONTENT
The uronic acid content was determined by the automated colorimetric m-hydroxydiphenylassay20'21
using an auto-analyser (Skalar Analytical BV, Breda, The Netherlands). Corrections were made for
interference by uronic acidspresent inthe sample asmeasured bytheorcinol-sulfuric acid method22.
ABSOLUTECONFIGURATION DETERMINATION
The absolute configuration of the monosaccharides was performed for ChSS only2*", since all other
polymerswereobtained from thismaterial.Thetrimethylsilylated2-butylglycosideswere analysedby
GLC on aChrompack CP9002gaschromatograph, equipped with aCP-Sil 5CBDFc.25 (Chrompack)
capillary column (25mx0.32 mm),using atemperatureprogram of 140-240 °Cat4 °C/min.
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METHYLATION ANALYSIS

Methylation analysis was carried out essentially as described25. Briefly, freshly ground NaOH pellets
(250 mg) were added to solutions of samples in Me2SO (200 ul). After the material had dissolved,
samples werecooledto0°CandMel(0.5ml)was added, followed by sonication atroomtemperature.
The reaction was stopped after 45 min by adding aq Na2S203 (1 ml, 100 mg/ml) and CHC13 (1 ml).
The chloroform layer was washed with water (3 x 0.5 ml), then concentrated. After hydrolysis of the
residues with 2 MTFA (0.3 ml; 120 °C, lh), samples were dissolved in 0.5 MNH4OH (250 p.1)
containing NaBD4 (10 mg/ml) and kept for lh, then neutralised with aq 99%HOAc and concentrated.
Boric acid was removed by repetitive co-evaporation with 9:1 MeOH-HOAc and MeOH. After
acetylation with Ac 2 0 (0.5 ml; 120 °C, 3h), quenching with water (0.5 ml), and neutralisation with
NaHC03, themixtures ofpartiallymethylated alditol acetateswere extracted with CH2C12(3x0.5ml).
The solutions were concentrated to about 20 jul (N2), and analysed by GLC (see above) and GLCEIMS. GLC-EIMS analyses were carried out on a Fisons MD800/8060 system (electron energy, 70
eV; carrier gas, He) equipped with a DB-1 fused-silica capillary column (30 m x 0.32 mm, J&W
Scientific). Sampleswere injected using asplit injector (split flow 1/10),and atemperature program of
140-240°Cat4 °C/min.
Forthedetermination ofthe substitution pattern ofgalacturonic acid thepermethylated polysaccharide
was reduced with superdeuteride (Aldrich Chemicals, 0.5 ml, 3 h). After quenching with 1:1MeOHH 2 0, desalting (Dowex H+,2ml)26,and concentration, the sample washydrolysed, reduced, acetylated
and analysed asdescribed above.
NMR SPECTROSCOPY
NMR spectroscopy was performed on samples which were deuterium exchanged twice in D 2 0 (99.9
atom % D, Cambridge Isotope Laboratories, USA) preceding NMR analyses and then dissolved in
D 2 0 (99.96 atom %D,Isotec,USA).Ifnecessary, thepDoftheNMR sample wasadjusted to 6.5-7.5.
1D/2D high resolution NMR spectra were recorded on a Bruker AMX-500 or a AMX-600
spectrometer (Bijvoet Center, Utrecht University), or a Bruker DRX-600 instrument (NSR Center,
University of Nijmegen) at a probe temperature of 300, 333, or 353 K. Chemical shifts (5) are
expressed in ppm relative to external glucose (8 G\cp Hlcc 5.227 and Oct 92.9, in D 2 0 at all
temperatures).2DNMR experiments wereperformed essentially as described27.
SIZE-EXCLUSION CHROMATOGRAPHY

The acid hydrolysate of fraction P(40mg) was applied ontoa Sephacryl S-500HR column (110 x 0.5
cm), which was initially equilibrated in 0.05 M NaOAc buffer pH 5.0, using a Hiload System
(Amersham Pharmacia Biotech AB,Uppsala, Sweden). Elution was carried out using the same buffer
and the elution rate was 0.4 ml/min. Fractions (1.2 ml) were collected and assayed by automated
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methods for neutral sugar content22 and uronic acid content21. The appropriate fractions were pooled,
concentrated, dialysed, freeze dried andanalysed for neutral sugar composition anduronic acid
content.
The low molecular mass material (population PHI) was fractionated further onaBio-Gel P-2
column (100 x 2.6 cm; Bio-Rad Labs., Richmond, CA, USA), which was initially equilibratedin
water at 60 °Cusing aHiload System. Elution wascarried out using water and the elution rate was 0.5
ml/min.Fractions (7.5 ml) were collected and assayed asdescribed above for the Sephacryl S-500HR
fractions.
HIGH-PERFORMANCE SIZE-EXCLUSION CHROMATOGRAPHY (HPSEC)

HPSECwasperformed ona SP8800HPLC (ThermoQuest Corporation, SanJose,CA,USA) equipped
with three columns (each 300x7.5 mm) of Bio-Gel TSK in series (40XL, 30XL and 20XL; Bio-Rad
Labs., Richmond, CA USA) in combination withaTSK guard column (40x6mm) and elution at 30
°C with 0.4 M NaOAc buffer pH 3.0 at0.8 ml/min. Calibration was performed using pectins inthe
range 10-82 kDa. The eluate was monitored using aShodex SE-61 Refractive Index detector (Showa
Denko K.K., Tokyo,Japan).
HIGH-PERFORMANCE ANION-EXCHANGE CHROMATOGRAPHY (HPAEC)

HPAEC was performed on aDionex Bio-LC system (Sunnyvale, CA, USA)28 using a(4x250 mm)
CarboPac PA1 column (Dionex). Twenty-ul aliquots were injected and the gradient was obtained by
mixing solutionsof100mMNaOH, 1 MNaOAc in 0.1M NaOH, and distilled water, at a flow rate of
1 ml/min. Different gradients were used for the sugar composition after methanolysis combined with
TFA hydrolysis, the release of monomers during acid hydrolysis19, rhamnogalacturonan oligomers29,
andXGHdigests'8.
For the determination of galacturonan oligomers, the column was equilibrated with 0.2 M NaOAcin
0.1 M NaOH. Elution wasperformed with alinear gradient to 0.6 M NaOAc in0.1 M NaOH in 35min,
and alinear gradient to 1M NaOAc in 0.1 M NaOH in 5min. The column was washed for 5min with
1M NaOAc in0.1 M NaOH,and equilibrated again for 15min with0.2 M NaOAc in0.1 M NaOH.
Exo-galacturonase digests were analysed by equilibrating the column with 0.1 M NaOH. Elution was
performed withalinear gradient to0.31M NaOAc in0.1MNaOH in25min,and alinear gradient to 1
M NaOAc in0.1 M NaOH in5 min. The column was washed for5 min with 1M NaOAc in0.1M
NaOH, and equilibrated again for 15minwith0.1 M NaOH.
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RESULTS ANDDISCUSSION
Fraction P is the polymeric residue, remaining after enzymatic removal of the arabinose and
galactose-containing side chains from soybean ChSS. The sugar composition of both ChSS
and fraction P are presented in Table 4.1. Determination of the absolute configuration of the
starting material ChSS reveals the presence of L-arabinose, L-fucose, D-galactose, Dgalacturonic acid, L-rhamnose, and D-xylose. Fraction P yields 30% of the polysaccharides
present in the ChSS extract, and represents 12% of the polysaccharides present in soybean
WUS. The residual amount of arabinose plus galactose in fraction P represents 8% of the
amount in the ChSS extract. Thus, the side chains containing arabinose and galactose are
largely removed. Based on the general structural features of pectic substances, the sugar
composition of fraction P indicated that it contains very highly substituted pectic structures,
amongst which are rhamnogalacturonan and presumably xylogalacturonan regions 9 . Further
characterisation of fraction P is performed by enzymatic degradation studies.

Table 4.1. Monosaccharide composition of soybeanpolysaccharide fractions expressed asmol%.

Fraction

Rha

Fuc

Ara

Xyl

Gal

ChSS

4

4

25

7

40

21

P

11

9

7

18

12

43

PI

9

tr

2

26

6

58

PII

16

3

0

20

9

55

PIIIA

24

3

2

12

13

46

GalA

tr, trace amount
E N Z Y M A T I C DEGRADATION O F FRACTION P

The galactose content in fraction P (12 mol%, Table 4.1) is high and represents 12% of the
galactose present in the ChSS extract before degradation of the pectic arabinogalactan side
chains. Re-incubation of fraction P with endo-galactanase and exo-galactanase did not show a
further release of galactose.
Galacturonic acid represents 43 mol% of the constituent sugars of fraction P. Both PG
and PL could not bring about changes in the molecular mass distribution of the polymers in
this fraction and galacturonic acid oligomers could not be detected in the HPAEC elution
patterns. Saponification of the methyl esters with 0.1 M NaOH did not enable the degradation
byPG.
The presence of rhamnose residues (11 mol%) in fraction P suggests the presence of
rhamnogalacturonan

regions.

The

enzyme

RG

hydrolase

is

able

to

cleave
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galactopyranosyluronic acid-rhamnopyranosyl linkages within the rhamnogalacturonan
backbone when acetyl esters on C2 and/or C3 on the galacturonic acid residues are absent and
the rhamnose residue is unbranched or substituted through C4 with a single galactose
residue 28 . Only after saponification of fraction P, the HPAEC elution pattern of the digest
shows the release of small amounts of rhamnogalacturonan oligomers. HPSEC however, does
not show changes in the elution pattern in the polymeric region, irrespective of saponification.
Thus, acetyl-containing rhamnogalacturonan regions occur in the extremities of fraction P and
become susceptible for RG hydrolase after saponification.

Table 4.2. Linkage analysis ofsoybeanpolysaccharide fractions.2
Glycosyl residue D

ChSS

P

PI

PII

PIIIA

t-Ara/

13

4

17

-

tr

5-Ara/

11

6

-

2,5-Ara/

2

tr

3

tr

-

-

3,5-Ara/

-

-

t-Fucp

4

12

tr

-

tr

t-Galp

4

19

1

12

34

4-Galp

49

7

5

6

17

4,6-Galp

1

tr

-

-

-

2,3,4,6-Gal/7

1

9

65

12

tr

t-Rhap

-

-

-

-

8

2-Rhap

1

10

1

32

8

2,4-Rhap

2

6

1

12

17

t-Xylp

3

13

10

26

8

2-Xy\p

4

10

-

-

8

4-Xylp

1

1

tr

-

-

2,3-Xyl/?

1

3

-

-

-

a

-

Expressed asrelativepeak areasofcorresponding partially methylated alditol acetates;
Galacturonic acid is determined in separate experiments, which revealed the presence of t-GalpA in
ChSS,P,andPI,4-GalpAin everypolysaccharide fraction, 3,4-GalpAinChSS,P,PI,andPII;
tr,trace amount; -,not detected.

b

Numbers preceding residues indicate positions of attachment of other glycosyl residues in the intact
polysaccharide (e.g.5-Ara/= 5-substituted arabinofuranose);
t,nonreducing terminal residue.
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Thehigh xylose content (18mol%) suggests thepresence ofxylogalacturonan regions
in fraction P.Linkage analysis showsthatpart ofthegalacturonic acid residuesisbranched at
C3, and that most of the xylose is non-reducing terminal xylose (Table 4.2). Single unit side
chains of xylose do not hinder exo-galacturonase and this enzyme should be able to release
galacturonic acid residues and xylosyl galacturonic acid dimers (P-Xyl/>-(l-»3)-Gal;?A) from
thepolymer 7.TheHPAECelutionpattern showsthereleaseof small amounts of galacturonic
acid and the characteristic xylosyl galacturonic acid dimerby exo-galacturonase, particularly
after alkaline saponification. However, the HPSEC elution pattern does not show changes.
This is explained by the fact that exo-galacturonase is an exo-enzyme and therefore not able
to change the hydrodynamic volume ofpolymers to a large extent. This is in agreement with
Beldman et al.17, who were also able to release the xylosyl galacturonic acid dimer (p-Xyl/?(1—»3)-Galjt?A) from a soluble pectic polysaccharide from soy (SPS)30 using exogalacturonase. Approximately 0.7% of the galacturonic acid present in fraction P is released
from the non-reducing chain end by exo-galacturonase. After saponification, there was an
increaseoftheamount ofgalacturonic acidreleased (x4.5)to 3.6%.
None of the enzymes used inthese experiments were ableto cause a large shift in the
molecular mass distribution of the pectic structures in fraction P. To check if there are any
enzymes at allwhich areabletodegrade fraction P,sometechnical multienzyme preparations
were tested. Ultra SP-L and Viscozyme are able toremove an additional amount of galactose
from fraction P, which was not removed by purified endo-galactanase and exo-galactanase.
Presumably, these enzyme preparations contain avery specific galactose-releasing enzyme or
accessory enzymes enabling other enzymes (such as endo-galactanase, exo-galactanase, or
galactosidase) to act. However, none of the enzymes in Pectinex Ultra-SP-L, Viscozyme,
Rapidase liq+, and Driselase was able to degrade the pectic backbone of CDTA-extractable
soybeanpectins.
WEAK ACID HYDROLYSIS OF FRACTION P

Since enzymatic degradation of fraction P was not possible with the available enzymes, the
polymers were degraded by weak acid hydrolysis. During acid-catalysed hydrolysis of
glycosides, linkages between two uronic acids or between an uronic acid and aneutral sugar
aremore stablethan linkagesbetweentwoneutral sugars5'.Thesedifferences in susceptibility
ofthe glycosidic linkages to acid hydrolysis were used to remove the (neutral) side chains as
much as possible without seriously degrading the pectic backbone. Very weak hydrolysis
conditions were used, 0.1 M HC1, 80 °C. Acid hydrolysis of demethylated pectins (apple,
beet, and citrus) under these conditions showed that neutral side chains were rapidly split
off32. The hydrolysis of fraction P with HC1 was followed in time by analysis of the
hydrolysates usingHPSEC andHPAEC.
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Figure4.1. Releaseofsugarresiduesduringacidhydrolysisoffraction Pasfollowed withHPAEC
analysis.
TheHPAEC elution patterns show arapid release of arabinose, fucose, galactose and
xylose from fraction P during acid hydrolysis. In figure 4.1 the amounts of specific,
monomeric sugarresidues are shown as apercentage of the amount of this residue originally
present in the polymer that is released during acid hydrolysis. The amount of arabinose
released exceeds 100%. This unrealistic number is caused by comparing sugar compositions
determined in two different ways, as the sugar composition of fraction P was determined by
gas chromatography33. Galacturonic acid residues were not released during the first 8h of
hydrolysis, and after 24h still only 1% of the galacturonic acid residues was released as
monomers.
Line a in Figure 4.2 represents two populations containing high molecular mass
polymers. The first population probably originates from aggregation, which results in
accumulation of molecules in the void volume. These aggregates are not observed at low
concentrations of P. The increase of the total RJ-area after hydrolysis was caused by the
solubilisation of polymers that were not completely soluble in 0.1 MHC1 without heat
treatment. The intensity of the peak of high molecular mass material decreases during acid
hydrolysis and the formation of degradation products can be observed in the HPSEC elution
patterns. The largest shift of the molecular mass distribution occurs between 8 and 24h of
hydrolysis (Figure 4.2, lines e and f). Prolonged acid hydrolysis causes almost complete
degradation of the high molecular mass polymers, including degradation of the pectic
backbone (Figure4.2, linef).
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ao
a.

2

Retentiontime(min)

Figure 4.2. HPSEC elution patterns of fraction P during acid hydrolysis; (a) blank, after (b) lh, (c)
2h, (d)4h,(e) 8h,and (f) 24hof acidhydrolysis.
It appears that the pectic backbone is hardly affected during the first 8h of acid
hydrolysis. The elution pattern of this hydrolysate still shows a peak with high molecular
mass (retention time 22.5 min; molecular mass > 82 kDa), a peak representing material with
an intermediate molecular mass (retention time 27.1 min; molecular mass » 11kDa) and some
oligomers (Figure 4.2, line e). The ratio of the areas under these peaks is 4:6:1.
Characterisation of the polymeric residue after 8h of hydrolysis can provide information about
the structure of fraction P, and consequently about the structure of the CDTA-extractable
pectins.
FRACTIONATION OF THE ACID HYDROLYSATE OF FRACTION P

Fraction P was hydrolysed with 0.1 M HC1 for 8h on a large scale and the hydrolysate
fractionated by size-exclusion chromatography. The elution profile (Figure 4.3) shows three
populations. In the first two populations galacturonic acid prevails, whereas in the third
population, containing low-molecular-mass degradation products, neutral sugars predominate.
The recovery of the hydrolysate after fractionation on Sephacryl S-500HR is almost 100%.
The desalting and further fractionation of the third population (PHI) was performed by
Bio-Gel P-2 chromatography. The elution profile (Figure 4.4) shows a peak eluting in the
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void volume of the column (PIIIA), containing oligomeric pectic material with a ratio of
neutral sugars to galacturonic acid of 1:2.1. The second population (PIIIB) contains neutral
sugars only.
400

£ 300 t

a.

40

50

60

70

80

90

100

Elution volume (ml)

Figure 4.3. Elution profile of the acid hydrolysate of fraction Pon Sephacryl S-500 HR. Uronic acid
concentration (

),neutral sugar concentration (
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Figure 4.4. Elution profile of fraction PHI on Bio-Gel P-2. Uronic acid concentration (
sugar concentration (
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CHARACTERISATION OFTHE POPULATIONS OFTHE ACID HYDROLYSATE

The sugar compositions oftheparental fraction and the populations obtained after enzymatic
and acidhydrolysis areshowninTable 4.1.Therationeutral sugarstogalacturonic acidinthe
ChSS extract is relatively high (3.8:1), because all the arabinogalactan side chains of the
pectins are still present. Fraction P still contains a large amount of neutral sugars (ratio is
1.4:1), although the major part of the arabinose and galactose residues was removed by
enzymatic digestion. Acid hydrolysis causes a further decrease of the relative amounts of
neutral sugarsinPI,PIIandPIIIA.
The high xylose content in fraction PI (26 mol%), which is terminally-linked (Table
4.2), suggests the presence of xylogalacturonan regions. The PI population has the highest
ratio of xylose to galacturonic acid (1:2.2), similar to the value determined in fraction P
(1:2.3), in spite of the fact that part of the xylose is removed during acid hydrolysis.
Rhamnogalacturonan regions are indicated by the presence of rhamnose (9 mol%), which is
both2-and2,4-linked (Table4.2).Thepresence ofthesetwo structural units isalso suggested
in the PII population by the high xylose and rhamnose contents (20 and 16 mol%,
respectively),andtheoccurrenceofthesamelinkages(Table4.2) asinthePIpopulation.
Population PIIIA contains only small pectic fragments, as can be concluded from the
elution behaviour on size-exclusion chromatography. The high rhamnose content in fraction
PIIIA (24 mol%) and the galacturonic acid content (46 mol%) suggest that this population is
very rich in rhamnogalacturonan structures, substituted with (arabino)galactan side chains.
These structures exceed 63% of this population. The ratio of arabinose plus galactose to
rhamnose is 1:1.6;therefore not all the rhamnose residues are substituted with neutral sugar
residues. This population may contain some xylogalacturonan sequences, as indicated by the
presenceof 12mol%xylose.
Generally, NMR analysis of small fragments is easier than of polymers. Due to the
presence of a dominating non-carbohydrate contaminant in the minor fraction PIIIA, being
available in low amounts only, this fraction was not analysed by NMR spectroscopy. As the
signals in the ID *HNMR spectrum of PI are broader than in that of PII, the latter will be
described first. Fraction PII was converted into its acidic form by treatment with Dowex H+
yielding fraction PII-H. Inspection of the ID ]H NMR spectra of PII and PII-H (data not
shown) showed a better resolution for PII-H. The absence of a methyl-ester signal of
galacturonic acid ('H, 63.85/3.83; 13C,5 53.4) intheHSQC spectrum of PII-H (Figure 4.5C)
indicated de-esterification during theDowex H+treatment. Inview ofthequality oftheNMR
spectra, fraction PII-Hwaschosen for adetailed structural analysis.
The anomericregion (84.5-5.5) inthe ID 'H NMR spectrum ofPII-H (Figure
4.5A) shows several Hloc and Hip signals. Using TOCSY (Figure 4.5B) measurements and
HSQC(Figure4.5C) andHMBC experiments,most ofthe 'H and 13Csignalscouldbe

59

Chapter4
H-1 p-Gal, |)-Xyl
H-5 o-GalA

\\ II

ill |

/HIV!

Ll, ._A

K,L5eq

- 4

.*»
ppm

,i

c
•
K.L 5eq
I.J6
G,H3
S,F,H 5

.

- * _ --•~ ~ *

D.G5

c

!

" in

D-H 4

/

B2

K,L2
\'C2

\

B 4

D-H 1

B,C 1 -

>,L3
D,E 3

r
J1

K,L5ax

L' - c f ^ S ^ ^

^~-

/ - ^
J4

A1

K,L4

• """*

~"~—- K,L1

I3
15

^ppm
t 110

Figure 4.5. ID 'H NMR spectrum (A), TOCSY spectrum, mixing time 124 ms (B), and HSQC
spectrum (C) ofPII-H,recorded at 600 MHz and 333 K. Peak labels inArepresent different residues,
which are explained in the text. For an overview, see Tables 4.5 and 4.6. B 2 means a cross-peak
between H2 and C2 of residue B. Xylose H5 equatorial and axial are indicated with eq and ax,
respectively. Not assigned to amethyl esterasthechemical shift istoolow (850instead of 53.4).
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Table4.3. 'HChemicalshifts ofPII-H,recordedat333 K
Residue

Type

HI

H2

H3

H4

Fuc

A

oc-Fuc-(l->

5.37

3.80 a

4.00'

3.90 a

b

Rha

B

->2,4)-a-Rha-(l->

5.235 4.10

4.06

3.62

3.84

1.276

C

->2)-a-Rha-(l-»

5.24

4.08

3.86

3.36

3.77

1.217

GalA D

->3,4)-a-GalA-(l-> 5.07

3.70

3.98

4.38

4.54

E

->3,4)-oc-GalA-(l-s. 5.06

3.73

3.98

4.38

4.65

Xyl

H5eq/H6a/H6b

-

5.02

3.67

3.85

4.24

4.64

G

->4)-a-GalA-(l->

5.01

3.89-3.87 4.06

4.38

4.56

H

->4)-a-GalA-(l->

4.99

3.89-3.87 4.03

4.38

4.56

I

P-Gal-(l->

4.59

3.49

3.89

3.65

3.76/3.71

J

->4)-P-Gal-(l->

4.60/4 3.53/3.57 3.72/3 4.13

3.68

3.76/3.71

K

P-Xyl-(l->

4.54

3.27

3.35

3.61

3.22

3.92

P-Xyl-(l->

4.54

3.27

3.35

3.61

3.22

3.90

F

Gal

H5(ax)

L

3.63

a

Valuesmayhavetobeinterchanged.

b

-,not determined.

assigned (Tables 4.3 and 4.4, respectively). The low-intensity down-field HI signal for
residue A was assigned to a-fucose HI; its TOCSY track (Figure 4.5B) showed a clear o>
fucose HI,2,3,4 spin system34.
TheHI TOCSY tracks forresiduesBandCshowcomplete spin systems upto signals
inthemethyl region at8 1.276 and 1.217,respectively, thereby indicating that Band Care6deoxysugars. Based on the monosaccharide analysis data and the typical NMR positions for
the B/C H2 protons (8 ~ 4.10, 02 substituted a-manno-hexoses35) both residues were
assigned as 2-substituted a-rhamnose residues.Moreover, inspection of the two sets suggests
an additional substitution at 04 of rhamnose B, whereby the ratio of 2- to 2,4-substituted
rhamnose as deduced from the H6 signals in the ID ]H NMR spectrum is 2.6:1. This is
confirmed by linkage analysis data(Table4.2),although linkage analysisresults in qualitative
rather than quantitative information. It should be noted that a a-rhamnose residue usually
doesnotgive aTOCSY signalbetweenHI andH2,asaresultoftheequatorialHatomat
C2.Therefore, theobserved transfer ofmagnetisation isprobablycausedbyspindiffusion. A
further support for the2-or2,4-substitution ofrhamnose arethe8-valuesoftherhamnose
B/C C2andC4atomsinthe 13CNMR spectra(Table4.4;methyla-L-rhamnopyranoside: 8c2,
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71.0;8C4,73.136).The 'Jci,m couplingconstantvalueof 173Hzforbothrhamnose residues
pointtoa a-configuration37.
TheHI signals of the residues D-H in the a-anomeric region were all correlated with
oc-galacturonicacid residues ('Jci.m ~ 173Hz).MakinguseoftheHSQCand HMBC spectra,
in nearly all cases the typical spin systems Hl,2,3,4,5 and Cl,2,3,4,5 for agalacto-hexose
couldbederived (Tables 4.3 and4.4,respectively). Thedownfield chemical shift value ofH5
(8 ~ 4.5-4.6) is indicative for the differentiation between galacturonic acid and galactose.
Presumably, spindiffusion isresponsible for theobservation oftheH5 cross-peaks ontheHI
TOCSY tracks. According to their 'H and 13C chemical shifts, at least two different
substitution patterns for a-galacturonic acid exist. Residues G and H represent 4-substituted
galacturonic acid residues and D, E and F 3,4-substituted ones2(oc-D-galactopyranosyluronic
acid: 5C3,69.5;Sot,70.936);theassignment ofresidueFas3,4-substituted galacturonic acidis
ambiguous.Thededuced substitutionpatterns fit thelinkageanalysisdata.
Table4.4. 13CChemical shifts ofPII-H,recorded at333K

Residue

Type

CI

C2

C3
a

75.4

a

C4

C5

69

b

C6

Fuc

A

a-Fuc-(l-»

99.7

68.8

20.8

Rha

B

->2,4-a-Rha-(l-»

99.4

77.9

70.3

81.57

68.4

17.45

C

->2-a-Rha-(l-»

99.2

77.4

70.47

73.1

69.7

17.69

GalA D

-»3,4)-a-GalA-(l-> 98.97

69.14

78.3

77.0/77.7c

78.1

176.3 d

E

-»3,4)-cx-GalA-(l-» 99.94

69.14

78.3

77.9 c

72.3

176.1 d

F

99.46

-

-

78.5c

72.5

175.9 d

c

175.4 d

Gal

Xyl

G

->4)-a-GalA-(l-»

98.9

68.84

71.28

79.0

77.8

H

-»4)-oc-GalA-(l->

98.5

68.84

71.28

79.4 c

72.3

I

P-Gal-(l->

104.2

72.6

73.7

69.6

76.0

61.7

J

->4)-P-Gal-(l->

104.3/105.1

72.9/74.2 73.3/74.2 78.1

75.4

61.4

K/L

p-Xyl-(l->

105.53

74.22

76.92

65.89

a

Valuesmayhavetobeinterchanged.
-,notdetermined.
c
ValuesforGalAC4mayhavetobeinterchanged.

b

d

ValuesforGalAC6mayhavetobeinterchanged.
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Monosaccharide and methylation analysis combined with NMR spectroscopy
demonstrated the presence of terminal galactopyranose (I) and 4-substituted galactopyranose
(J) inthemolar ratio 2.2:1. Both TOCSYHip (84.59 and4.60/4.61,respectively; Table 4.3)
tracks show the typical cross-peak pattern of HI,2,3,4 of aga/acfo-hexose. Downfield shifts
of H4 and C4 of residue J prove a 4-substitution. The P-configurations of both galactose
residues are supported by xJc\,m values of 163 Hz, as determined from a HSQC experiment
(Figure4.5C).
NOE cross-peaks were observed for galacturonic acid G/H Hl,rhamnose B/C H2
(strong), galacturonic acid G/H Hl,rhamnose B/C HI (strong), galacturonic acid G/H
Hl,rhamnose B/C H3 (weak), rhamnose B/C HI,galacturonic acid G/H H4 (strong), and
rhamnose B/C HI,galacturonic acid G/H H5 (weak). These data imply the presence of
rhamnogalacturonan regions. The NMR spectra do not give any indication for an irregular
distribution of 2- (residue C) and 2,4-substituted (residue B) rhamnose. Therefore, it was
concluded that these residues are distributed regularly in the rhamnogalacturonan chain. An
additional cross-peak between galactoseI/JHI andrhamnose BH4connectsresidues I/J with
the rhamnogalacturonan backbone. Elongation of the galactose residue J at 04 is evidenced
by a cross-peak between galactose IHI and galactose J H4. In summary this building block
canbedepicted as follows:
(R)28%

I
4
->2)-a-L-Rhap-(1->4)-a-D-Gak?A-(1->
(B,C)
(G,H)
R=P-D-Gal/7-(l or P-D-Galp-(l->4)-p-D-Galp-(l
(I)

(I)

(ratio:55:45).

(J)

ClearNMR indications for xylosewere found intheHSQC spectrum ofPII-H (Figure
4.5C), showing cross-peaks between C5 and H5ax and between C5 and H5eq. Further
assignments followed from TOCSY and COSY experiments, as well as from literature NMR
data for terminal p-xyloseresidues2'38 ('/CI.HI 163 Hz).Based onthepresence oftwo different
8-valuesfor xyloseH5eq (53.92 and3.90),twoxyloseresidues,KandL,were established.
AstheNOESY spectrum shows aweak interresidual xylose K/LHI,galacturonic acid
D/EH3cross-peak, ap-Xyl/>-(l—»3)-a-Galjt?AD/E element isindicated. Forgalacturonic acid
D/E HI several NOE cross-peaks are observed, namely with galacturonic acid D/E H2,3,4,5.
Taking into account the (l-»3) linkagebetween xylose and galacturonic acid, theNOEcrosspeak galacturonic acidD/EHI,galacturonicacidD/EH4canbeinterpreted asaninterresidual
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Figure 4.6. HSQC spectrum of PI, recorded at 600 MHz and 333 K. Xyl 2 refers to a cross-peak
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cross-peak reflecting l->4 linkages between neighbouring galacturonic acid D/E
residues. In thisreasoning the cross-peak galacturonic acid D/E HI,galacturonic acid D/EH3
canbe explained as asecond interresidual and/or an intraresidual (spin diffusion) cross-peak.
It should be noted that the cross-peaks galacturonic acid G/H HI.galacturonic acid G/HH2,3
(rhamnogalacturonan backbone, see above) can only be interpreted as intraresidual crosspeaks, whereby the galacturonic acid G/H HI,galacturonic acid G/H H3 cross-peak is
probably caused by spin diffusion, which stops atH3. In summary this building block can be
depicted as follows:
(K,L)
(3-D-Xylp-(l

I
3
->4)-oc-D-GalpA-(l->
(D,E)
For the assignment of the NMR spectra of PII, the same rationale was used as
described for PII-H. Similar 'H and 13C chemical shifts were found for the different residues
in fraction PII. Galacturonic acid appeared to be methyl-esterified (8 3.85/3.83 and 35.4 for
*H and 13C, respectively). In the xylogalacturonan part of PII approximately 85% of the
galacturonic acid residues ismethyl-esterified. Thiswas concluded from the intensities of the
xylose H1,H2 cross-peaks in a COSY spectrum of PII, as the chemical shift of xylose H2
strongly depends on galacturonic acid being methyl-esterified or not (xylose H2, 8
3.056/3.038 and 3.280/3.272 for methyl-esterified and non-esterified galacturonic acid,
respectively)2.
Like for PII-H, several spin systems were identified for fraction PI using TOCSY and
HSQC (Figure 4.6) spectra (Table 4.5 and 4.6). The presence of xylogalacturonan was
indicated by the chemical shift values of xylose, assigned in a similar way as described for
fraction PII-H. Rhamnogalacturonan was identified by the spin system of rhamnose (Figure
4.6). Theratio of (l,2)-linked rhamnoseto (l,2,4)-linked rhamnose in fraction PI is 1.4:1 (H6
rhamnose 8 1.24 and 1.30, respectively). The HSQC spectrum (Figure 4.6) contains a clear
signal for a methyl ester ('H, 3.84-3.76; 13C, 53.4), indicating methyl-esterification of
galacturonic acid, and acetyl signals ('H, 2.06; l3C, 21.2),presumable belonging to 0-acetyl
groupslinked togalacturonic acid.
All three populations in the acid hydrolysate from fraction P appear to contain
xylogalacturonan, rhamnogalacturonan, and some remaining (arabino)galactan side chains.
Assuming that the rhamnose to galacturonic acid ratio intherhamnogalacturonan regions can
vary from 1:1 to 1:2039, the amount of rhamnogalacturonan (including arabinogalactan
substituents) isestimated to exceed26%ofthePIpopulation and 41% ofPII. Combination of
the results described above shows that the average length of the remaining arabinogalactan
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side chains inthe PIpopulation is 2.1 residues. The average length ofthe remaining galactan
side chains in fraction PII is 1.4residues. Based on the contents of xylose and galacturonic
acid (26 and 58 mol%, respectively) and a xylose to galacturonic acid ratio in
xylogalacturonan varying between 1:1 and 1:2, xylogalacturonan accounts for 52 to 78%of
the PI fraction, and for 40 to 60%of the PII fraction. In addition, the polymeric populations
(PI and PII) still contain methyl-esterified galacturonic acid residues. Acetylation of
galacturonic acid residues occurs atposition 2or 3.Thedegree of acetylation decreases from
47% in fraction P to 16%in fraction PI, as determined by NMR spectroscopy. Removal of
acetyl groups must have occurred during acid hydrolysis. Labile groups such as ester-linked
components arelikelytoberemovedunderacidicconditions40.

Table4.5. 'HChemicalshiftsofPI,recordedat353 K.
Residue

Type

Me/Ac

HI

H2

H3

H4

H5(ax)

H5eq/H6a/H6b

a

-

-

-

3.77

1.46

Fuc

a-Fuc-(l->

Rha

-»2,4)-a-Rha-(l-»

5.26

-

4.00

3.60

3.81

1.30

-»2)-a-Rha-(l-»

5.26

-

3.82

3.36

3.74

1.24

-

-

-

.

5.05-5.00

4.57

3.50

3.63

3.96

-

3.75

4.59

3.56

3.73

4.13

3.31

3.74

-

-

3.75

4.58
4.45

2.99

3.39

3.44

3.24

3.84

4.49

3.01

3.39

3.44

3.24

3.84

GalA
GalA6Me

3.84-3.76

Acetyl

2.06

Gal

Xyl

a

P-Gal-(l->
->4)-P-Gal-(l->

P-Xyl-(l->
P-Xyl-(l->

-

-,not determined.

The presence of homogalacturonan in populations PI and PII is not necessary to
explainthehigh galacturonic acid content; itcanbeaccounted for bytherhamnogalacturonan
and xylogalacturonan regions in these populations. The amount of galacturonic acid in the
rhamnogalacturonan regions in populations PI and PII will exceed 9 and 16 mol%,
respectively. In addition, atmost 52mol%of galacturonic acid inpopulation PI and 40mol%
of galacturonic acid in population PII can be present in xylogalacturonan regions. The NMR
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spectra of PII-H confirms the absence of a (al-»4)-linked homogalacturonan. The absence of
homogalacturonan regions in pectic substances has never been reported before.

Table 4.6. I3CChemical shifts ofPIrecorded at333K.

Me/Ac CI

C2

C3

C4

C5

C6

Residue

Type

Fuc

a-Fuc-(l-

Rha

->2,4)-a-Rha-(l->

99.6

17.5

->2)-ct-Rha-(l->-

99.6

17.3

GalA

-

-

-

-

71.4

-

P-Gal-(l-»

105.0

72

73.4

69.4

-

61.5

->4)-P-Gal-(l->

105.0

72

78.1

-

61.5

P-Xyl-(1-*

105.8

74.3

70.0

65.7

GalA6Me

53.4

Acetyl

21.2

Gal

Xyl
a

76.4

-, not determined.

E N Z Y M A T I C DEGRADATION O F THE POPULATIONS FROM THE ACID HYDROLYSATE O F
FRACTION P

To obtain additional information about the structure of the pectic backbone in soybean meal,
the populations PI, PII, and PIIIA were incubated with PG, RG hydrolase, exo-galacturonase,
and XGH. The digests were analysed with both HPSEC (Figure 4.7) and HPAEC (Figure
4.8).
Although PI is obtained after fractionation on Sephacryl S-500 HR, it contains
two polymeric populations on HPSEC analysis (Figure 4.7Aa). Incubation with PG (Figure
4.7Ab) results in a small shift of the maximum of the first peak and the minimum between
these two peaks is less deep than in the blank. PG is not able to release galacturonic acid
oligomers from PI (Figure 4.8Aa). RG hydrolase does not change the molecular mass of the
first peak, and the molecular mass of the second peak decreases only slightly (Figure 4.7Ac).
The amount of polymeric material in both populations decreases, while a shoulder with lower
molecular mass arises (as indicated by the arrow). Analysis of the digest on HPAEC (Figure
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4.8Ba) shows the release of very small amounts of characteristic RG hydrolase oligomers28.
XGH and exo-galacturonase have less effect than PG, both cause only slight changes in the
elution pattern of PI (Figure 4.7Ad and e). The HPAEC elution pattern of the XGH digest
(Figure 4.8Ca) does not show the release of oligomeric degradation products. XGH was
expected to cause degradation, because this polygalacturonase is specific for xylosesubstituted galacturonan and the PI is thought to be rich in xylogalacturonan. The HPAEC
elution pattern of the exo-galacturonase digest (Figure 4.8Da) shows the release of both
galacturonic acid and xylosyl galacturonic acid dimer. The PII population shows one
polymeric population on HPSEC analysis (Figure 4.7Ba). HPSEC (Figure 4.7Bb) and
HPAEC analyses (Figure 4.8Ab) show that PG is not able to degrade this fraction. Removal
of the methyl-ester groups from PII (PII-H) did not increase the susceptibility for PG. RG
hydrolase does degrade fraction PII very well (Figure 4.7Bc). The shape of the HPSEC
elutionpattern changes,it now shows twopopulations ofwhich theretention time of the first
population is lower than in the blank. This indicates that the broad peak in the blank
represents two populations: one with a high molecular mass which is not degraded and one
with lower molecular mass which is degraded by RG hydrolase. The oligomers released by
RG hydrolase (Figure 4.8Bb) can be assigned by comparison with the rhamnogalacturonan
oligomers from apple MHR28. These oligomers have abackbone of alternating rhamnose and
galacturonic acid residues, partly substituted with galactose residues to C4 of the rhamnose
moiety. XGH hardly affects the molecular mass distribution of PII (Figure 4.7Bd). In figure
4.8Cb thereleaseof small amounts ofxylosyl galacturonic acid dimer is shown in addition to
very small amounts of unknown oligomers. The exo-galacturonase digest (Figure 4.7Be)
shows the same small shift of the peak asthe XGH digest, but now the amount of polymeric
material also decreases slightly. The amounts of galacturonic acid and the xylosyl
galacturonic aciddimerreleased from PII(Figure4.8Db) arehigher thanthe amounts released
from PI. The amount of monomelic galacturonic acid in the PI digest is approximately 29
ug/ml andinthePIIdigest47 ug/ml,whichmeansthat 8.0%ofthegalacturonic acidspresent
in PI and 10.5% of the galacturonic acids present in PII is released by exo-galacturonase.
From Figure 4.8D, it can be seen that the xylosyl galacturonic acid dimer content in the PII
digest is slightly higher than in the PI digest. The content of the dimer can not be quantified
properly, because a standard is absent. When the response factor of galacturonic acid is used
to quantify the amount of dimer inthedigests,the content inthe digest of PI is23 Mg/mland
the content in the digest of PII is 24 ng/ml. This means that 3.8% of the galacturonic acid
present in PI and 3.2% of the galacturonic acid present in PII is released as the xylosyl
galacturonic acid dimer. This indicates that the degree of substitution of galacturonic acid
with xylose (remaining after weak acid hydrolysis) inthe extremities ofthepectic substances
in PIishigher than inPII.The total amount ofmaterial released from PII is higher thanfrom
PI, which can be explained by the number of potential degradation sites for exogalacturonase. Themolecular massofthepectins inpopulation PIIislowerthan inpopulation

69

Chapter4
PI. Starting with the same substrate concentration, the number of molecules (and accordingly
the number of non-reducing chain ends) in the PII solution is higher than in the PI solution.
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Figure 4.8. HPAEC elution patterns of the digests of PI (a), PII (b), and PIIIA (c) after enzymatic
degradation with PG (A), RGase (B), XGH (C), and exo-galacturonase (D). In figure A, the elution
times of galacturonic acid and galacturonan oligomers are marked with a roman number
corresponding totheir degree ofpolymerisation. In figure B,theelution times of galacturonic acid and
structures 1,2, 3,4, 5, 6, 8,and 9 as described by Schols et al.28 are marked. In figure D, the elution
timesofgalacturonic acidandthexylosyl galacturonic aciddimeraremarked with 1 and2.

The PIIIA blank contains predominantly oligomeric material in addition to a low
amount of polymeric material (Figure 4.7Ca). PG is not able to degrade fraction PIIIA. The
HPSEC elution pattern shows a change in the relative amounts of the peaks of the oligomers
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(Figure 4.7Cb). However, the HPAEC elution pattern does not show changes with regard to
untreated PIIIA(Figure4.8Ac).RGhydrolase isalsonot abletodegradetheoligomers in this
fraction, but it is able to degrade the small peak of polymeric material. Release of RG
hydrolase oligomers cannotbe detected usingHPAEC (Figure4.8Bc).XGH degrades alarge
part ofthepolymeric material (Figure4.7Cd).However,thisdoesnotresult inachangeofthe
HPAEC elution pattern when compared to the elution pattern of the blank (Figure 4.8Cc).
Exo-galacturonase degrades the peak of polymeric material, and it changes the relative
amounts of the oligomers present in this fraction (Figure 4.7Ce). This is confirmed by the
elution pattern on HPAEC,which shows the release ofmonomeric galacturonic acid and the
xylosyl galacturonic aciddimer(Figure4.8Dc).
The high galacturonic acid content of PI and PII could give the impression that a
homogalacturonan is present in these populations. However, enzymatic degradation with PG
confirms ourearlier statement thatnoneofthefractions containshomogalacturonan.
Most of the rhamnogalacturonan oligomers released from apple MHR28 can also be
released from PI and PII,but not from PIIIA. The PII fraction appears to contain a relatively
largeamount ofrhamnogalacturonan. Judging from theratio ofrhamnosetogalacturonic acid
in fraction PIIIA,which isrelatively high (0.53),RGhydrolase treatment isexpected toresult
in some degradation. It has been demonstrated before that a suitable ratio of rhamnose to
galacturonic acid isnoguarantee for degradation byRGhydrolase41.The structurespresent in
PIIIA already have low molecular masses, which can explain the inactivity of RG hydrolase
on PIIIA. The smallest oligomer that can be cleaved by RG hydrolase is a
rhamnogalacturonan nonamer, while the possible influence of galactose side chains is
neglected42. Thus PIIIA presumably contains somerhamnogalacturonan oligomers,which are
toosmallorcontaintoomany substituents tobe further degraded.
Xylogalacturonan appearstobepresent inallpopulations from fraction Passhownby
the release of galacturonic acid and the xylosyl galacturonic acid dimer and changes in the
HPSEC elution pattern. However, exo-galacturonase is much more effective in the
degradation of soybeanxylogalacturonan thanXGH.

CONCLUSIONS

A large part of the arabinogalactan side chains can be removed from CDTA-soluble pectins
from soybean meal by the combined action of endo-galactanase, exo-galactanase, endoarabinanase, and arabinofuranosidase B. It appears that the remaining polymeric structure
(fraction P) can not be degraded by the purified enzymes tested here. Moreover, even crude
commercial multienzyme preparations - containing a wide range of pectin-degrading
enzymes - were not able to degrade the pectic backbone present in fraction P. Therefore,
resort had to be taken to weak acid hydrolysis, which is less specific. Monitoring the release
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ofsugarresidues andthemolecular massdistribution intime showed that thepectic backbone
was hardly affected during the first 8h of hydrolysis. Prolonged incubation resulted in the
releaseofgalacturonicacidresidues anddisappearanceofthehighmolecularmassmaterial.
Theacidhydrolysateoffraction Pwasfractionated intotwopolymericpopulations (PI
and PII), one oligomeric fraction (PIIIA), and monomeric sugars (PIIIB). The oligomeric
fraction (PIIIA) can not be degraded further and probably contains rhamnogalacturonan
oligomers and some xylogalacturonan oligomers. This study showed that PI and PII contain
xylogalacturonan and rhamnogalacturonan regions, and all analyses agreed on the absence of
homogalacturonan regions. The NMR analyses of PII-H clearly demonstrate that this
techniqueissuitablefor thecharacterisation ofcomplexplantpolysaccharides.
The absence of homogalacturonan in population PI and PII indicates the absence of
homogalacturonan in fraction P,because it isunlikelythattheseregions aredegraded by acid
hydrolysis. This is in agreement with the undegradability of fraction P by PG (after
saponification) and PL. Fraction P was obtained from the ChSS fraction by enzymatic
removal of a largepart of the arabinogalactan side chains,not changing thepectic backbone.
So, the CDTA-extractable pectin from soybean is composed of both xylogalacturonan and
rhamnogalacturonan (hairy regions), and homogalacturonan is absent. It is remarkable that
these pectic substances are extracted by CDTA, because it has been suggested that pectins
extractable with hot chelating agents originate from the middle lamella, where they are
presumed to be present in the form of calcium pectate gels43. This gelation is due to the
formation of intermolecular junction zones between homogalacturonan regions of different
chains.Sincehomogalacturonan appearstobe absent inthe ChSS extract from soybeanmeal,
thepresence of a calcium pectate gel must be excluded. It wasverified that only a small part
of these CDTA-extractable pectic substances could be extracted from the WUS with a (hot)
buffer solution. Probably a specific effect of CDTA, other than the chelating effects, can
solubilisepecticsubstances.Renard&Thibault44 suggested this earlier.
The enzymatic degradation of fraction P showed that CDTA-extractable pectic
polysaccharides from soybean are different from pectic polysaccharides extracted from other
sources, like apple29'45'46, carrot47, kiwifruit48'49, onion50, pea5, pear51, potato52'53, suspensioncultured sycamore cells26'54'55 and sugar beet56. All these pectins contain homogalacturonan
and rhamnogalacturonan regions, which can be degraded (possibly after saponification) with
polygalacturonase and rhamnogalacturonase, respectively. CDTA-extractable pectins from
soybean meal could not be degraded by these enzymes. Acid hydrolysis improves the
susceptibilityoftheremainingpolymers forRGhydrolaseand exo-galacturonase.
Further studies will focus on the structural reasons for the resistance of the
rhamnogalacturonan and xylogalacturonan regions in fraction P to degradation. Furthermore,
attempts will be made to elucidate the unresolved pectic structure in CDTA-soluble pectin
from soybean meal. In addition, the residual pectic substances present in the 1 MASS10
extractwillbestudied and characterised.
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CDTA-extractable soybean pectic substances were subjected to enzymatic digestion with
arabinogalactan degrading enzymes that yielded a resistant polymeric pectic backbone and
arabino-, galacto-, and arabinogalacto-oligomers. The complex digest was fractionated using
size-exclusion chromatography. Monosaccharide composition analysis, HPAEC fractionation
and MALDI-TOF MS analysis of the resulting fractions showed that each contains a mixture
of oligosaccharides of essentially the same degree of polymerisation, composed of only
arabinose and galactose.MALDI-TOF MS analysiswasused for molecular mass screening of
oligosaccharides in underivatised HPAEC fractions. The monosaccharide sequence and the
branching pattern ofoligosaccharides (degree ofpolymerisation from 4to 8)were determined
using linkage analysis and ES CID tandem MS analysis of the per-O-methylated
oligosaccharides in each of the HPAEC fractions. These analyses indicated the presence of
common linear (l,4)-linked galacto-oligosaccharides, and both linear and branched arabinooligosaccharides. In addition, the results unambiguously showed the presence of
oligosaccharides containing (l,4)-linked galactose residues bearing an arabinqpyrcwo.se
residue as the non-reducing terminal residue, and a mixture of linear oligosaccharides
constructed of (l,4)-linked galactose residues interspersed with an internal (l,5)-linked
arabinqfuranoseresidue. The consequences of these two new structural features of pectic
arabinogalactan sidechainsare discussed.

INTRODUCTION
Arabinose- or galactose- containing homoglycans are known to occur in nature, but
heteropolysaccharides containing both types of monosaccharide residue are much more
abundant. Arabinogalactans are often linked covalently to protein, or to pectic substances'.
They can be subdivided into two main structural types: the arabino-4-galactans (type I), and
the heavily branched arabino-3,6-galactans (type II).
Type I pectic L-arabino-D-galactans are arabinose-substituted derivatives of linear
(l,4)-linked (3-D-galactan. Ara/and Gab? groups form stubs linked via C3 along the main
chains. No association with protein has been reported for this group 1 ' 2 ' 3 .
The second group of arabinogalactans, the type II L-arabinosyl-substituted branched
3,6-D-galactans, are widespread in plant tissues, tissue cultures, and exudate gums. They
comprise a highly branched polysaccharide with ramified chains of [3-D-Gab?residues joined
by (1,3)- and (l,6)-linkages, the former predominantly in the interior and the latter in the
exterior chains. (J-D-Gal/?residues terminate the bulk of the exterior chains containing L-Aiaf,
with, to a lesser extent, L-Arap residues terminating some of the chains. In addition to Ara and
Gal, type II arabino-3,6-galactans contain a range of other monosaccharides, including DGlcAp and its 4-0-methyl ether and D-GalAp1'2'3'4. The type II arabinogalactans can also
occur as pectic side chains, consisting of a (l,3)-linked galactan backbone to which (1,6)-
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linked galactosyl side chains are attached to carbon 6 of the backbone. These side chains
possess Ara/"side chains attached tocarbon3 5 .
The pectic substances present in the soybean cell wall contain arabinan, galactan,
and/or arabinogalactan side chains. The study of the fine chemical structure of the neutral
pectic side chains requires their isolation. Cell wall material was isolated from soybean meal
and sequentially extracted. The chelating agent soluble solids (ChSS fraction) contained the
major part of the cell wall pectic substances . The neutral side chains of these pectic
substances maybe successfully degraded by the combined activity of endo-galactanase,exogalactanase, endo-arabinanase and arabinofuranosidase B 7 . In the literature, the
arabinogalactan isdescribed asa p-(l,4)-linked Galp chain with little branching. Ara/"residues
are present as (l,5)-linked side chains with an average length of two monosaccharide units
attached to C3ofthe Galresidues 8 ' 9,10,11 . However, research carried outby Labavitch andcoworkers 12 indicates that the Ara residues are primarily present in large oligo- or
polyarabinosides.
Structural details of the neutral side chains of soybean pectic substances have notyet
been determined. Therefore, the present study of oligomers released during enzymatic
degradation of soybean pectic arabinogalactan side chains has been performed. Arabino-,
galacto-, and arabinogalacto-oligosaccharides were isolated by size-exclusion and anionexchange chromatography and analysed by monosaccharide and linkage analyses, mass
spectrometry, and enzymatic degradation studies.

MATERIALS ANDMETHODS
ENZYMATIC DEGRADATION O F PECTIC ARABINOGALACTAN SIDE CHAINS FROM SOYBEAN

A solution ofsoybean CDTA-extractable pectic substances (250mg) in0.05Msodium acetate buffer
(25 ml)wasdigested with acombination ofendo-galactanase, exo-galactanase, endo-arabinanaseand
arabinofuranosidase B for lOh at 30 CC, continuously mixed 'head over tail'. The incubation was
stoppedbyheating for 10minutesat 100°C.
SIZE-EXCLUSION CHROMATOGRAPHY

The arabinogalacto-oligomers were separated from thepolymeric pectic residue by fractionation ona
Sephacryl S-100 HR column using a Hiload System (Amersham Pharmacia Biotech AB, Uppsala,
Sweden)7.Theoligomerswerepooled andconcentrated, andfurther fractionated basedontheir sizeon
a column (100x 2.6 cm) of Bio-Gel P-2 (200-400 mesh, Bio-Rad, Richmond, CA, USA) using a
Hiload System. Components were eluted with distilled water at60CC(flow rate was0.5ml/min)and
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monitored by refractive index detection using a Shodex RI-72 detector. Fractions (7.5 ml) were
collected andfractionsarisingfromindividualpeakswerepooled.
OFF-LINE HPAEC-MALDI-TOF MS

Bio-Gel pools 4to8were further fractionated byHPAEC performed ona Dionex Bio-LC system13.
The gradients were obtained bymixing solutions of0.1 M NaOH and 1Msodium acetate in 0.1 M
NaOH. Thegradient was optimised for each pool (Table 5.1).The(4 x 250mm)CarboPac PA1
column wasalways equilibrated for 15 minutes before 20microlitres of the sample were injected.
After arunthe columnwaswashed for5minutes with 1 MNaAc in0.1 M NaOH.
Table 5.1. Gradients usedforfractionationofpools4to 8byHPAEC.
Time(min)

Cone.NaAc(M)

Cone.NaOH(M)

dp 4 and5
0

0

0.1

40

0.4

0.1

1

0.1

45

dp6
0

0.07

0.1

5

0.07

0.1

40

0.14

0.1

45

1

0.1

dp 7and8
0

0.07

0.1

5

0.07

0.1

40

0.11

0.1

50

1

0.1

After passing a Dionex PED detector operated inthepulsed amperometric detection (PAD)
mode, theeluate ofthe CarboPac PA1 column wasdesalted on-line using a self-regenerating anion
suppressor 4mm-unit (Dionex ASRS-ULTRA), and fractions (167 ul) were collected. TheHPAEC
fractionswerethendirectly analysed usingMALDI-TOFMS.
ENZYMATIC DEGRADATION

Bio-Gel P-2pool 6was incubated with endo-galactanase. Theincubations were performed in50 mM
NaAcbuffer (pH5.0) containing 0.01%NaN3at30 °Cfor7h.Carbohydrate-degrading activities were
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determined by HPAEC analysis of the digest, using the optimised gradient for pools 6 (as described
above).
PER-0-METHYLATION OF OLIGOSACCHARIDES

Per-O-methylation14 of the lyophilised oligosaccharides was performed by adding freshly-ground
sodium hydroxide to the lyophilised oligosaccharide fractions dissolved in 200 ul dimethyl sulfoxide.
Aliquots of250 ulmethyl iodide were added after 0, 10,and 30minutes.Thereaction was stopped 20
minutes after the final addition of methyl iodide by adding 1ml sodium thiosulphate solution (100
mg/ml) and 1ml chloroform. The chloroform layer was washed six times with water, after which the
organiclayerwasevaporated todrynessundernitrogen.
ANALYTICAL METHODS

Theneutral monosaccharide compositionof the Bio-Gel P-2 pools was determined following release
of the monosaccharides using methanolysis combined with TFA hydrolysis15. Samples were first
dissolved in distilled water (1mg/ml).An aliquot of20 ulofthis solution wasdried under a stream of
air. The dried sample was then submitted to methanolysis in 0.5 ml anhydrous 2 M HC1in absolute
methanol for 16hat 80°C.After cooling,theliquid wasevaporated under astream ofairand 0.5 ml of
2 MTFA solution was added and heated for lh at 121 CC. The samples were dried and 100 ul of
distilled water was added. Analysis of the liberated monosaccharides was performed using HPAEC
fractionation andPAD detection".
Glycosidic linkage analysis was performed following hydrolysis, reduction and O-acetylation of the
per-O-methylated oligosaccharides16. GC/MS analyses were performed using a Fisons MD800 mass
spectrometer fitted with a Carlo Erba GC8060 gas chromatograph and an on-column injector and
using helium as the carrier gas. Monosaccharide derivatives were separated on a DB-5MS column
(30mx0.32 mm i.d.; J&W Scientific). Partially methylated alditol acetates (PMAAs) were injected in
solution indichloromethane (1 ulinjected) and separated usingthe following temperature program: 50
°C for 2 min, 50->130 °C at 40 °C/min, held for 2 min, 130->230 °C at 4 °C/min and 230 °C
isothermal for 15min.Mass spectrawererecorded under electron impact conditions inthepositive ion
mode with an electron energy of 70 eV and were recorded using linear scanning from m/z 55 to 400
over 0.9 s.
High-Performance Anion-Exchange Chromatography(HPAEC) was performed on a Dionex Bio-LC
system (as described above). Different gradients were used for determination of the monosaccharide
composition after methanolysis combined with TFA hydrolysis", and for the elution of
arabinogalacto-oligomers.
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For the determination of the arabinogalacto-oligomers, the CarboPac PA1 column was
equilibrated with 0.1 M NaOH. Twenty microlitres of the sample were injected, and a linear gradient
from 0 to 0.4 M NaAc in 40 minutes was applied. The column was washed for 5 minutes with 1 M
NaAc, and then equilibrated again for 15minutes with 0.1 M NaOH. Calibration was performed with
series of Gal- and Ara-oligomers, obtained on enzymatic degradation of linear galactan by endogalactanase andenzymically-debranched arabinan17by endo-arabinanase.
Matrix-Assisted Laser-Desorption/Ionisation Time-of-FlightMass Spectrometry (MALDI-TOF MS).
The matrix solution wasprepared by dissolving 9mg 2,5-dihydroxybenzoic acid and 3mg 1-hydroxy
isoquinoline in 700 p.1distilled water and 300 ul acetonitrile. A 1 ul volume of this solution was
placed on the sample plate together with 1 JJ.1of the sample solution and allowed to dry at room
temperature. Thesampleplate wasthenplaced inthe instrument.
MALDI-TOF mass spectra wererecorded on aVoyager-DE RPBiospectrometry Workstation
(PerSeptive Biosystems, Inc., Framingham, MA, USA) (Department of Food Technology and
Nutritional Sciences, Wageningen University) equipped with a nitrogen laser operating at 337nm(3nspulse duration), a single stagereflector, and delayed extraction. The accelerating voltage used was
12kV andthe delay time settingwas200ns.Each spectrum wasproduced by accumulating data from
100-256 laser shots. Mass spectra were calibrated with an external standard containing GalAoligomers (degree ofpolymerisation 2-9).
Tandem Mass Spectrometry. Collision induced dissociation (CID) tandem mass (MS-MS) spectra
were obtained using a Micromass Q-TOF hybrid tandem mass spectrometer (Department of Mass
Spectrometry, Utrecht University) equipped with a Z-Spray sample introduction system and gold
coated glass capillaries in ananoelectrospray ionisation source.Argon was used as collision gas and a
collision energy of60eV was employed. Cone voltage and skimmer off-set were set at approximately
75 V and 5 Vrespectively with a capillary voltage of 2100 V. Ten percent of the native sample was
used for methylation. The native and per-O-methylated products were dissolved in 100 uj
methanol:water (1:1) and 1 ul of the sample was introduced into the glass capillary. Spectra were
acquired with the TOF analyser over a mass range that is dependent on the molecular mass of the
analyte,datawere integrated every 2.3 s,andprocessed using theMassLynx software, version 3.0.

RESULTS AND DISCUSSION
ENZYMATIC DEGRADATION OF PECTIC ARABINOGALACTAN SIDE CHAINS FROM SOYBEAN

Soybean pectic substances obtained by CDTA extraction of water-unextractable cell wall
material (ChSS fraction), were digested with endo-galactanase, exo-galactanase, endoarabinanase and arabinofuranosidase B, as described by Huisman et al.1. However, in the
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current experiments, the objective of the incubation was to obtain oligosaccharides large
enough to provide information about the structure of the arabinogalactan side chains. This
wasachieved byincubating for only lOh.Itshouldbepointed out that theoligosaccharides in
the digest are not necessarily limit-digest products. The first step in isolating the
oligosaccharides was the removal of the remaining polymeric material by fractionation on a
Sephacryl S-100 HR column. The oligosaccharide-containing pool, on fractionation using
HPAECwith PAD detection yielded avery complex chromatogram, indicating that this pool
contains awidevarietyofdifferent oligomers(Figure5.1).
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Figure 5.1. HPAE chromatogram for the oligosaccharide-containing pool from the ChSS digest
obtainedafter incubationofthesoybeanChSSfraction withendo-galactanase,exo-galactanase, endoarabinanase,andarabinofuranosidase B.

The oligomers in the oligosaccharide pool fraction were fractionated by Bio-Gel P-2
chromatography (Figure 5.2A). The peaks corresponding to oligomers with a degree of
polymerisation exceeding 4 were notresolved inthe chromatogram because they are masked
by the enormous signal caused by eluting salt. Consequently the fractions corresponding to
these oligomers were desalted and re-applied to the Bio-Gel P-2 column (Figure 5.2B). Pool
12eluted in the void volume and contained oligomers with a degree of polymerisation of 12
andhigher. Thenumbers of the pools (1to 11)correspond tothedegreeof polymerisation of
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theoligosaccharides, asdetermined byMALDI-TOFMSanalysisoftheoligosaccharides (see
below).
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Figure5.2. Chromatogram of(A)thepolymeric fractionfromtheChSSdigest and(B)thedesalted
oligosaccharideswithadegreeofpolymerisationexceedingfouronBio-GelP-2.
CHARACTERISATION OFTHEBIO-GEL P-2 POOLS

The Bio-Gel P-2 pools were subjected to HPAEC and MALDI-TOF MS analyses.
Both techniques showed that the pools contain mixtures of oligosaccharides. The MALDITOF mass spectra indicated that the oligosaccharides have essentially the same degree of
polymerisation (n). In addition, as n increases the presence of homologues with a degree of
polymerisation of n+1 and n-1 is also detected. This is a direct result of the decreasing
resolution of the Bio-Gel P-2 column with increasing n, and of the differences in
hydrodynamicvolumeofAraandGalresidues.
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The HPAE chromatograms obtained from the Bio-Gel P-2 pools are shown in Figure
5.3.Pool 1 containsAraand Galmonomers only(trace a).Thepresence of four compounds is
suggested by the HPAE chromatogram obtained from pool 2 (trace b). The first eluting
compound represents the Gal monomer, the second eluting compound represents the dimer(s)
AraiGali, the third eluting compound represents Gab, and the last eluting compound
represents Ara2.This was concluded from theretention times ofthe compounds intheHPAE
chromatogram which were identical to the retention times of the series of standard Ara- and
Gal-oligosaccharidesusedtocalibratethecolumn.
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Figure5.3. HPAEchromatogram for arabinogalacto-oligomers inBio-GelP-2pools 1 to8(tracesa
toh,respectively).
Asthe degree of polymerisation of thepool increases,thenumber of oligomers in the
pool increases and the chromatogram becomes more complex (Figure 5.3). Traces c to h in
Figure 5.3 show first acluster of components elutingwithin20minutes,co-elutingwith Galnoligomers, followed by one or two components co-eluting with Aran-oligosaccharides.
Monosaccharide composition analyses ofpools 3to 8revealed that Ara and Gal are the only
neutralmonosaccharide residuespresent inthesepools.
TheHPAE chromatograms suggest alargediversity ofoligomerswithinthepools,but
do not give information about their composition. The molecular masses of the compounds in
the pools analysed by MALDI-TOF MS are indicative of the compositions of the different
oligomers with respect to the number of Ara and Gal residues present. As an example, the
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MALDI-TOF mass spectrum of the arabinogalacto-hexamers is shown in Figure 5.4. The
sodium-cationised [M+Na]+ ionsarethedominant speciesobserved inthespectraoftheBioGel P-2 pools, although some ions are accompanied by the potassium-cationised [M + K]+
species.MALDI-MSanalysisofBio-GelP-2pool6yielded aspectrum containing ionsfor all
possible GalxAray hexasaccharide compositions. The most abundant ion in the MALDI-TOF
mass spectrum obtained from Bio-Gel P-2 pool 6is observed at m/z 1013 and corresponds to
sodium-cationised Ga^. In additiontocompoundswith n=6,thespectrum showsthepresence
of two different pentamers (Gals and Gal4Ara) and one heptamer (Ara7). The occurrence of
thepentasaccharides inBio-Gel P-2pool 6is aresult ofthereduced resolution oftheBio-Gel
P-2 column in this mass range.Thepresence ofAra7 inpool 6is a logical consequence of its
molecular mass, which is similar to the molecular masses of most of the arabinogalactohexasaccharides.
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Figure 5.4. MALDI-TOFmassspectrum ofBio-Gel P-2pool6containing oligomersreleased from
soybeanpecticsubstancesbyarabinogalactan-degradingenzymes.
The other Bio-Gel P-2 pools were also analysed by MALDI-TOF MS. Pools 3 to 5
also contain the whole range of possible GalxAray compositions for that particular degree of
polymerisation. The pools containing oligomers with higher values for n do not contain the
whole range of possible oligomer compositions, but only those in which the majority of
monosaccharide residues is Gal. As stated before in this publication, the results of MALDI-
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TOF analysis show the reduced resolution of the Bio-Gel P-2 column in the higher mass
range,i.e. astherelative amountsof(n+ l)-oligomersincrease.
CHARACTERISATION OF THE ARABINOGALACTO-OLIGOMERS BY OFF-LINE

HPAEC

MALDI-TOFMS ANALYSIS
HPAEC separation andMALDI-TOF MSanalysisoftheBio-Gel P-2pools showed thatthese
pools contain mixtures of oligosaccharides. The elution order of the oligosaccharides from
HPAEC cannot bepredicted, and little structural information can therefore be deduced from
these experiments. Pools 4 to 8were fractionated using an analytical Carbopac PA1 column
to allow structural studies of the oligosaccharides to be carried out. The high sodium
concentration in the mobile phase eluting from the column was reduced on-line using a selfregenerating anion suppressor 4 mm-unit (Dionex ASRS-ULTRA). The 'desalted' HPAEC
fractions werethen directlyanalysed usingMALDI-TOFMS.
As an example the HPAE chromatogram obtained from Bio-Gel P-2 pool 6 using an
optimised gradient for this mixture is shown in Figure 5.5. The most abundant component in
theHPAE chromatogram (fraction 6.4;retention time 12.5min)yielded anion atm/z 1013on
MALDI-TOF MS analysis, corresponding to sodium-cationised Ga^. This is consisitent with
its elution behaviour, which suggested a (3-(l,4)-linked Gal6 based on its co-elution with the
linear P-(l,4)-linked galacto-hexasaccharide in the standard. Fraction 6.1 contains Gal5 (m/z
851); fractions 6.2 and 6.3 contain hexasaccharides composed of one Ara and five Gal
residues (m/z 983). The MALDI-TOF mass spectrum of fraction 6.5 is identical to the
spectrum of fraction 6.4, indicating Gal6. Fractions 6.6 and 6.7 both show ions at m/z 833,
corresponding to sodium-cationised Arae.Theirretention times areconsistent with the elution
behaviour ofalineara-(l,5)-linked Ara6standard.
The HPAE chromatograms of the other Bio-Gel P-2 pools resemble that of pool 6 in
the order of elution of analogous compounds,but theretention times increase with increasing
degree of polymerisation. The general elution order is: Galn.i, Galn_iAra, Galn, followed by
the arabino-oligosaccharides. With increasing degree of polymerisation of the pool, the
number ofpeaks in theHPAE chromatogram increases and the chromatogram becomes more
complex. The HPAE chromatogram of Bio-Gel P-2 pool 4 thus has only four peaks
corresponding to compounds with n=4: one Ga^Ara, two GaU isomers and one AraV8. The
HPAE chromatogram ofBio-Gel P-2 pool 8, in contrast, contains ten peaks corresponding to
compounds withn=8(not shown):threeGa^Ara,twoGalg,andfiveArasisomers.
In the MALDI-TOF mass spectra of the Bio-Gel P-2 pools (dp=n) every possible
oligosaccharide composition from AraoGaln up to GaloAran was present (Figure 5.4). On
HPAEC fractionation, however, onlyGal„,Gal„_iAra,Galn.i, andAra„weredetected. Thiscan
beexplained bythe fact thatthepeaks from thehigherAra-containing species intheMALDITOF mass spectrum are less intense than those from Galn, Gal„.|Ara, Gal„-i, and Aran, and
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MALDI-TOF MS is much more sensitive than the pulsed amperometric detector. The
possibility that the ions assigned ascorresponding to the higher Ara-containing species could
actually correspond to fragment ions derived from the higher mass species (i.e. those with
more Gal in them) crossring-cleavage can be ruled out, since ions arising by crossringcleavage would then also be expected in the MALDI-TOF mass spectra of the isolated
components (HPAECfractions)andthey arenot.
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Figure5.5. HPAEchromatogramforBio-GelP-2pool6fromthesoybeanChSSdigest.
The different behaviour of oligosaccharides of identical composition on HPAEC
indicates that their structures are not identical; they might differ in their reducing terminal
residue, in the type of glycosidic linkages, or in branching pattern19. To determine the
structural details of these oligosaccharides, additional types of analysis are required, such as
linkage analysis, tandem mass spectrometry, NMR spectroscopy, and digestion of the
oligosaccharides by specific enzymes. Fractions 6.2 to 6.7 were purified, but the amounts
available were insufficient for analysis byNMR spectroscopy. Theresults of linkage analysis
andtandemmassspectrometry aredescribedbelow.
LINKAGE ANALYSIS

Analysis of the partially methylated alditol acetates (PMAAs) from fractions 6.4 and 6.5
resulted in derivatives indicative of terminal and (l,4)-substituted galactose residues,
indicating the presence of linear (l,4)-linked Gal6inboth fractions. To explain their different
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elution behaviours on HPAEC, additional structural information about these galactohexasaccharides isrequired.
Linkage analysis of permethylated fraction 6.2 (AraGals) indicates the presence of
(l,4)-substituted and terminal Gal,and (l,5)-substituted Ara/ Asmallpeak thatwas observed
corresponding to a PMAA derived from (l,4,6)-substituted galactose could be indicative of
the presence of branched galactose residues, but is more likely to be the result of
undermethylation, since tandem mass spectrometry of fraction 6.2 shows the presence of
linearoligosaccharides only (seebelow).
Fraction 6.3, having the same monosaccharide composition as fraction 6.2, yielded
different linkage analysis data. It gavePMAA derivatives indicative of (l,4)-substituted Gal,
terminal Gal,terminal arabinopyranose, and (l,5)-substituted arabinofuranose residues. Since
only Gal5Ara was demonstrated in this fraction, it must contain a mixture of at least two
compounds.
TANDEM MASS SPECTROMETRY
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Figure 5.6. Positive ESCIDtandemmass spectrum ofper-O-methylated [Gal6+Na]+fromHPAEC
fraction 6.4,releasedfrom soybeanpecticsubstancesbyarabinogalactan-degradingenzymes.
Per-O-methylated fraction 6.4 was analysed using tandem mass spectrometry. In the
tandem mass spectrum obtained from the sodium-cationised pseudomolecular ion of Hex6,at
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m/z 1293 [Hex6 + Na] + (Figure 5.6), a complete series of Y n ions and the absence of Y„-14
ions are indicative of a linear hexasaccharide. If the oligosaccharide were branched, one os
more Y„ ions would be absent, depending on where the oligosaccharide is branched and one
or more ions at m/z Y„-14 would be expected to be observed. Neither the absence of Y„ ions
nor the presence of additional Y„-14 ions is observed. It is theoretically possible that a
mixture of differently branched isomeric structures could together yield a complete series of
Y„ ions, however, such a mixture would also yield Y n -14 ions from each of the branch points
and these are not observed.
Ions at m/z 227, 431 and 635 are the result of double cleavage events. The Z„ ions at
m/z 445, 649, 853 and 1057 are the result of the loss of water from the Y„ ions, which
according to the nomenclature of Domon and Costello are Z n ions. A series of cross-ring
cleavage ions, observed at m/z 315, 329, 519, 533, 723, 737, and 941, is indicative of (1,4)substitution of the monosaccharide residues. Since the only hexose present in pool 6 is
galactose, the tandem mass spectrum of the per-O-methylated [Hex6 + Na] + indicates a linear
(l,4)-linked galacto-hexasaccharide, which is consistent with the results from linkage
composition analysis of fraction 6.4.
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Figure 5.7. Positive ES CID tandem mass spectrum of per-O-methylated [Hex5Pent + Na]+ from
fraction HPAEC6.2,released from soybeanpectic substancesby arabinogalactan-degrading enzymes.
The tandem mass spectrum obtained from the [Hex6 + Na] + ion in fraction 6.5 (not
shown) does not significantly differ from the spectrum obtained from fraction 6.4. This
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indicates that fraction 6.5 also contains a linear (l,4)-linked galacto-hexasaccharide, as was
already suggested by its linkagecomposition. Separation onHPAECsuggests thepresence of
different anomers19.
In the CID tandem mass spectrum of per-O-methylated [Hex5Pent + Na]+ in fraction
6.2, an intense series ofY„ions isobserved atm/z259,463,667,827,and 1031(Figure 5.7).
Theseionsareindicativeofalinearoligosaccharide corresponding to structure II(Figure 5.8).
The ion observed atm/z 827is aY4ion indicative of a structure containing threehexose and
one pentose residues. If this ion derives from a sodiated Hex3Pent structure with a core of
hexoses and a terminal pentose, then either a Yi ion at m/z 215 indicative of a reducing
pentose or a Y5 ion at m/z 1075 indicative of a non-reducing terminal pentose might be
expected. Neither of these ions is present so that the compound that yields this Y4ion must
therefore have an internal pentose. In the tandem mass spectrum of [HexsPent +Na]+ further
Yn ions for structures that bear a pentose are also present: at m/z 419 (PentHex) and 623
(PentHex2) and 1031 (PentHex4). The absence of the Y„ ions at m/z 215 and 1075, in
combination with the pentose-bearing Y„ions m/z 1031,827, 623 and 419, means that none
of the oligosaccharide structures I to IV (Figure 5.8) can be ruled out as being present in
fraction 6.2.
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Figure5.8. Possible structuresfor Hex5Pentisomerswithaninternalpentosepresent infraction 6.2,
basedonresultsfromtandemmassspectrometry.
Other ion series as indicated in the spectrum (Figure 5.7) result from double cleavage
or cross-ring cleavage events and corroborate the interpretation given above. They indicate
the presence of either (1,4) or (1,6) linkages. Since the ion observed at m/z 489 is composed
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of aHex, aPent, and the remainder of thenext Hex residue the internal Pent is substituted to
theC6orC4ofthecleavedHex.
From these data, taken together with the monosaccharide composition of pool 6 and
the linkage analysis results for fraction 6.2, it can be deduced that fraction 6.2 contains a
mixture of (l,4)-linked galacto-hexasaccharide isomers with an internal (l,5)-linked
arabinofuranose residue.
The tandem mass spectrum of per-Omethylated [Hex5Pent + Na]+ in fraction 6.3
(Figure 5.9) is significantly different from that obtained from the ion at the same m/z in
fraction 6.2 (Figure 5.7). The most noticeable difference between the spectra is found in the
presence of an ion at m/z 1075 in the spectrum obtained from fraction 6.3. This ion
corresponds to a Y5 ion composed of five hexose residues. Since this Y5 ion can only result
fromthe loss of a pentose from the parent ion and since 'internal residue loss' has not been
observed from sodium-cationised oligosaccharides21 the Pent residue in this oligosaccharide
hastobeinaterminal position.
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Figure 5.9. Positive ES CID tandem mass spectrum of per-O-methylated [Hex5Pent + Na]+ from
fraction HPAEC6.3,releasedfromsoybeanpecticsubstancesbyarabinogalactan-degradingenzymes.
The Yn ion series in the spectrum obtained from [Hex5Pent + Na]+ from HPAEC
fraction 6.3present atm/z259,463,667,871,and 1075isnot accompanied by corresponding
Y„-14 fragment ions, indicating linear oligosaccharides. The most plausible structural
explanation for the ion at m/z 1249 in fraction 6.3 is a linear hexasaccharide bearing the
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pentose on the non-reducing terminus. The remainder of the spectrum is very similar to that
fromfraction 6.2,consistent withfraction6.3 alsocontaining amixture of isomeric structures
with aninternalpentose.Thisisconsistentwiththeresultsoflinkageanalysis,showingbotha
terminal pentopyranose and (l,5)-linked pentofuranose. The hexoses are present as either
(l,4)-linked orasterminalhexoses,asinfraction 6.2.
Thepresence of isomerswith aninternal arabinoseresidueismost probably causedby
the fact that fractions 6.2 and 6.3 are not fully resolved, and the relative amount of fraction
6.2 inthemixture ismuchlargerthanoffraction 6.3.
In the linear arabinogalacto-oligosaccharide bearing the arabinopyranose residue on
the non-reducing terminus,this arabinose ismost probably not theremainder of a side chain,
because side chains are usually linked to C3 along the main chain and not to C4. This
oligomer can also not originate from a galactan chain interspersed with an arabinopyranose
residue, because none of the enzymes used in the degradation of soybean ChSS is able to
hydrolyse the glycosidic linkage between a galactose and an arabinopyranose residue, and
oligomers with an internal arabinopyranose residue would also have been present in the
digest. This terminal arabinopyranose was probably present as a terminal arabinose in the
polymer. Other arabinofuranose residues might have been attached to it, but it is uncertain
whether endo-(l,5)-oc-L-arabinanase or arabinofuranosidase B are able to hydrolyse the
glycosidic linkagebetween anarabinofuranose andanarabinopyranose.
Themass spectraobtained from fractions 6.6 and 6.7 (not shown),contain ionsatm/z
1029, which correspond to per-O-methylated sodium-cationised Pent^. In the tandem mass
spectra obtainedfromm/z 1029frombothfractions(not shown),acomplete series ofYn ions
ispresent (m/z215,375,535,695,and 885),indicative of alinearPent6oligosaccharide. Ions
observed atm/z361, 521,and681canbe described asY„-14ions,which aretheresult oftwo
glycosidic bond cleavages both accompanied by proton transfer and which are indicative of
cleavage at a branched residue. The ion observed at m/z 507 is indicative of a triply
substituted residue. So these fractions contain mixtures of linear and various branched
arabinohexasaccharides. The characterisation of two co-eluting branched
arabinotetrasaccharides wasdescribed previously byBriilleta/.18.
Similar fractionation and tandem mass spectrometric analyses of the fractions from
pools 4 to 8 were performed. All these pools were shown to contain linear (l,4)-linked
galacto-oligosaccharides, (l,4)-linked galacto-oligosaccharides bearing an arabinopvrarco.se
residue at the non-reducing terminus, a mixture of linear oligosaccharides constructed of
(l,4)-linked galactose residues interspersed with one internal (l,5)-linked arabinq/i/ranose
residue, and both linear andbranched arabino-oligosaccharides. This indicates that the length
ofthegalactan chainbetweentwo internal arabinoseresidues canvary. Thepresence of linear
p-(l,4)-linked galacto-oligosaccharides is consistent with published structures of soybean
(arabino)galactan". Arabinose-containing side chains might have been present, but could
have been removed during enzymatic degradation by arabinofuranosidase B. Prior to this
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analysis it had been anticipated that arabinogalacto-oligosaccharides with a galactan main
chain and (residual) arabinofuranose residues as side chains would be isolated. The presence
of arabino-oligosaccharides (which can be degraded further by arabinofuranosidase B)
demonstrates that arabinofuranosidase B had not digested the mixture to completion.
Therefore, it is remarkable that all arabinose-containing side chains appear to have been
removed from the galactan main chain. A possible explanation is that arabinose-containing
side chains were not present in the original arabinogalactan pectic side chains in the ChSS
extract. Another possible explanation, that arabinose substituents attached to a galactan main
chain might somehow be more accessible to the enzyme than arabinose substituents attached
toan arabinanmainchain,isnotverylikely.
Labavitch etal.n havedescribed thepresence oflargearabinan chains in soybean cell
walls. The present research extends the knowledge of the structures of the arabinan side
chains as being heavily branched. However the presence of an internal arabinofuranose
residue and a terminal arabinopyranose residue in a pectic galactan chain of cell wall
polysaccharides has not been reported previously, either in soybean, or in other fruit or
vegetablecellwalls.
FURTHER ENZYMATIC DEGRADATION OFTHE ARABINOGALACTO-OLIGOSACCHARIDES

Confirmation of the structures of the oligosaccharides identified by ES tandem MS, using
enzymatic digestion is difficult. The main reason is that suitable pure enzymes are not
available. In theory, arabinofuranosidase A and B should only be able to degrade the
oligomers inthepools that consist onlyof arabinose.These enzymes areunable torelease the
internal arabinofuranose from the compoundsinfraction 6.2 and arealsounabletorelease the
terminal arabinopyranoseresiduefromtheoligosaccharides infraction6.3.Incubation ofpool
6with arabinofuranosidase B,indeed showed thefurther degradation ofthecompounds in 6.6
and 6.7. The enzyme that is required for the degradation of compound 6.3 would be an
arabinopyranosidase. Such an enzyme, P-L-arabinopyranosidase, is poorly described in the
literature22'23. The enzyme described by Dey is a true P-L-arabinopyranosidase isolated from
Cajanus indicus seeds, and is unable to hydrolyse p-nitrophenyl a-D-galactoside, pnitrophenyl a-D-fucoside orp-nitrophenyl P-D-galactoside22'23. This enzyme would probably
be abletoreleasetheterminal arabinopyranosefromtheAra£>-(l-»4)-Gal/?noligomers.
Further characterisation of the arabinogalacto-oligosaccharides using endogalactanase, exo-galactanase or P-galactosidase is complicated. A major complication is the
presence of mixtures of compounds in the Bio-Gel P-2 pools and of different isomers in the
HPAEC fractions (particularly fraction 6.2). Duetothe incomplete resolution offractions6.2
and 6.3onHPAEC itisimpossibletoobtainthearabinopyranose-containing oligosaccharides
inapure form. Afurther difficulty isthatthedegree ofpolymerisation ofthe oligosaccharides
influences the ability of the enzymes to hydrolyse the glycosidic linkages, so it would be

94

Chapter5
difficult to distinguish whether the reason for the inability of the enzyme to hydrolyse the
structureisitsdegreeofpolymerisation orthestructureoftheoligomers.
To illustrate the difficulty of carrying out enzymatic degradation studies on these
mixtures, Bio-Gel P-2 Pool 6 was incubated with endo-galactanase. The resulting HPAE
chromatogram obtained from the digest was indeed very complex. Peaks corresponding to
fractions 6.3, 6.4 and 6.5 were completely and very rapidly lost, whereas peak 6.2 was
removed more slowly. This may indicate that the enzyme has different affinities for the
isomers in the mixture or that all these isomers are slowly degraded because of the presence
of the internal Ara/ The reaction products are very diverse and it is impossible to determine
from which oligosaccharide in the pool a specific product peak is derived. It is therefore not
possible to draw any conclusions concerning the structures of the components giving rise to
theproductpeaksortoidentify from whichparental oligosaccharides theywereproduced.
CONCLUSIONS

Thepectic arabinogalactan sidechains present in soybeanpectic substances havebeen shown
to be more complex than had been suggested by previous studies8'9'10'11. Prior to this study,
the structures of theneutral arabinogalactan side chains of soybeanpectin hadbeen described
as P-(l,4)-linked polygalactopyranose chains with Ara/residues present as (l,5)-linked side
chains with an average length of two monosaccharide units attached to Gal residues in the
main chainby(l,3)-linkages. Inthisstudywehave shownthat arabinoseresidues arenot only
present asexternal substituents ofthegalactanmainchain,but that they also occur as internal
residues in the main chain. Internal arabinose has been described once before in
arabinogalactan type II from larch, where arabinose was shown to be present in the side
chains as well as in the backbone of the molecule2'24'25. The presence of an internal
arabinofuranose residue in apectic arabinogalactan chain in cell wall polysaccharides hasnot
beenreportedpreviously, eitherinsoybean,orinotherfruit orvegetablecellwalls.
Another feature that attracts attention isthatthelinkage analysisofthearabinogalactooligomer showed the presence of arabinose residues in both the furanose and pyranose ring
form, the arabinofuranose residues being (l,5)-linked and the arabinopyranoses terminal
residues. The ring forms of these terminal arabinoses explains their resistance to the applied
enzymes, since arabmofuranosidase Bwas used. Both ring forms of arabinose also occur in
arabinogalactan type II, in which L-arabinofuranosyl, and to a lesser extent Larabinopyranosyl residues, terminate some of the side chains4. However, in soybean
arabinogalactan we are dealing with linear (l,4)-linked P-D-galactan isolated from the pectic
substances, which is type I arabinogalactan. The existence of arabinopyranose residues in
pectic arabinogalactan is uncommon, since the presence of only arabinofuranose residues is
generally reported. Only pectic substances isolated from the roots of Angelica acutiloba
Kitagawawereshowntocontain asmallproportion ofarabinopyranose26.
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In spite of the use of size-exclusion and anion-exchange chromatography most
fractions remained mixtures of isomeric compounds. This is a handicap in the analysis of the
constituent oligosaccharides and further fractionation is needed for determination of all
detailed structures. However, options for further fractionation are very limited. A possibility
would be immobilised lectin affinity chromatography, if lectins interacting with
arabinopyranose residues were available. Further fractionation of the arabinogalacto-isomers
could alternatively be attempted using normal or reversed phase HPLC, possibly after
derivatisation of the oligosaccharide mixture. A drawback of derivatisation would be that the
isolated oligomers are modified.
The difference in elution behaviour of the two linear galacto-hexasaccharides (also
true for galacto-oligosaccharides with a degree of polymerisation of 4 to 8) is intriguing.
Using both linkage analysis and tandem mass spectrometry, we were unable to differentiate
between these two compounds. The difference in elution behaviour, however, may well point
to differences in their anomeric linkages.
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Figure 5.10. Hypothetical structure oftherhamnogalacturonan regions of CDTA-extractable soybean
pectic substances.The distribution oftheacetyl groups isnot shown. Astrictly alternating sequence of
Rha and GalA, termed RG-I27, is presented here, but the structure of the rhamnogalacturonan
backbone is asyet unknown. Only short (arabino)galactan side chains are presented in this figure, but
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Based onour results, ahypothetical structure ofthepectic arabinogalactan side chains
is proposed (Figure 5.10). The ratio of (1,2)- to (l,2,4)-linked Rha in the ChSS extract is
1:228.From the monosaccharide composition of the ChSS fraction6, it can be concluded that
the average length of the (arabino)galactan side chains is in the range of 45 to 50 residues.
Thiswasconfirmed bythe lengthofthearabinan/galactan/arabinogalactan oligomers released
from the ChSS extract on brief incubation with endo-galactanase, exo-galactanase, endoarabinanase, and arabinofuranosidase B.HPAEC analysis of this digest showed the presence
ofgalactan and arabinogalactan oligomerswithadegreeofpolymerisation uptoabout 15and
arabinan oligomers with a degree of polymerisation up to 30-35. It is not clear how the
arabinan side chains were attached to the rhamnogalacturonan backbone. Although side
chains commencing with anarabinosyl residuemightbepresent in soybean, all sidechains in
Figure 5.10 start with a galactosyl residue. This is mainly based on the results of previous
studies, inwhich NMR analysis showed that terminal or (l,4)-linked Gal was attached to the
rhamnose residues after enzymatic and chemical removal of large stretches of the chains
leaving ashort stubbehind28.
In this study, enzymes were used to degrade pectic arabinan, galactan, and
arabinogalactan sidechainsintheChSSextractto fragments, which fit veryreadilywithinthe
massrangeofHPAECandmass spectrometric methods.However, these enzymes failed to be
helpful in the elucidation of the structures of these fragments, as can easily be understood
from Figure 5.10. This study shows the need to isolate enzymes able to hydrolyse the
glycosidic linkage between a (terminal or (l,4)-linked) galactose residue and a (l,5)-linked
arabinose residue, to hydrolyse the glycosidic linkage between a (terminal or (l,5)-linked)
arabinose residue and a (l,4)-linked galactose residue, together with the need for
arabinopyranosidases. These enzymes couldbehelpful inthedetermination ofthe structureof
the purified oligosaccharides, and they could be helpful in the elucidation of the structure of
thepolymericpectic arabinogalactan sidechains from soybeanmeal.
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Chapter 6
Soybean cell wall material wasdepectinated by extraction with hot chelating agent and cold
dilute alkali. The hemicelluloses were solubilised from the residue with 1 and 4 M KOH
solutions, resulting in a 1MASS (1 MAlkali Soluble Solids) and a 4 MASS (4 MAlkali
Soluble Solids) fraction. Thepolysaccharides extracted with 1 MKOHwere fractionated by
ion-exchange chromatography, yielding a neutral and a pectic population. The sugar
composition of the neutral population indicated the presence of xyloglucans and possibly
xylans.Enzymatic degradation with endo-xylanasesandendo-glucanasesshowed thepresence
of xyloglucans only. Analysis ofthe digest formed after incubation ofthe neutral population
with endo-glucanaseVusingbothHPAECandMALDI-TOFMS showed theformation ofthe
characteristicpoly-XXXGxyloglucan oligomers (XXG,XXXG,XXFG,XLXG,andXLFG).

INTRODUCTION
Soybeans {Glycine max) belongs tothepea family ofthe Leguminosae. Their primary
cell wall is built up of skeletal cellulose microfibrils and so-called matrix polymers, which
include xyloglucans, xylans, pectins, and proteins. The cell walls of dicots consist of two
main interpenetrating networks, oneofcellulose andhemicellulose andoneof pectin 1 .
Hemicelluloses arenon-cellulosic wall polysaccharides other than pectins 1 , which can
be extracted from the walls with alkaline solutions, typically 1-4 M. The requirement for
relatively strong alkali for their extraction from the wall is due to strong hydrogen bonding
between the hemicellulose and cellulose microfibrils. The hemicelluloses vary greatly in
different cell types and in different species. In most cell types, one hemicellulose
predominates, with others present in smaller amounts 2 .
In the cell walls of most Dicotyledonae, the principal hemicelluloses are xyloglucans. Other
hemicelluloses, such as gluco- and galactoglucomannans, galactomannans, (1->3)-(3-Dglucans, and glucuronoarabinoxylans are found in much lower amounts 3 . Xyloglucans are
linear chains of (l->4)-P-D-glucan with xylosyl residues added at regular sites to the 0-6
position of the glucosyl units. Additional sugar residues, like galactose, fucose, and arabinose,
are added to the 0-2 of some xylosyl residues '4'5'6. The galactose residues can be Oacetylated7.
In previous publications, the structure ofthe pectic substances inthepectin network of
the cell wall has been described extensively8'9'10. In the current study we will describe the
structural elucidation ofthe most prominent hemicellulose in soybean cell wall material.
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MATERIALSAND METHODS
MATERIAL

Polysaccharides have been sequentially extracted from water unextractable solids (WUS) isolated
fromsolvent-extracted, untoasted soybeanmeal8.The 1 MASSand4MASSfractionwereobtainedby
extraction with 1 and4MKOH,respectively.
ION-EXCHANGE CHROMATOGRAPHY

Approximately 250 mg of 1 MASS was fractionated on a column (100 x2.6 cm) ofDEAE Sepharose
Fast Flow, which was initially equilibrated in 0.005 M NaAc-buffer pH 5.0, using a Hiload System
(AmershamPharmaciaBiotechAB,Uppsala,Sweden).
Elution was carried out sequentially with 530 ml of 0.005 M NaAc-buffer pH 5.0, a linear
gradient from 0.005 to 1 MNaAcbuffer pH 5.0 (1060ml),alinear gradient 1-2 M NaAc-buffer pH 5.0
(530 ml) and 265 ml 2 M NaAc-buffer pH 5.0. Residual bound polysaccharides were washed from the
column with 530ml of0.5M NaOH.The elutionratewas 10ml/minexcept for thefirststep,in which
the sample was applied onto the column and the elution rate was 5 ml/min. Fractions (20 ml) were
collected and assayed by automated methods for neutral sugar content" and uronic acid content12. The
appropriate fractions were pooled, concentrated, dialysed, freeze dried and analysed for neutral sugar
composition anduronic acid content.
ENZYMATIC DEGRADATION

Theunbound, neutral population from anion-exchange chromatography (1MASSNeutral) was treated
with pure and well-defined enzymes, endo-xylananse I13'14 and endo-glucanase I and V15. Solutions
(0.25% w/w)) of 1 MASS Neutral in 50 mM NaAc buffer (pH 5.0) containing 0.01% NaN3 were
incubated at 30 °C rotating 'head over tail', during 24h. The enzyme concentration used in these
experiments was 1(xg/ml. The enzymes were inactivated by heating at 100 °C for 10 minutes. The
digestswereanalysed by HPSEC andHPAEC.
ANALYTICAL METHODS

Neutral sugar composition was determined by gas chromatography according to Englyst &
Cummings16, using inositol as an internal standard. The samples were pre-treated with 72% w/w
H 2 S0 4 (lh, 30°C) followed by hydrolysis with 1 M H 2 S0 4 for 3hat 100°Candtheconstituent sugars
were analysed astheir alditol acetates.
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Uronicacid content was determined by the automated colorimetric m-hydroxydiphenyl assay12'16'17
using an auto-analyser (Skalar Analytical BV, Breda, The Netherlands). Corrections were made for
interference byneutral sugarspresent inthesample.
High-Performance Size-Exclusion Chromatography (HPSEC) was performed on a SP8800 HPLC
(Spectra Physics) equipped withthree columns (each 300x 7.5 mm) of Bio-Gel TSK in series (40XL,
30XLand20XL;Bio-Rad Labs.)incombination withaTSKguardcolumn (40x6mm)and elution at
30 °C with 0.4 MNaAc buffer pH 3.0 at 0.8 ml/min. Calibration was performed using dextrans,
ranging from 500 to 4 kDa. The eluate was monitored using a Shodex SE-61 Refractive Index
detector.
High-Performance Anion-Exchange Chromatography(HPAEC) was performed on a Dionex Bio-LC
system18. The gradient was obtained by mixing solutions of 0.1 MNaOH and 1MNaAc in 0.1M
NaOH.
For the determination of xylan oligomers the gradient described by Verbruggen et al.19 was
used. Calibration was performed with a standard xylan digest. For the determination of xyloglucan
oligomers the gradient described by Vincken et al.20 for the CarboPac PA-100 column was used.
Xyloglucan oligomersprepared from applecellwallpolysaccharides20wereusedasstandards.
MALDI-TOF MS. The matrix solution was prepared by dissolving 9 mg 2,5-dihydroxybenzoic acid
and 3mg 1-hydroxyisoquinoline in 700 uldistilled waterand 300 ul acetonitril.A 1ulvolume ofthis
solutionwasplaced onthesampleplatetogetherwith 1ul ofthe sample solution andallowed to dryat
roomtemperature.The sampleplatewasthenplaced inthe instrument.
MALDI-TOF mass spectra were recorded with a Voyager-DE RP Biospectrometry Workstation
(PerSeptive Biosystems,Inc.,Framingham,MA,USA)equipped withanitrogen laser operatingat 337
nm (3-ns pulse duration), a single stage reflector, and delayed extraction. The accelerating voltage
used was 12kV and the delay time setting was 200 ns.Each spectrum wasproduced by accumulating
data from 100-256 laser shots. Mass spectra were calibrated with an external standard containing
galacturonic acidoligomers (degree ofpolymerisation 2-9).

RESULTSAND DISCUSSION
FRACTIONATION OF THE 1 MASS EXTRACT

In a previous paper we described the sequential extraction of soybean meal WUS 8 . The WUS
were first extracted with CDTA and 0.05 M NaOH, to remove the pectic substances. The
residue was extracted with 1M KOH to yield the 1MASS extract. This extract contains 16%
of the polysaccharides in the WUS. The sugar composition (Table 6.1) indicates the presence
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of both pectic substances and hemicelluloses, andthese hemicelluloses might be xyloglucans
andxylans.
Table6.1. Sugarcompositionofsoybeanmealfractions asmol%.
Rha

Fuc

Ara

Xvl

Man

Gal

Gic

Uronic acids

WUS

2

3

19

8

2

29

21

17

1MASS

2

3

23

11

1

35

5

20

1MASSNeutral

2

4

8

24

1

19

40

3

1MASS Charged

2

3

22

10

tr

34

6

25

Fraction

tr=traceamount.
The 1 MASS extract was fractionated using anion-exchange chromatography. The
elution profile (Figure 6.1) shows that the 1MASS extract contains both a neutral (1 MASS
Neutral) and a charged (1 MASS Charged) population. The sugar compositions of both
populations are shown inTable 6.1.Therecovery per individual sugar residue is satisfactory,
varying between 90 and 114%. Except for glucose, which has a recovery of 190%. This is
caused by a pollution of the column with glucose-rich material, which was washed from the
columnwith 0.5 MNaOH.Thisisofnoconcernduringthisresearch, becausethislate-eluting
material wasnot further studied.
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Figure. 6.1. Elution profile of soybean 1 MASS onanion-exchange chromatography. Uronic
acid concentration (—), neutral sugarconcentration (—).
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The neutral population yields 10.2% of the recovered polysaccharide material. The
high contents ofxylose and glucose areanindication for thepresence ofxyloglucans, andthe
presence of fucose suggests that the xyloglucans are fucosylated. Both, galactose (19 mol%)
and arabinose (8 mol%) can also occur in xyloglucans. In addition, the arabinose residues
might alsobepresent assubstituents ofxylansinarabinoxylans.
ENZYMATICDEGRADATION OFTHEHEMICELLULOSES FROM1 MASS

The specificity of enzymes canbe used to show the presence of particular polysaccharides21.
Inthis study endo-glucanaseI and V, and endo-xylanaseI areused demonstrate the presence
of (xylo)glucans and arabinoxylans, respectively. Endo-glucanase I is known to have a high
activity towards glucans and a much lower activity towards xyloglucan, and endo-glucanase
Vhasahighactivitytowards xyloglucan22.
The elution profile of the endo-xylanase I digest on HPSEC is similar to the elution
pattern of theblank 1MASSNeutral (Figure 6.2, lines d, and a).Also,the elution profile on
HPAEC does not show the release of any (arabino)xylan oligomers (Figure 6.3A). So,endoxylanase Iappearstobeunabletodegrade anypolysaccharides inthis fraction, demonstrating
thatthepresenceof arabinoxylans inthe 1 MASSNeutral fraction isnotvery likely. Although
thepresence ofaheavilybranched arabinoxylan, which isresistant todegradation with endoxylanase I,cannotberuled outcompletely.

o
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&
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25

30

35

Retentiontime (min)
Figure. 6.2. HPSEC elutionprofiles of (a) 1 MASS Neutral, (b) endo-glucanase Idigest, (c)
endo-glucanase Vdigest,and(d)endo-xylanase Idigest.

104

Chapter6
Endo-glucanases (I and V), on the other hand, are able to degrade the neutral
polymers. Incubation ofthe 1 MASSNeutral fraction with endo-glucanaseIresults in a small
decrease of the molecular masses of the polysaccharides. Endo-glucanase V causes almost
complete degradation of the polymers in the 1MASS Neutral fraction (Figure 6.2, line c) to
products that elute at 31 and 32.5minutes. Sothe neutral population of the 1MASS fraction
mostprobably containsxyloglucans,andnolinearglucans.
The HPAEC profiles of these two digests (Figure 6.3B) confirm these results. Endoglucanase Iisnot abletoreleaseoligomeric degradation products (lineb).Endo-glucanase V,
on the other hand, releases large amounts of oligomeric degradation products (line c). The
retention timesoftheoligomers inHPAEC analysisareidenticaltothoseformed from apple20
and sugarbeetxyloglucan23byendo-glucanaseV.Thestructures oftheoligomers inthe apple
xyloglucan endo-glucanase V digest are known, and it canbe assumed in all probability that
the structure of the oligomers in the digest from soybean xyloglucan are identical. Small
changes inthe substitution pattern ofthexyloglucan oligomers result inconsiderable changes
intheirretention time24,andtheiroccurrenceinthisdigestcouldconsequentlyberuledout.
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Figure 6.3. HPAECelutionprofiles of(Aa) 1 MASSNeutral,(Ab)endo-xylanaseIdigest,obtained
withagradientforxylanoligomers19,andof(Ba)1 MASSNeutral,(Bb)endo-glucanase Idigest,and
(Be)endo-glucanaseVdigestobtainedwithagradientforxyloglucanoligomers20.
The digest is also analysed by MALDI-TOFMS (Figure 6.4). The signal with
mass 1085 is caused by a sodium-cationised oligomer composed of four hexoses and three
pentoses. The signal with mass 1101 is caused by the potassium-cationised oligomer
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composed of the same residues. Signals 1247 and 1263 corresponds to the sodium- and
potassium-cationised oligomer with an additional hexose, hexosespentoses. The signal 1393
(and 1409) is indicative for hexose5pentose3deoxyhexose. The last two signals, 1555 and
1571,correspondtoadecamercontaining anadditionalhexose.
From both HPAEC and MALDI-TOF MS it can be concluded that the oligomers
obtained after incubation with endo-glucanase V were; XXG, XXXG, XXFG, XLXG, and
XLFG,named accordingtothenomenclature ofFryetal.25,andshowninTable6.2.
Thepresence of these (already known) xyloglucan oligomers in the digest shows that
three out of four glucose residues carry a side chain; it is composed of XXXG-type building
units6. This was also seen for xyloglucans from many species such as apple, sycamore,
tamarind and sugar beet5,20'23. This is in contrast with xyloglucans from potato and tomato,
bothbelongingtothe Solanaceae, for which thepresence oftwo adjacent unbranched glucose
residues is characteristic24. The presence of XXFG and XLFG also indicates that the
xyloglucans from soybean are fucosylated, similar to xyloglucans from other sources5'26. The
fucose residue is substituted to the 0-2 of a galactosyl unit, resulting in a trisaccharide side
chain attached totheglucanbackbone.
200001

15000"

o
O

10000-

5000

-<*A»

900

«u

B W W W * ! * * ^ W«tMi»M«MnhMwkm*A^^

1000

1100

1200
1300
Mass (m/z)

AiWAvAAbNlUMffMAtart

1400

vlw

1500

Figure.6.4. MALDI-TOFmassspectrumoftheendo-glucanaseVdigestof 1 MASSNeutral.
Information about the structure of the xyloglucan from soybean seeds was not
published before, unlike that of the hypocotyl. The xyloglucan from suspension-cultured
soybean cells, started from callus tissue derived from a hypocotyl of a seedling of soybean,
was mainly constructed of two kinds of oligosaccharide repeating units, a heptasaccharide
(XXXG) and anonasaccharide (XXFG)27.These structures alsocorrespond with axyloglucan
ofthepoly-XXXGtype.
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Table 6.2. The structure of oligomers obtained after incubation of 1 MASS Neutral by endoglucanaseV.
[M+Na]+

Code

Structure

XXXG

Glc-Glc-Glc-Glc

! 1

1085

1

XylXyl Xyl
XXFG

Glc-Glc-Glc-Glc

1393

1 11
XylXyl Xyl

1
Gal

1
Fuc
XLFG

Glc-Glc-Glc-Glc

1555

1 11
XylXyl Xyl

1 1
Gal Gal

1
Fuc
XLXG

Glc-Glc-Glc-Glc

1247

1 11
XylXyl Xyl

1
Gal

The sugar composition of the 4MASS fraction from soybean WUS also indicates the
presence of xyloglucan. Degradation of the 4 MASS fraction with endo-glucanase I and V
showed that this fraction contains a small amount of glucan and that the major constituent is
xyloglucan. HPAEC and MALDI-TOFMS of the digests showed that these xyloglucans are
also composed of XXXG-type building units, resembling the structure of the xyloglucans
extractedbythe 1MKOHsolution. They distinguish themselves from thexyloglucans inthe
1 MASS fraction only inthe effort needed to extract them from the cell wall material, which
is expressed in the higher concentration of alkali used. The xyloglucans in the 4 MASS
fraction are probably tighter hydrogen-bonded to the cellulosic microfibrils or enclosed in
these microfibrils and were released due to the swelling of cellulose caused by the high
concentration of alkali2 .
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CONCLUSIONS
The polysaccharides in the 1 MASS extract from soybean WUS contain both pectic
substances and neutral polysaccharides, which can be separated by ion-exchange
chromatography. The neutral population represents 1.6% of the polysaccharides of soybean
WUS. The sugar composition and the formation of specific xyloglucan oligomers after
degradation of the neutral polysaccharides in the 1 MASS extract with endo-glucanase V
proves that this fraction consists of xyloglucans. The structure of the xyloglucan oligomers
wasdetermined bycomparison oftheirelution behaviour on anion-exchange chromatography
(HPAEC) with that of well-known references, and by molecular mass analysis by MALDITOF MS. It can be concluded that the xyloglucans are fucosylated and are composed of
XXXG-type building units, similar to xyloglucans from many other plants. The structure of
xyloglucanfromsoybean seedshasnotbeendescribed before.
Combination of the specificity of enzymatic degradation with HPAEC and mass
spectrometry proves to be very efficient in characterising polysaccharide isolated from any
plantmaterial.Thisappliestoamongothersxyloglucans, aswasshowninthisresearch.
The sugar composition of the 1 MASS Charged fraction obtained after anionexchange chromatography indicates that it is rich in pectic substances. Further research will
focus on the structure of these pectins, and comparison of their structure with the pectic
substances intheChSS andDASS fractions from soybeanmeal.
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Water-Unextractable Solids (WUS) were isolated from maize kernels. They contained 7% of
protein, 8% of starch and 57% of non-starch polysaccharides (NSP). These NSP were
composed mainly of glucose, xylose, arabinose, and glucuronic acid. Sequential extractions
with a saturated Ba(OH)2-solution (BE1 extract), and distilled water (BE2 extract) were used
to solubilise glucuronoarabinoxylans from maize WUS. Cellulose remained in the insoluble
residue. The glycosidic linkage composition of the extracts and their resistance to endoxylanase treatment indicated that the extracted glucuronoarabinoxylans were highly
substituted. In the maize BE1 extract 25% of the xylose was unsubstituted, 38% was
monosubstituted and 15%was disubstituted. A new measure for the degree of substitution is
defined. Theresulting degree of substitution for maize BE1 arabinoxylan (87%) is higher than
for sorghum BE1 arabinoxylan (70%). The glucuronoarabinoxylans in maize BE1 can be
degraded by a sub-fraction of Ultraflo, a commercial enzyme preparation from Humicola
insolens. The digest contains a number of series of oligomers: pentose,,, pentose„GlcA,
pentose„hexose,andpentose„GlcA2.

INTRODUCTION
Cell walls of Gramineae consist predominantly of (glucurono)arabinoxylans and (1,3),(1,4)-PD-glucans, with smaller amounts of cellulose, heteromannans, protein, and esterified phenolic
acids'. The glucuronoarabinoxylans consist of a (3-D-(l,4)-linked xylopyranoside backbone
and can be substituted with oc-L-arabinofuranose on C2 and/or C3, ct-D-glucopyranosyl uronic
acid, or its 4-O-methyl derivative on C2, acetyl on C2 or C3 of some xylose residues 2,3 ' 4 .
Ferulic acid and p-coumarica acid can occur esterified to the C5 of arabinosyl units of
(glucurono)arabinoxylans 5,6 .

The

degree

and

pattern

of

substitution

of

the

(glucurono)arabinoxylans appears to vary with the source from which they are extracted.
These differences are reflected in the ratio of arabinose to xylose, in the relative amounts of
the various linkage types of arabinose and xylose, in the presence of other substituents such as
(4-0-methyl-)glucuronic acid, and the presence of small side chains such as xylopyranosylarabinose 7 and dimeric side-chains of arabinose8.
The arabinoxylans from maize kernels have ahighly branched structure, as was shown
by linkage analysis data 9,10 . They were shown to meet a lot of the structural characteristics
which were described above, like substitution by single units of arabinose or glucuronic acid.
In addition, they comprise side-chains containing arabinose, xylose and galactose
residues 11,12 ' 13 . Some feruloylated oligosaccharides, obtained after acid hydrolysis, were
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identified13 and are suggested to be present as side-chain constituents of the heteroxylans in
maize bran.
Most of the information about the structure of maize kernel glucuronoarabinoxylan
described so far, is obtained by identification of oligosaccharides formed after acid hydrolysis
of the heteroxylans. A schematic structure, which takes into account the monosaccharide
composition, the linkage profile and the structures of some oligosaccharides obtained by acid
hydrolysis, is presented by Saulnier et a/.14. However, due to the low specificity of acid
hydrolysis, much of the structural information of the polymer is of limited value. The use of
specific enzymes can overcome this problem and provide more information about the
structure of the polymer, in particular about the distribution of the substituents over the main
chain. In this study, we describe the isolation of water-unextractable solids from maize
kernels. The WUS is characterised and extracted with bariumhydroxide to obtain rather pure
glucuronoarabinoxylans 15 . The extracts and their digests obtained after enzymatic degradation
are chemically characterised to obtain information about the structure of the maize
glucuronoarabinoxylans.

MATERIALS ANDMETHODS

MATERIALS

In this research whole maize kernels {ZeamaysL.) harvested in the Alsace region (France) were used
for theisolation ofmaize WUS.Sorghum WUSwasisolatedby Verbruggen etal.16

ISOLATION O F T H E W A T E R - U N E X T R A C T A B L E SOLIDS (WUS)

The isolation of water-unextractable cellwall material from maize kernels wasbased on the procedure
described by Verbruggen et al.16.Maize kernels were ground to pass a 0.5-mm sieve. This meal (500
g) was defatted by Soxhlet extraction with 3 1of petroleumether, refluxing for 6h. The air-dried
residue was extracted with 21 distilled water containing 0.05%NaN3 during 2h at room temperature.
The suspension was centrifuged (11000 g; 30 min). The pellet was resuspended and this procedure
wasrepeated threetimes.
Subsequently, the protein was extracted from the residue with 1.5 1of 1.5% (w/v) sodium
dodecylsulphate solution containing 10 raM 1,4-dithiothreitol, during 3h at room temperature. After

113

Chapter7
centrifugation (11000g; 30min)this extraction wasrepeated twice.Thefinalpellet was washed twice
withdistilled water.
The residue was filtered over a 45 um sieve by washing with distilled water (6.5 1). The
residue, whichretained on the sieve, was suspended in 11 distilled water (pH 5.0) at 85 °C and starch
gelatinisation was allowed to proceed for 1hour. The residue obtained after centrifugation (11000 g;
30min) was suspended in 11 buffer solution (pH 6.5) containing 10mMmaleic acid, 10mMNaCl, 1
mM CaCl2 and 0.05% NaN3. Porcine pancreatic oc-amylase (2 mg; Merck art 16312) was added and
themixtureincubated at30°Cfor 18h.After centrifugation (11000g;30min)theresidue waswashed
with 11 hot distilled water (65 °C) and centrifuged again. The cc-amylase digestion and hot water
washing were repeated once. The remaining unextractable residue was resuspended in distilled water
and freeze-dried (WUS).

EXTRACTIONOFWUS
Glucuronoarabinoxylans wereobtainedbytheprocedure described byGruppen etal.15.MaizeWUS (3
g)wasextracted with saturated Ba(OH)2 solution containing 260mMNaBEL,(500 ml for 16h; 250ml
for 1 h) atroom temperature with continuous stirring (BE1).Theresidue was acidified topH 5 (acetic
acid) and subsequently extracted with distilled water (4x300 ml; 1h) (BE2). After each extraction,
solubilised polymers were separated from the insoluble residue by centrifugation (18900 g; 45 min),
and thepHoftheextracts wasadjusted to 5with glacial acetic acidbefore dialysis.
Thefinalresidue from thewater extraction stepwas freeze dried (RES).All extracts were kept
at-18°Candaliquots werethawed orfreeze driedasneeded.

ENZYMATIC DEGRADATION

Solutions (1.6 mg/ml) ofmaize BE1 were incubated with anumber ofpurified enzymes. The purified
enzymes used were endo-(l,4)-(3-xylanase (E.C. 3.2.1.8, endo-xylanase I; 0.1 ug protein/ml substrate
solution), AXH-m (0.05 u.g protein/ml substrate solution), and AXH-d3 (an excess amount of
enzyme). Endo-xylanase I17 and AXH-m1 were purified from Aspergillus awamori. AXH-d3 was
purified from Bifidobacteriumadolescentis19.
A solution (1.5 mg/ml)of maize BE1 was also incubated withUltraflo, a commercial enzyme
preparation derived from Humicola insolens(Novo Nordisk, Bagsvaerd, Denmark). Before adding to
the substrate solution, the enzyme preparation was dialysed against a 50 mMNaAc buffer (pH 5.0)
containing 0.01%NaN3 at 4 °C during 2h. Solutions (1.4 mg/ml) of maize BE1 were incubated with
'Ultraflo-arabinoxylan degrader', a sub-fraction of Ultraflo obtained during the fractionation of the
preparation20.
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The incubations wereperformed in 50mMNaAcbuffer (pH 5.0) containing 0.01%NaN3 at30
°C rotating 'head over tail'. Incubations with AXH-d3 were performed in 25 mMNaP0 4 buffer (pH
6.5) containing 0.01% NaN3. All enzymes were inactivated by heating at 100 °C for 10 minutes.
Polysaccharide-degradingactivities weredetermined byHPSECandHPAECanalyses ofthedigests.

ION-EXCHANGE CHROMATOGRAPHY

An amount of the extracts which contains 20 mg of polysaccharides was applied on a column (400
mm x 16mm) ofDEAE Sepharose FastFlow,which wasinitially equilibrated in0.005 M NaAc buffer
pH 5.0, using aHiload System (Amersham Pharmacia BiotechAB,Uppsala, Sweden).
Elution was carried out sequentially with 80 ml of 0.005 MNaAc-buffer pH 5.0, a linear
gradient from 0.005 M to 1M NaAc-buffer pH 5.0 (160 ml),a linear gradient from 1M to 2 M NaAcbuffer pH 5.0 (80 ml) and 40 ml 2 MNaAc-buffer pH 5.0. Residual bound polysaccharides were
washed from the column with 80ml of0.5M NaOH.Theelutionratewas 5ml/min except for thefirst
step, in which the sample was applied onto the column using an elutionrate of 1ml/min. Fractions (5
ml) werecollected and assayedby automated methods for uronicacid21 andneutral sugar content22.

ANALYTICAL METHODS

Neutral sugar composition was determined by gas chromatography according to Englyst &
Cummings23 (1984), using inositol as an internal standard. The samples were pre-treated with 72%
w/w H 2 S0 4 (lh, 30 °C) followed by hydrolysis with 1M H 2 S0 4 for 3h at 100 °C and the constituent
sugarswere analysed astheir alditol acetates.
Uronicacidcontentwas determined bythe automated colorimetricm-hydroxydiphenyl assay21,24using
an auto-analyser (Skalar Analytical BV, Breda, The Netherlands). Corrections were made for
interference byneutral sugarspresent inthesample asmeasuredbythe orcinol-sulfuric acid method22.
Starchwasdetermined enzymatically usingatestkit (Boehringer).
Glycosidic linkage analysis Carboxyl groups in all fractions were reduced according to Taylor and
Conrad25 using NaBH4, and the reduced fractions were subsequently methylated using a modification
of the Hakomori method26, dialysed and dried in a stream of air. The reduction and methylation steps
were repeated in order to improve the extent of both reactions. Partially methylated alditol acetates
were prepared and analysed as described by Verbruggen et al.27. The derivatives were quantified
according to their effective carbon response (ECR) factors28. The identity of the compounds was
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confirmed by gas chromatography-mass spectrometry (GC-MS,Hewlett Packard, USA) using a mass
selective detector (MSD) 5973 coupled to a HP 6890 gas chromatograph equipped with a fused silica
column (CPSIL 19CB,25mx0.25mm; 0.2 urn;Chrompack).The temperature program was 160—>185
°Cat0.5 °C/min, 185->230°Cat 10°C/minand 230 °Cisothermal for 5.5 min.

High-Performance Size-Exclusion Chromatography (HPSEC) was performed on a SP8800 HPLC
(Spectra Physics) equipped withthree columns (each 300x 7.5 mm) of Bio-Gel TSK in series (60XL,
40XL and 30XL;Bio-Rad Labs.,Richmond, CA,USA) in combination with aTSK guard column (40
x 6 mm) and elution at 30 °C with 0.4 M sodium acetate buffer pH 3.0 at 0.8 ml/min. The eluate was
monitored using a combined RI detector and viscometer (model 250,Viscotek Corporation, Houston,
Texas, USA), and a Right Angle Laser Light-Scattering detector (RALLS, Viscotek, LD 600).
Molecular masses were calculated using the light scattering and universal calibration modules of the
Trisec software (Viscotek). Calibration was performed using pullulans, ranging from 6 to 788 kDa
(Polymer Laboratories, Amherst,MA,USA).

High-Performance Anion-Exchange Chromatography(HPAEC)was performed on a Dionex Bio-LC
system as described by Schols et al.29.The gradient was obtained by mixing solutions of0.1 M NaOH
and 1 M sodium acetate in0.1 MNaOH.
For the determination of arabinoxylan oligomers, the (4 x 250 mm) CarboPac PA-1 column
was equilibrated with 0.1 M NaOH. Twenty ul of the sample was injected and a linear gradient to 0.2
M sodium acetate in0.1 M NaOH in30minutes,andalinear gradientfrom0.2 to 0.6 M sodium acetate
in 0.1 M NaOH in the next 10minutes was applied. The column was washed for 5 minutes with 1 M
sodium acetate in 0.1 M NaOH and equilibrated again for 15 minutes with 0.1 M NaOH. Calibration
was performed with standard solutions of arabinose, xylose, glucuronic acid, and a series of xylan
oligomers.
Matrix-Assisted Laser-Desorption/Ionisation Time-of-FlightMass Spectrometry (MALDI-TOF MS).
The matrix solution was prepared by dissolving 9mg 2,5-dihydroxybenzoic acid and 3mg 1-hydroxy
isoquinoline in 700 ul distilled water and 300 ul acetonitril. A 1ul volume of this solution was placed
on the sample plate together with 1ul of the sample solution and allowed to dry at room temperature.
The sampleplate wasthenplaced inthe instrument.
MALDI-TOF mass spectra wererecorded on a Voyager-DE RPBiospectrometry Workstation
(PerSeptive Biosystems, Inc.,Framingham, MA,USA)equipped withanitrogen laser operating at 337
nm (3-ns pulse duration), a single stage reflector, and delayed extraction. The accelerating voltage
used was 12kV and the delay time setting was 200ns.Each spectrum wasproduced by accumulating
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data from 100-256 laser shots. Mass spectra were calibrated with an external standard containing
galacturonic acid oligomers (degree ofpolymerisation 2-9).

RESULTS AND DISCUSSION

YIELD AND COMPOSITION OF THE WUS

The first step in the isolation of maize WUS from whole maize meal was the removal of
lipids. Extraction with petroleumether removed 8.1% of the original material. Table 7.1
presents the composition of defatted whole maize meal and isolated maize WUS.
Table 7.1. Composition ofwhole maizemeal andmaize WUS(percentage dryweight).

Whole defatted maizemeal
Yield

100

MaizeWUS
8.7

Protein content

10.8

7.0

Starch content

62.3

8.1

NSP content

5.5

56.5

The protein content of the defatted meal (10.8%) agrees well with results published by
Watson 30 , who found the protein content to vary from 8 to 12%. The starch content of the
meal (62.3%) is lower than the average value found by Watson 30 (71.7%). The defatted whole
maize meal contained 5.5% non-starch polysaccharides. The analyses performed here account
for only 78% of the maize meal. Another component, which is very likely to be present, is
lignin. The lignin content is not determined, but lignin is a common component of secondary
thickening in the pericarp of all cereal grains1. In addition, maize kernels also contain phytate,
tannins, mineral elements, vitamins, and other chemical compounds in low concentrations 1 ' 30 .
The WUS fraction still contained 7% of protein, this might be present as structural
proteins, glycoproteins or intracellular proteins . Only 5.6% of the protein originally present
in the meal was found in the WUS fraction. Starch could not be removed completely. The
WUS fraction contained 8% of starch, representing approximately 1% of the starch in the
meal. This might be due to certain physical changes in the starch component introduced by
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the isolation procedure which may cause resistance to degradation by a-amylases32 or dueto
thepresence ofresistant starchwhichcannotbedegraded bycc-amylase33.TheWUS contains
57% of NSP, representing 89% of the NSP originally present in the WUS fraction. A small
part of the residual 28% consists of acetyl, ferulic acid, and coumaric acid groups, the
remainder cannotbe explained.
A substantial proportion of the polysaccharides in the cell walls of maize kernels
consists of arabinoxylans and cellulose, as can be concluded from the high contents of
arabinose, xylose and glucose in maize WUS (Table 7.2). In addition, phenolic acids were
determined in the maize WUS; coumaric acid (0.1% w/w) and ferulic acid (1.6%w/w) may
be involved in oxidative cross-linking of polysaccharides and other cell wall components.
Acetyl groups have alsobeen determined inmaize WUS (4.9%w/w),indicating thepresence
of36acetyl groupsper 100xyloseresidues.

EXTRACTION OFGLUCURONOARABINOXYLANSFROM MAIZE WUS

Glucuronoarabinoxylans can be selectively extracted from cell wall material with saturated
barium hydroxide solutions'5'34. Extraction of maize and sorghum WUS with a Ba(OH)2
solution resulted in two fractions for each starting-material, BE1 and BE2, both containing
hemicellulosic material. Verbruggen et al.27 also extracted glucuronoarabinoxylan from
sorghum WUS, but they used a more extensive extraction procedure. Gruppen et a/.15
followed the same extraction procedure for wheat flour WUS.TheBE1 fraction was released
from the WUS directly, being extractable in Ba(OH)2. The BE2 fraction was only released
from the WUS-residue after lowering the pH and washing with distilled water. A celluloseenriched residue (RES) remains. The sugar composition of the fractions is shown in Table
7.2. Saturated Ba(OH)2 extracted 37%of the arabinose and xylose from maize WUS. In the
event of wheat flour WUS, saturated Ba(OH)2extracted the bulk (80%) of the arabinose and
xylose15, while only 50%ofthe arabinose andxylose could be extracted from sorghum WUS
(this research). BE1 from maize, sorghum, and wheat flour contained a rather pure
(glucurono)arabinoxylan population, onlyminor amounts ofotherneutral sugars were present
intheseextracts.
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Chapter7

The structures of the arabinoxylans in both maize and sorghum are much more
complex than those found in other cereals. The degree of substitution in maize and sorghum
(molar arabinose: xylose ratio is 0.80 and 1.12, respectively) is higher than in wheat flour
(0.54)35, barley (0.72)36, and wheat bran (0.71)34 arabinoxylans. Moreover the arabinoxylans
inmaize and sorghum are additionally substituted with uronic acid (8.3mol% and 9.8 mol%,
respectively). HPAECofH2SO4hydrolysed samples ofboth maize and sorghum showed that
the only uronic acid present in the samples was glucuronic acid 7. Uronic acids are almost
absent in wheat flour35 and barley36 arabinoxylans, wheat bran arabinoxylan contains 2.6
mol%uronic acid34.
The BE2 extracts of maize and sorghum also contained predominantly arabinoxylan,
but glucose-containing polysaccharides were co-extracted, especially in sorghum BE2. This
co-extracted glucose in sorghum and wheat flour BE2 was present mainly in the form of
(l,3),(l,4)-P-D-glucans27'35. Theyields ofthese fractions for maize, sorghum and wheat flour,
(18.1%, 14.5%, and 10.7%, respectively) were lower than the yield of the BE1 extracts.
Glucosewas by far the most important sugar in the residues,presumably present as cellulose
and (l,3),(l,4)-p-D-glucans.

GLYCOSIDIC LINKAGE COMPOSITION

The results of linkage analysis of the extracted polysaccharides from maize and sorghum are
presented in Table 7.3.Thebarium hydroxide extracts of maize appeared to comprise highly
substituted arabinoxylans. Assuming that the backbone consists of only (1,4)-, (1,2,4)-,
(1,3,4)-, and (l,2,3,4)-linked xylopyranosyl residues, 32% of the xylopyranosyl residues in
the (l,4)-xylan backbone in maize BE1 was unsubstituted, and 49% was monosubstituted,
with branch points mainly at the C3 position. In addition, the xylan backbone contained a
large amount (19%) of C2,C3-disubstituted xylopyranosyl residues. The amount of
unsubstituted xylose in maize BE1 (32%) is lower than in sorghum BE1 (40%) and wheat
flour BE1(63%)35.
The degree of substitution of the xylan backbone can be expressed as the number of
sugar substituents per 100 xylose residues in the backbone, by calculating the ratio of the
number of branches attached to xylose residues to the total number of xylose residues in the
backbone. Itturns outthat thedegree of substitution inmaizeBE1 ismuchhigher (87%)than
in sorghum (70%) and wheat flour BE1 (56%). This is a better measure for the degree of
substitution than the arabinose:xylose ratio, which is highest for sorghum BE1.This can be
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explained by terminally-linked xylose residues being present in side chains"' 13 ' 37 , and the
existence of oligomeric side chains of arabinose8'38. However, this measure does not give any
information about the distribution of the substituents over the main chain.

Table 7.3. Linkage composition (mol%) of NaBH4 reduced barium hydroxide extracts of maize and
sorghumWUS.

Component

Linkage type

maizeBE1

maizeBE2

2,3,5-Me3-Ara
3,5-Me2-Ara

(Ara/)l->

24.7

24.3

32.9

24.2

->2(Ara/)l->

3.9

4.8

2.7

1.9

2,3-Me2-Ara

->5(Ara/)l->

3.9

4.3

5.2

5.6

2,3,4-Me3-Xyl

(Xylp)l^

9.6

11.2

1.6

1.2

21.1

12.0

sorghumBE1

sorghum BE2

2,3-Me2-Xyl

->4(Xylp)l->

15.4

7.6

2,4-Me2-Xyl

->3(Xyl/>)l->

3.6

4.1

2-Me-Xyl

->4(Xylp)l->

18.6

17.0

19.2

14.0

5.2

4.0

6.4

4.7

9.5

9.9

6.0

4.6

2.0a

2.9"

2.0a

3.6a

0.6

20.6

3.0

3t
3-Me-Xyl

->4(Xylp)l->
T2

Xyl

->4(Xylp)l->
3t t2

2,3,4,6-Me4-Glc

(Glcp)l->

2,3,6-Me3-Glc

->4(Glcp)l->

2,4,6-Me3-Glc

->3(Glcp)l->

2,3,4,6-Me4-Gal

(Galp)l->

3.1

5.6

1.1

2,3,6-Me3-Gal

->4(Galp)l->

0.5

4.2

1.0

0.92

1.08

1.00

ratio

3.4
1.4

1.09

terminal/branching
a

(Partially) originating from terminally-linked glucuronic acid
In addition to terminally-linked arabinofuranosyl residues, the arabinoxylans in maize

BEland BE2 also contain (1,2)-, (l,5)-linked arabinofuranosyl residues, indicating
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complicated structural features of its side chains. Short side chains containing these sugar
linkages have been isolated from enzymatic and acid hydrolysates of some
arabinoxylans4'8'11,13,37'38. The above results indicate that similar structural units are also
present inmaize BE1.
In these studies, uronic acids were reduced with NaBFLt prior to methylation,
hydrolysis and derivatisation, and therefore, were determined as glucose. The originally
extracted polysaccharides (not reduced withNaBH4)from maizedid not contain anyterminal
glucose residues,the content of terminal glucoseresidues inthe originally extracted sorghum
polysaccharides was very low. This indicates the presence of terminal glucuronic acid
residues in the original polysaccharide. Previously isolated and identified glucuronic acidcontaining oligomers from glucuronoarabinoxylan hydrolysates showed that glucuronic acid
islinked tothe(l,4)-xylan backbone attheC2position ofxylose8'39.Thelinkage composition
of the glucose in the sorghum BE2 extract confirms the presence of a(l,3),(l,4)-(3-D-glucan,
asshownbefore27. Comparison ofthelinkage analysis datawith the sugarcomposition shows
that the amounts of terminal glucose (after reduction) were lower than the amounts of uronic
acids determined directly in the extracts. This discrepancy between sugar and linkage
composition suggest an incomplete reduction of the uronic acids resulting in a substantial
underestimation of the glucose originating from glucuronic acid content in the linkage
composition.
Comparison of the linkage compositions of the BE2 to those of the BE1 extracts
showsthattheglucuronoarabinoxylans inBE2have ahigher degree of substitution than those
in BE1 for both maize and sorghum. Theportion of unsubstituted xylose in the backbone of
theBE2extractsofmaizeand sorghum (20%and 34%,respectively) is lowerthanthat inthe
backbone of the BE 1 extracts (32% and 40%, respectively). The degree of substitution
(calculated asdescribed above)is 107%formaizeBE2and79%for sorghumBE2.

HOMOGENEITY OFTHE BARIUM HYDROXIDE EXTRACTS

The homogeneity of the extracts was studied by high-performance size-exclusion
chromatography (HPSEC).Ascanbe seenfromtheelution patterns inFigure 7.1,all extracts
contained polysaccharides varying widely in hydrodynamic volume. The weight-averaged
molecular masses of the extracts of maize are slightly higher than those of the extracts of
sorghum, as is shown in Table 7.4. The PJ-elution patterns of all extracts showed no distinct
peaks, although the extracted polymerswere clearly polydispers. Thiswasconfirmed by their
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M w to M n ratio (Table 7.4), which is a measure for the heterodispersity. The BE1 fraction of
both sorghum and maize is more homogeneous than the BE2 fraction, which was already
found by Verbruggen et al.27 for the sorghum extracts. The maize BE1 fraction is the most
homogeneous extract. The intrinsic viscosity of all extracts, from both maize and sorghum,
are in the same order of magnitude, varying between 2.33 and 2.61 dl/g.

a
o

2

25

15

30

Retention time (min)

Figure 7.1. HPSEC elution profiles of (a) maize BE1, (b) maize BE2,(c) sorghum B E 1 , and(d)
sorghum BE2.

Table 7.4. Average molecular weight, polydispersity, andintrinsic viscosity ofthe barium hydroxide
extracts ofmaize andsorghum WUS.

Extract

M w (kDa)

Polydispersity (MJM„)

M (dl/g)

maize BE1

171

1.41

2.33

maizeBE2

400

4.23

2.61

sorghum BE1

132

2.13

2.36

sorghumBE2

326

3.89

2.34

T h e extracts from both maize W U S and sorghum W U S w e r e further studied for
h o m o g e n e i t y based o n their charge density. T h e results of anion-exchange chromatography
(not shown) suggest that all extracts arevery homogeneous. Almost allmaterial w a sb o u n d to
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the column, due to the presence of glucuronic acids in all the arabinoxylan molecules. The
glucuronic acids are probably evenly distributed over the arabinoxylan molecules, since the
material eluted inonepeak with similar uronic acid:neutral sugarratios throughout the whole
peak. Only a small proportion (2% for sorghum BE1,7% for sorghum BE2, <1%for maize
BE1 and 2% for maize BE2) of the recovered material was not bound. Another small
proportion (3% for sorghum BE1, 10% for sorghum BE2, 1% for maize BE1 and 5% for
maize BE2) was eluted with 0.5 MNaOH. The high homogeneity of the sorghum BE1
fraction was in good agreement with the results found by Verbruggen et al.27. Chanliaud et
al.10 also found that a major fraction of alkali extracted heteroxylans from maize bran,
containing all the uronic acid, was bound to the column and was eluted in a gradient with
sodium acetate buffer.

ENZYMATIC DEGRADATION OFARABINOXYLANS FROM MAIZE

The BE1 fraction of maize was digested with pure and well-defined enzymes, and compared
with the degradation of sorghum glucuronoarabinoxylan8. Degradation of maize BE1 by
endo-xylanase I only, resulted in a small shift in molecular weight distribution on HPSEC
(results not shown). Supplementation ofthereaction mixturewithAXH-m didnot change the
molecular weight distribution of the maize arabinoxylans in fraction BEL However,
degradation of sorghum arabinoxylan with endo-xylanase I and AXH-m showed a reasonable
shift in the molecular weight distribution of the sorghum arabinoxylans, as was shown by
Verbruggen et al.8. The arabinoxylans in the maize BE1 fraction appear to be more resistant
to enzymatic degradation than those in the sorghum BE1 extract, probably due to the
relatively low amount of unsubstituted xylose residues and the relatively high amount of
disubstituted xyloseresidues,which areexpressed intheirhigher degreeof substitution(87%
for maize BE1 and 70% for sorghum BE1). In addition, the distributionof the substituents
canalsoplayanimportantroleintheresistance toenzymatic degradation.
Since the combined action of endo-xylanase I and AXH-m was not able to degrade
maize BE1 to oligomeric degradation products, and the relatively high amount of
disubstituted xylose is mentioned as a possible cause, incubation of maize BE1 with an
arabinofuranohydrolase (AXH-d319'40) was performed. It was expected that the removal of
some arabinofuranosyl groups could increase the susceptibility of the substrate for AXH-m
and endo-xylanase I. However, this enzyme showed no activity towards the maize BE1
extract.
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The search for more powerful arabinoxylan degrading enzymes leadstoa commercial
enzyme preparation derived from thethermophilic fungus H.insolens. Thedegradation ofthe
maize BE1 extract by Ultraflo goes fast and is almost complete. The main degradation
products are arabinose, xylose and glucuronic acid. The amounts of arabinose and xylose
monomers released after 20h of incubation are about 85% and 100% of the arabinose and
xylose present in the substrate. As is shown in Figure 7.2, the larger part of the arabinose is
released within the first hour of the incubation. The release of xylose is more moderate;
indicatingthatarabinose hastoberemovedfirstbefore xylosecanbereleased.
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Figure 7.2. Releaseofarabinose(—) andxylose(—) monomersduring incubation ofmaize BE1
with Ultraflo.
Probably because of the large variety of enzymes present in Ultraflo, the maize BE1
extract is almost completely degraded to monomers, by which all the information about the
structure of the substrate is lost. Therefore, maize BE1 was incubated with a number of sub20

fractions ofUltraflo, obtained duringtheisolation oftwoxylanasesbyDusterhoft etal. .One
of these sub-fractions, designated 'Ultraflo-arabinoxylan degrader' here, is able to degrade
maize BE1 and form a large variety of oligomeric degradation products. Although the
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'Ultraflo-arabinoxylan degrader' is still amixture of enzymes, itcanbe used as atool for the
production ofoligosaccharides.

c
o
c

28

33

43

Retentiontime (min)

Figure7.3. HPSECelutionprofiles of(a)maizeBE1blank,(b)digestofmaizeBE1after incubation
with 'Ultraflo-arabinoxylan degrader' for 24h, and (c) digest of maize BE1 after sequential
degradationwith'Ultraflo-arabinoxylan degrader'for24handendo-xylanaseIfor24h.
Incubation of maize BE1 with 'Ultraflo-arabinoxylan degrader' degrades all
polymeric material in the extract (Figure 7.3). Incubation of this digest with endo-xylanase I
did not result in further degradation of the digest. After incubation, arabinose is released as
the main degradation product (Figure 7.4). After 20h of incubation, about 40% of the
arabinose, about 3% of the xylose, and only about 7% of the glucuronic acid originally
present in the substrate is released as monomeric degradation products. Furthermore, a peak
ofxylobiose,xylotriose, and alot ofpeaksrepresenting unknown compound can alsobe seen
intheelutionprofile ofthedigest.
In an earlier study, it was determined that this sub-fraction was able to degrade both
wheat arabinoxylan and the disubstituted oligomer P-Xyk?-(l->4)[a-Ara/"-(l—»2)][a-Ara/"(l-»3)] P-Xylp-(l->4) P-Xyk7-(l->4) Xylp. So it contains an arabinofuranohydrolase which
canrelease arabinose from disubstituted xyloseresidues (Dusterhoft; unpublished results).It
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Figure 7.4. HPAEC elution profile of the digest of maize BE1 after incubation with 'Ultrafloarabinoxylandegrader' for20h.
is not sure whether this enzyme resembles the AXH-d319'40.AXH-d3 was unable to release
arabinose from maize BE1, possibly because it is hindered by the (4-0-methyl)glucuronic
acid substituents or the high degree of branching40. The presence of a-glucuronidase
(glcAase)41,exo-glucuronaseorotheraccessory enzymesinthe 'arabinoxylan degrader' could
possibly enable AXH-d3 to work. About 7% of the glucuronic acid was released as a
monomericdegradation product, thusthispossibility cannot beruled out.Another possibility
is the existence of for example an AXH-d2, which would enable other enzymes to work. In
addition to this, the presence of (5-xylosidases, endo-xylanases and oc-L-arabinofuranosidases
able to remove arabinose substituents at C2 and/or C3 in the arabinoxylan degrader is
demonstrated (Dusterhoft; unpublishedresults).
To obtain more information about the composition of the oligomers formed after
incubation with 'Ultraflo-arabinoxylan degrader', the digest was analysed by MALDI-TOF
MS. Although the spectrum, shown in Figure 7.5,appears tobe rather complex, a few series
of analogous oligomers can be distinguished. Firstly, oligomers containing only pentoses
(xylose or arabinose; indicated with #) arepresent with a degree of polymerisation up to 11.
Secondly, oligomers containing one hexuronic acid (glucuronic acid) in addition to pentoses
(signals marked with +). The number of pentoses in these oligomers ranges from 3to 10.In
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the MALDI-TOF mass spectrum a signal of equivalent oligomers containing an additional
methoxyl groupwas also shown (alsomarkedwith+).Thismethoxyl group is linked to C4of
the glucuronic acid residue. Thirdly, a series of oligomers containing pentoses and two
glucuronic acids was present (signals marked with $). The number of pentose residues in
these oligomers ranges from 5 to 8. A number of these oligomers are also present in which
oneorboth glucuronic acidresiduescontainanadditionalmethoxyl group.Finally, aseriesof
oligomers can be detected, which consist of one hexose in addition to the pentoses (signals
markedwith *). Thenumberofpentosesintheseoligomersranges from 2to6.
The presence of oligosaccharides containing pentoses of which the non-reducing
terminal xylose unit is substituted with a-D-glucuronopyranosyl at C2was previously shown
in a sorghum GAX digest , and a hexose-containing pentosan oligomer (Gah>(l—>4)Xyl/>(1—»2)[5-0-(trans-kruloy\)] ara/)was already found in an acid hydrolysate of maize bran13.
Further analysis of the larger oligomers in this series could show whether this oligomer is
present as a side-chain directly attached to the xylan backbone as suggested by Saulnier et
al.13 or not. However, we will only be able to detect the oligomer without the ferulic acid
substituent, because the ester linkage was saponified during the extraction of the
arabinoxylans.
This is the first time that the presence of arabinoxylan oligomers containing two
glucuronic acids is indicated. The presence of these oligomers, but also of oligomers
containing one glucuronic acid shows that the glucuronic acid substituents were evenly
distributed over the xylan backbone. This is in agreement with the fact that fractionation
based on differences in charge density was not possible. Blockwise distribution of the
glucuronic acid substituents over the xylan backbone and the fact that only 7% of the
glucuronic acidwasremoved during theenzymaticdegradation,would give alarge amount of
oligomers containing pentose only and probably some remaining glucuronic acid-rich
polymericmaterial.In addition,itisshownthatMALDI-TOFMSisanadequate toolto show
the presence of methoxyl ethers of glucuronic acid residues. HPAEC analysis of a digest
cannot directly show the presence of these methoxyl groups, since it is not known how the
retention time of a component is affected by the presence of an additional methoxyl group,
andtheelutionpatternofanenzymatically obtaineddigestisvery complex.
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Chapter8
RESEARCHMOTIVES
Plant cellwallpolysaccharides arewidely studied for various reasons.Cellwalls form
the skeleton ofplant tissues,control the growth ofplant cells,and form astructural barrier to
invading pathogens. Plant cell walls represent the bulk of all plant biomass and they are
exploited in a number of ways, as textiles, live-stock feed, paper, and food ingredients. The
plant cellwall can also end up in large amounts ofby-products andwastes enriched in fibres,
e.g. soybeanmealandmaizeby-products from thewetmillingprocess.
The objective of the project was the elucidation of the chemical structure of
polysaccharides directed to their functional properties. In the elucidation of the structure, the
use of modern spectrometric techniques was emphasised. The use of these techniques in
polysaccharide analysis isoptimised byusingthesemethods incombination with (enzymatic)
degradation of the polysaccharides to obtain fragments fitting within the analytical range of
these methods. The structure-function relationship was exemplified in the utilisation of the
polysaccharides in livestock feed. Thepolysaccharides inlivestock feed canberepresented by
the polysaccharides from soybean meal (pectic substances and xyloglucans) and maize
kernels (glucuronoarabinoxylans). Accordingly, the aims of the investigations were to
determine the chemical structure of the cell wall polysaccharides present in these plant
materials in view of their processing and food quality functions in general, and their
microbial/enzymatic degradability inparticular.
This thesis adds information about the primary structure of both pectic substances,
including their arabinogalactan side chains, and xyloglucans from soybean, and of
glucuronoarabinoxylans from maize kernels to the data present in the literature. The exact
structural features of these different classes of cell wall polysaccharides vary from plant to
plant. Both soybean and maize kernel cell wall polysaccharides distinguish themselves in a
number of respects from other plant cell walls polysaccharides. These differences will be
discussed inthis chapter.

SOYBEANXYLOGLYCAN
In the cell wall of most Dicotyledonae, the principal hemicelluloses are xyloglucans.
They canbe extracted from thecellwallwith alkaline solutions,typically 1-4 M.Xyloglucans
are linear chains of (l,4)-(5-D-glucan with xylosyl residues added at regular sites to the 0-6
position oftheglucosylunits.Additional sugarresidues,likegalactose, fucose, andarabinose,
are added to the 0-2 of some xylosyl residues1'2,3'4. The galactose residues can be Oacetylated5. An important characteristic of xyloglucans is the degree of backbone branching.
Most xyloglucans are composed of either XXXG-type or XXGG-type building units (Figure
8.1).
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In chapter 6, it is demonstrated that soybean xyloglucans extracted with 1and 4 M
alkali are composed of XXXG-type building units, similar to xyloglucans from many other
plants. Some of the xylose residues are substituted at C2 with P-D-galactopyranose residues.
The xyloglucans from soybean cell walls are fucosylated. In oligosaccharides XXFG and
XLFG, position Q is substituted with an <x-L-Fucp-(l-»2)- residue. During extraction of the
soybean xyloglucans with alkali, possibly present acetyl groups will be lost and therefor no
conclusions can be drawn with respect to their presence or ablsence. Xyloglucans isolated
from various other legumes (e.g. pea and common bean) do bear acetyl substituents4. The
structure of the soybean xyloglucan comes up to our expectations, since up to now
xyloglucans isolated from other legume seeds also belong to the poly-XXXG type
xyloglucans6'7.

XXXG
Q Q

xxaa ^^oo^^Ao^o^pp^

•

l)-D-Glcp-(l->4)-

a-L-Ara/-(l->2)-

O

a-D-Xylp-(l->6)-

O-acetylgroup

A

B-D-Galp-(l->2)-

Figure 8.1. Anoverviewofdifferent branchingpatternsofxyloglucan.PositionQcanbesubstituted
with an a-L-Fucp-(l-»2)-residue or an a-L-Gal/?-(l->2)-.Position Ycanbe substituted with a(3-DXylj5-(l->2)-, an a-L-Ara/-(l->2)-, or an a-L-Ara/-(l-»3)-P-D-Xylp-(l-»2)- side chain. Z can be
substitutedwithp-D-Xylp-(l-»2)-residue4.

SOYBEAN PECTIC SUBSTANCES

In general, pectic polysaccharides are major components of the primary cell wall of
dicotyledons (e.g.sycamore,citrus andlegumes) andgymnosperms(e.g.Douglas fir)8.Thisis
also true for soybean. The ChSS fraction (38%of the WUS), the DASS fraction (7%of the
WUS), and about 90% of the 1 MASS fraction (16% of the WUS) consist of pectic
substances.This impliesthat at least60%ofsoybeanWUSconsistofpectic polysaccharides.
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Ifwelet gooftheclassification ofpecticpolysaccharides in smooth and hairy regions
as suggested by Schols et al.9,and choose for a classification based on the structure of the
backbone,weendupwithtwocategoriesofpecticpolysaccharides.
The first group contains those parts of the pectin with exclusively (l,4)-linked
galacturonic acid in the backbone. According to this definition, homogalacturonan,
rhamnogalacturonan II, and xylogalacturonan belong to this group. The biosynthesis of the
backbone of this category of pectic polymers requires a polygalacturonate 4-ocgalacturonosyltransferase capable of transferring UDP-galacturonic acid residue to the nonreducing end of a pre-existing chain of galacturonic acid residues. The homogalacturonan is
first synthesised as an unesterified chain and subsequently at least partially methylesterified
by an enzyme that transfers methyl groups to the carboxyl groups of polygalacturonic
acid10'11'12.Itseems likelythatothersubstituents (e.g. acetyl esters andneutral sugarresidues,
likexylose)canbe attachedtothebackboneinlikemanner.
The second group contains those parts of the pectin with a rhamnogalacturonan
backbone. Thebiosynthesis of thebackbone of this category ofpectic polymers requires two
glycosyl transferases, a galacturonic acid transferase capable of adding galacturonic acid
residues to rhamnose and a rhamnose transferase capable of adding rhamnose residues to
galacturonic acid in a rhamnogalacturonan chain10. Possibly followed by the attachment of
arabinan, galactan, or arabinogalactan side chains. A rhamnogalacturonan I
galactosyltransferase able to transfer a galactose residue to short pectic (l,4)-P-D-galactan
chainswasrecently isolated .
Homogalacturonan
Homogalacturonans are chains of (l,4)-linked a-galacturonic acid, which may be partly
methyl esterified. So far, pectic substances from plant cellwalls were always found toconsist
of smooth galacturonan regions interrupted by blocks of ramified rhamnogalacturonan
regions, so-called hairy regions (Figure 1.4). These smooth galacturonan regions were
predominantly present in the fractions extracted with aqueous solvents, often containing
chelating agents. It is shown in chapter 4that CDTA-extractablepectins from soybean (38%
oftheWUS)donotcontainhomogalacturonans.
In an additional experiment, monoclonal antibodies to low esterpectin (JIM514),high
esterpectin (JIM714),andde-esterified homogalacturonan (PAM1l5)wereused to characterise
the CDTA-extractable pectic substances. In immuno-dot assays, JIM5 was found to bind to
both nativeand saponified pectic substancesintheChSSextract. JIM 7isonly abletobindto
the native pectins in the ChSS extract, being specific for high ester pectin. The epitopes
recognised by these two anti-homogalacturonan monoclonal antibodies are however not
defined15. The epitopes recognised by PAM1 are, however, well defined. PAM1 binds
specifically to de-esterified and unsubstituted homogalacturonan, optimal binding requires in
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the region of 30 de-esterified galacturonic acid residues15. PAM1 doesnot bind to saponified
ChSS, again indicating that blocks of pectic homogalacturonan are absent. The absence of
homogalacturonan explainstheresistance of (saponified) CDTA-extractablepectic substances
towards degradation with polygalacturonase, but makes their extraction by CDTA
remarkable.
The absence of homogalacturonan in CDTA extractable pectic substances has a
number of consequences. A first step in the elucidation of the structure of the pectic
substances usually isthe solibilisation of the pectic polysaccharides in the cell wall by using
highlypurified polygalacturonase16'17'18'19,orafractionation ofisolatedpectic substances after
digestion with highly purified
homogalacturonan-degrading enzymes20'21'22.
Rhamnogalacturonan I and II are the major polysaccharides solubilised from various plant
tissues using this approach. Due to the absence of homogalacturonan, this first step is not
applicable.Thisimpliesthatotherrouteshadtobe followed inthisresearch, asisdescribed in
chapters 3and4.
Asecond consequence oftheabsence ofhomogalacturonan isthe inability of soybean
pectic substances to participate in calcium cross-linking and gel formation. This is not only
important in the cell wall itself, but also indicates that extraction of soybean meal yields
pectins unable to form the typical gels as known for other pectins (e.g. from apples and
citrus). Jam andjelly manufacture is one of the main uses of industrially extracted pectins23
and soybeanpecticsubstancesaremostlikelyunsuitable forthispurpose.
Another consequence is that the absence of homogalacturonan effects the physiology
of the cell wall, since pectins aremediators of wallporosity. Amild treatment with pectinase
can enlarge the channels (for macromolecular transport across plant cell walls), without
adversely affecting cell viability, enabling significantly larger molecules to pass through the
wall24.
RhamnogalacturonanII
Rhamnogalacturonan II is structurally very different from the previously discussed
rhamnogalacturonans. It is covalently linked in the primary cell wall through
homogalacturonans. It consists of approximately 60 glycosyl residues, many of which are
very unusual and are described in chapter 1.The functions of rhamnogalacturonan II are not
known. However, the discovery that the rhamnogalacturonan II occurs as dimers covalently
cross-linked by borate diesters25'26 suggest that these parts ofthepectin are of importance in
theinterconnection ofthepecticpolysaccharides27.Itissuggested that theseboron cross-links
are the "load-bearing", acid-labile linkages that arehydrolysed by a decrease in cell wall pH
during auxin-induced cell expansion28.

137

Chapter8

TheChSSfractionwasanalysed for itsapiosecontent,aglycosyl residue diagnostic of
rhamnogalacturonan II. The CDTA-extractable pectic substances appeared to be free of
apiose,andconsequently ofrhamnogalacturonan II.
Xylogalacturonan
The presence of xylogalacturonan regions, in which terminal xylose is linked directly to the
galacturonosyl residues, has been suggested before in soybean20,29. Xylogalacturonans also
occur in apple30,cotton suspension-cultured cellwalls31,watermelon31, andpeahulls32,33.The
xylogalacturonans take up 12 to 18% of the soybean CDTA-extractable pectic substances.
The xylogalacturonans from different sources vary in the degree of xylose substitution, the
degreeofmethyl esterification, andthedistribution ofthesubstituentsoverthebackbone9.
Sofar, twoenzymesareknown,which areabletohydrolyse xylogalacturonan. Firstly,
an exo-galacturonase, which is not hindered in its action by single branches of xylose. It
releases galacturonic acid and the p-Xyk>(l,3)-GalA/? dimer from apple hairy regions34 and
from soybean pectic substances (chapter 4). Secondly, xylogalacturonan hydrolase (XGH), a
polygalacturonase which isspecific for xylose-substituted galacturonan35. Thisenzyme isable
to degrade xylogalacturonan derived from acid-hydrolysed gum tragacanth and apple hairy
regions. Soybean pectic substances are resistant to degradation by XGH even after acid
hydrolysis. The structure of soybean xylogalacturonan isobviously not identical to apple and
gumtragacanth xylogalacturonan. Theresistance toXGH canbecaused by adifferent degree
of xylose substitution or by an altered distribution of the substituents over the backbone. A
thirdpossibility is further substitution ofthexylose substituents, assuggested bythe presence
of(1,2)-,(1,4)-,and (l,2,3)-linked xylose(chapter4).
Themost obviouspossibility is further substitution of thexyloseresidueswith fucose.
The fucose content of the PI fraction (chapter 4) is relatively high (7 mol%), compared to
pectic substances originating from other sources, and has not been reported before except by
Beldman et al.34 a soluble pectic polysaccharide also from soy (11 mol% of fucose). In
addition, the disaccharide Fucp-(1,2)-Xyl was found tobepresent in the digest obtained after
partial hydrolysis of soybean cotyledon polysaccharides29. This dimer cannot originate from
other polysaccharides, because in the only hemicellulose containing both xylose and fucose
(xyloglucans) they arenot covalently linkedtoeachother,but occurinthetrimeric side chain
a-L-Fucp-(l->2)-a-L-Gal/?-(l—»2)-a-D-Xyk>(l->. However, this disaccharide might be
present as aside chain ofpolygalacturonic acid, since the linkage analysis composition ofthe
ChSS fraction and fraction P (chapter 4) shows the presence of (l,2)-linked xylopyranose
residues. TheNMR analyses described inchapter 4donot provide any information about the
sugarresiduetowhichtheterminal fucose residueisattached.
To investigate the substitution of xylose residues with fucose, (saponified) soybean
fraction P wasincubated with a-fucosidase36. This enzyme released 5.5%ofthetotal amount
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of fucose in the fraction, and this increased the susceptibility of fraction P for exogalacturonase, releasing3.6% ofthegalacturonic acid residues from saponified fraction P and
6.4% after pre-incubation with a-fucosidase. Duetothe lackof aproper standard, the content
of the characteristic dimer (Xyl-GalA) could not be quantified properly, however, it is clear
that the amount released from saponified fraction P increased after pre-incubation with ccfucosidase. This proves that apart ofthe xylose substituents in the soybean xylogalacturonan
are substituted with fucose residues, which would explain the resistance of this
xylogalacturonan toXGH.However, XGH is still unable todegradethe saponified fraction P
after pre-incubation with a-fucosidase. Substitution of the xylose residues with other sugar
residues, like xylose33, galactose or arabinose cannot be excluded. The structure of soybean
xylogalacturonan is more complex than just a polygalacturonic acid chain substituted with
singleterminal xyloseresidues.
The a-fucosidase releases only 5.5% of the fucose from saponified fraction P. The
amount of a-fucosidase added to the incubation mixture was abundant, so the remaining
fucose cannotbereleased bythisenzyme.These fucose residuesmightbeunavailable for the
enzymes due to (1) small alterations in the structure of the fucosyl-containing side chain, (2)
steric hindrance of otherparts of the molecule, or (3) the fucose residues might be present in
the rhamnogalacturonan regions, as in sycamore RG-I8'37. It was not determined if the afucosidase wouldbeabletoreleasethesefucose residues.
The presence of xylogalacturonan could not be confirmed by the immuno-dot assay
using antibodies toxylogalacturonan. Twoxylogalacturonan monoclonal antibodies (7G3 and
5A10), developed using a pea xylogalacturonan, were used. The antibodies are likely to
recognise more densely xylose-substituted homogalacturonan. No defined oligosaccharide
inhibitor of antibody binding has been found (personal communication Dr. Bill Willats).
Neither oftheantibodies isabletobindtothenativeorsaponified pectins intheChSS extract
andthePfraction. Based onthereleaseofgalacturonic acid andthecharacteristic dimer(XylGalA) by exo-galacturonase we are convinced of the presence of xylogalacturonan in the
CDTA-extractable soybean pectic substances.Itisplausible thatthedistribution ofthexylose
residues over the galacturonan chain or the presence of fucose residues in the
xylogalacturonan hindersbindingoftheantibodies.
Rhamnogalacturonan
The rhamnogalacturonan regions are substituted with neutral polymers like arabinans,
galactans, and arabinogalactans23'38'39.Therhamnoseto galacturonic acid ratio of these pectic
substances variesbetween 0.05 and l9. Allthe arabinose and galactosepresent inCDTA-and
dilute alkali-extractable pectin is present in rhamnogalacturonan side chains (chapter 2). The
rhamnogalacturonans (including the (arabino)galactan side chains) represent over 60% of the
CDTA-extractable pectic substances. The arabinosyl- and galactosyl-rich side chains are
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attached toC4oftherhamnosyl residues.Theratio of (1,2)-to(l,2,4)-linked rhamnosein the
ChSS extract is 1:2 (chapter 4). It can be concluded that the average length of the
(arabino)galactan side chains would be intherange of45to 50residues. This was confirmed
by the length of the arabinan/galactan/arabinogalactan oligomers released from the ChSS
extract by short incubation with endo-galactanase, exo-galactanase, endo-arabinanase, and
arabinofuranosidase B. HPAEC analysis of this digest showed the presence of galactan and
arabinogalactan oligomers with a degree of polymerisation up to about 15 and arabinan
oligomers with a degree of polymerisation up to 30-35. The length of the (arabino)galactan
side chains in soybean pectic substances exceeds the length of those in sycamore RG-I,
ranging insizefromonetofourteen glycosylresidues37.
RG hydrolase is unable to degrade therhamnogalacturonans inthe ChSS extract. The
enzyme is probably hindered by these long (arabino)galactan side chains. RG hydrolase is
only able to hydrolyse the glycosidic linkage between a galacturonic acid and a rhamnose if
the rhamnose residue is unbranched or substituted through C4 with only a single galactose
residue40. Only few unbranched rhamnose residue are available in the ChSS extract (chapter
4)andbased onthehigh arabinose and galactosecontent it is expected that noneor only very
few ofthe(l,2,4)-linked rhamnose residueswill carry a single galactose residue. Besides,the
long neutral side chains will sterically prevent the enzyme to approach the potential
glycosidic bond to be hydrolysed. Enzymatic removal of a large number of the neutral side
chains andreduction ofthe length of the remaining side chains increased the susceptibility of
therhamnogalacturonanfor RGhydrolase,butonlyafter saponification (chapter4).
After enzymatic removal of a large part of the arabinogalactan side chains, NMR
analysis showed that terminal and 4-linked galactose were attached to the rhamnose residues
in the rhamnogalacturonan of the PI and PII population. In sycamore RG-I, terminal and 4linked galactose were also found to be attached to rhamnose. In addition, terminal arabinosyl
and 3-, 6-, 2,6-, and 3,6-linked galactosyl residues were attached to C4 of the 2-linked
rhamnosyl residues in sycamore41. These results showed that at least seven different side
chains, most commencing with a galactosyl residue, were attached to the RG-I backbone in
sycamore. Inthe soybean ChSS fraction, 3-,6-,2,6- and 3,6-linked galactosyl residues donot
occur (chapter 4). However, side chains beginning with an arabinosyl residue might be
present in soybean.NMR analysis ofPIandPII (chapter 4)didnot showthepresence ofsuch
side chains, but they might have been removed during acid hydrolysis. In sycamore,
arabinosyl residues glycosidically linked to rhamnose were observed, and always further
substituted with arabinosyl residues. Maize RG-I also contains arabinogalactan side chains,
which consist of a single arabinosyl residue attached to a rhamnosyl residue, which is
substituted withoneormoregalactosyl residues .
So far, soybean pectic side chains were described as galactan backbones with
arabinose side chains of one or two residues. The results of our studies show that soybean
pectin contains rather long arabinan side chains in addition to (arabino)galactan side chains.
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The arabinan side chains arepresumably of considerable length (up to dp 30-35). And more
important arabinosewas found tooccurinterspersed inthegalactan chain asaninternal(1,5)linked arabinofuranose residue or as a terminal arabinopyranose residue (chapter 5). In this
view it distinguishes itself from other arabinogalactans, described so far. Internal arabinose
was detected once before, but from a very different source, namely arabinogalactan type II
from larch43'44'45. The presence of an internal arabinofuranose residue in a pectic
arabinogalactan chain in cell wall polysaccharides has not been reported previously, not in
soybean, norin other fruit orvegetable cellwalls.Bothring forms of arabinose also occur in
arabinogalactan type II, in which L-arabinofuranosyl, and to a lesser extent Larabinopyranosyl residues, terminate some of the side chains46. However, in soybean
arabinogalactan we are dealing with linear (l,4)-linked |3-D-galactan, which is type I
arabinogalactan. Theexistence of arabinopyranose residues inpectic arabinogalactan israrely
reported. Onlypectic substances isolated from theroots ofAngelicaacutilobaKitagawa were
showntocontain asmallproportion of arabinopyranose47.
The presence of internal (l,5)-linked arabinofuranose and terminal arabinopyranose
residues in the galactan chains has far-reaching consequences for amongst others the
enzymatic degradation of these arabinogalactan side chains. It (partly) explains their
resistance to enzymes like endo-galactanase. It is shown in chapter 3 that a combination of
endo-galactanase, exo-galactanase, endo-arabinanase, and arabinofuranosidase B is required
for optimal removal of the (arabino)galactan sidechains.However, after incubation with this
combination of enzymes 8% of the arabinose and galactose residues present in the ChSS
extract still remained attached to thepectin,probably due to the complexity of the remaining
part of the side chains. Arabinofuranosidase B is unable to release the non-reducing terminal
arabinopyranose residue due to its ring form; an arabinopyranosidase would bring help here.
An enzyme able to hydrolyse the glycosidic linkage between a (terminal or (l,4)-linked)
galactose residue and a (l,5)-linked arabinofuranose residue is yet unknown. It is also
unknownhowthepresenceofaninterspersed arabinoseresidueinagalactanchain effects the
activity of the endo-galactanase. This could not be deduced from the structure of the
degradation products, because complete degradation was not established and it is not known
whether the resulting arabinogalacto-oligosaccharides can be degraded further by endogalactanase. However, it is likely that the endo-galactanase is unable to degrade
arabinogalactan chainsinthevicinityofaninternal arabinoseresidue.
So far, the incomplete removal of the arabinogalactan side chains from pectic
polymers by enzymes remained unexplained. Now we have some potential causes in the
presence of (l,5)-linked arabinofuranose and terminal arabinopyranose. With this knowledge
and the constantly improving techniques we can focus further research on the complete
removal ofthepectic arabinogalactan sidechains.
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MAIZE KERNELARABINOXYLAN
The extract obtained with a saturated Ba(OH)2-solution (BE1) of maize WUS contains
predominantly glucuronoarabinoxylans (chapter 7). The BE1 extract from other cereals
usually contains a considerable amount of (l,3),(l»4)-P-D-glucan. This extract from maize,
however, contained only 0.7% of glucose. The glucuronoarabinoxylans were highly
substituted with mainly terminal arabinose residues. A new measure for the degree of
substitution was defined, and turned out to be higher for maize (87%) than for sorghum
(70%>).So,although sorghum glucuronoarabinoxylans were described asbeing very complex,
those from maize kernels appeared to be even more complex. Not only the degree of
substitution ishigher, but the glucuronoarabinoxylan from maize also contains more complex
sidechains48'49'50.
Thiscausesahighresistancetowardsenzymatic degradation.Endo-xylanaseIwasnot
able to degrade the glucuronoarabinoxylans inthemaizeBE1 extract, alsonot when different
arabinofuranohydrolases were added to introduce cleaving sites by removing arabinose
residues. A sub-fraction of the commercial enzyme preparation Ultraflo from Humicola
insolenswas required for degradation of the polysaccharides in maize BEL Analysis of the
digest showed a wide diversity of degradation products to be present. One series of
arabinoxylan oligomers had not been isolated or described before, and was distinctive in that
they contained two glucuronic acid residues. MALDI-TOF MS of the digest showed the
presence of both glucuronic acid and 4-O-methyl glucuronic acid residues. From the size of
these oligomers (dp 7to 10), it could be deduced that the glucuronic acids canbe very close
toeachotherinthexylanpolymer,butarenotdistributedblockwise.
A tentative model for maize glucuronoarabinoxylan is shown in Figure 8.2. This
model is based on the sugar and linkage composition, the degradation products after
incubation with "Ultraflo arabinoxylan-degrader", the resistance to endo-xylanase I (chapter
7), and knowledge about the composition of the oligomeric side chains from
literature48'49'50'51. Some structural features are, however, still unknown. In this model,
disubstituted xylose residues containing two single-unit arabinose residues are present. It
mightbepossible that thesexyloseresidues carry aglucuronic acid residue at the C2position
andanarabinoseresidueorashort sidechainattheC3position, assuggested inthe schematic
structure ofthe sugarmoiety ofheteroxylans from maizebran by Saulnier eta/.52,butthereis
no proof for the existence of these structures yet. Other differences between this model
(Figure 8.2) and the model for maize bran arabinoxylan52 are the distribution of the
glucuronic acid residues over the xylan chain, the degree of substitution of the schematic
structure (0.94 versus 1.19), and the presence of dimeric side chains of arabinose in our
model.
The linkage composition ofmaizeBE1 shows thepresence of equal amounts of(1,5)and (l,2)-linked arabinose residues (chapter 7). The heterogeneous side chains (gal-xyl-ara)
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described by Saulnier et al.50 contain (l,2)-linked arabinose. The amount of (l,2)-linked
arabinose corresponds to the amount of terminally-linked galactose, analysed in the maize
BE1 fraction. The short arabinose side chains are consequently made of only (l,5)-linked
arabinose residues. This is in agreement with theresultsofNishitani andNevins53,who show
that a-L-arabinofuranosyl-[(l-»5)-0-a-L-arabinofuranosyl]n-side chains are present in the
arabinoxylans from maize coleoptile cell walls. The short side chains in sorghum, however,
contain(l,2)-linked arabinoseresidues51.
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Figure8.2. AtentativemodelforBa(OH)2-extractableglucuronoarabinoxylanfromthemaizekernel
WUSbasedontheirsugarandlinkagecomposition,theirresistancetodegradationbyendo-xylanaseI,
andtheoccurrenceofsmallsidechainsdescribedinliterature50,53.
The model for Ba(OH)2-extractable glucuronoarabinoxylan from maize kernel WUS
differs from the structural model for glucuronoarabinoxylan54 from sorghum in a number of
respects. Firstly, the model for sorghum describes the more substituted, endo-xylanase Iresistant 4 M KOH-extactable glucuronoarabinoxylans. Secondly, in sorghum
glucuronoarabinoxylan, short heterogeneous side chains do not occur. Another important
difference is the occurrence of xylose in monomelic or oligomeric side groups in
glucuronoarabinoxylan from maize kernels, this was not detected in sorghum
glucuronoarabinoxylan.
The degree of substitution ofthe xylanbackbone determines to aconsiderable degree
the solubility of the xylan and its ability to bind to cellulose55. The glucuronoarabinoxylans
from maize have ahigh degree of side-chain substitution and will therefore be more soluble,
willbind lesstightlytocellulose,andaremoreresistant toenzymatic digestion.
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CONCLUSIONS
From the discussion in this chapter, it can be concluded that many of the problems raised in
chapter 1 are still unanswered. However, we did gain much knowledge about the different
polysaccharides in the soybean and maize kernel cell wall. We now know that the pectins
from soybean differ significantly from all pectins described so far. Not only the absence of
homogalacturonan, but alsothepresence ofinternal (l,5)-linked arabinofuranose and terminal
arabinopyranose inthepecticarabinogalactan sidechainshasneverbefore been described for
parenchymatous tissues of plants. The Ba(OH)2-extractable glucuronoarabinoxylan from
maize kernel cell walls appeared to be very highly substituted, more complex than any other
glucuronoarabinoxylan described so far.
Soybean pectic substances and maize kernel glucuronoarabinoxylans appeared to be
rather resistant to degradation by enzymes,which are generally used inour group to degrade
this kind of polymers. Their structural features, as we know them now, explain this
phenomenon. Their complexity appeared, however, to be of no concern during their
degradation inthe gastrointestinal tract of livestock56'57. Soit isvery likely that enzymes able
to degrade these polysaccharides do exist. For maize kernel glucuronoarabinoxylan such an
enzyme preparation was already found during this research. Due to the large number of
enzymes present in this preparation some information about the structure of the
glucuronoarabinoxylan was lost during digestion. Preservation of this information would
require further fractionation andisolation oftheenzymesinthecommercial preparation.
Our approach to investigation of the chemical structure of cell wall polysaccharides
proved to be successful. Extraction of the polysaccharides from their original source always
has to be the first step in their characterisation. Chemical characterisation and enzymatic
degradation studies already reveal the main lines of their chemical structure. The use of
MALDI-TOF MS, MS/MS, and NMR spectroscopy provided valuable and detailed
information on the structure of the polysaccharide fragments obtained after enzymatic or
chemical degradation. Although a lot of pure and well-characterised enzymes are available
nowadays, this research showed the need for additional enzymes, like for example
arabinopyranosidase, RGhydrolases activeonsidechain-containing rhamnogalacturonan, etc.
In general, carbohydrate researchers try to translate their findings into universal
models.Ourinvestigations showthat suchmodels arelimited intheirvalue,knowledge about
the structure of plant cell wall polysaccharides is only valid for that particular tissue of that
plant species.

144

Chapter8
ACKNOWLEDGEMENT
We thank J.P. Knox and W.G.T. Willats for the antibodies and their assistance with the
immuno-dot assays.

REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.

Hayashi,T.AnnuRevPlant Physiol PlantMolBiol 1989,40, 139-168.
York,W.S.;vanHalbeek,H.;Darvill,A.G.;Albersheim,P.CarbohydrRes 1990,200, 9-31.
Carpita,N.C.;Gibeaut,D.M. 1993,3,1-30.
Vincken, J.-P.;York, W.S.;Beldman,G.;Voragen,A.G.J.PlantPhysiol 1997,114, 9-13.
Kiefer, L.L.; York, W.S.;Darvill,A.G.;Albersheim, P.Phytochem 1989,28,2105-2107.
Wang,Q.;Ellis,P.R.;Ross-Murphy, S.B.;Reid, J.S.G.Carbohydr Res 1996,284,229-239.
Yamagaki,T.;Mitsuishi,Y.;Nakanishi,H.Biosci BiotechBiochem 1997,61,1411-1414.
O'Neill, M.A.; Albersheim,P.;Darvill,A.G.In:Dey(Ed.)MethodsinPlant Biochemistry, Vol 2,
Carbohydrates; AcademicPress:London, 1990;415-441.
9. Schols,H.A.;Voragen,A.G.J.In:Visser,J.;Voragen,A.G.J. (Eds.)ProgressinBiotechnology,
Vol 14,PectinsandPectinases; Elsevier:Amsterdam, 1996; 3-19.
10. Kauss,H.; Swanson,A.L.;Arnold,R.;Odzuck,W.BiochimBiophysActa 1969,192, 55-61.
11. Mohnen, D.;LouDoongR.;Liljebjelke, K.;Fralish,G.;Chan,J.In:Visser,J.;Voragen, A.G.J.
(Eds.) Progress inBiotechnology, Vol 14,PectinsandPectinases;Elsevier: Amsterdam,1996;
109-126.
12. Zhan,D.;Janssen, P.;Mort, A.J. Carbohydrres 1998,308,373-380.
13. Peugnet, I.;Goubet, F.;Thoiron,B.;Morvan,C; Schols,H.A.; Voragen,A.G.J. Submittedfor
publication inPlant Physiol.
14. Knox,J.P.;Linstead, P.J.;King,J.;Cooper,C; Roberts,K.Planta 1990,181, 512-521.
15. Willats,W.G.T.; Gilmartin,P.M.;Dalgaard Mikkelsen, J.;Knox,J.P.PlantJ 1999, 18, 57-65.
16. Talmadge,K.W.;Keegstra,K.;Bauer,W.D.;Albersheim,P.PlantPhysiol 1973,51, 158-173.
17. Darvill,A.G.;McNeil,M.;Albersheim,P.PlantPhysiol 1978,62,418-422.
18. McNeil,M.;Darvill, A.G.;Albersheim, P.PlantPhysiol 1980,66,1128-1134.
19. York,W.S.;Darvill,A.G.;McNeil,M.; Stevenson,T.T.; Albersheim, P.Methods Enzymol1986,
118,3-40.
20. Kikuchi,T.;Sugimoto,H.AgrBiolChem 1976,40,87-92.
21. deVries,J.A.; Rombouts,F.M.;Voragen, A.G.J.;Pilnik,W.Carbohydr Polym 1982,25-33.
22. Schols,H.A.;Vierhuis,E.;Bakx,E.J.;Voragen,A.G.J.Carbohydr Res 1995,275,343-360.
23. Voragen, A.G.J.; Pilnik,W.;Thibault, J.-F.;Axelos,M.A.V.; Renard, C.M.G.C.In:Stephen, A.M.
(Ed.) Food Science and Technology, Vol 67, Food Polysaccharides and their Applications;
Dekker:NewYork, 1995;287-339.
24. Baron-Epel, O.;Gharyal,P.K.; Schindler,M.Planta 1988, 175,389-395.
25. Ishii,T.;Matsunaga, T.Carbohydr Res 1996,284, 1-9.

145

Chapter8

26. O'Neill, M.A.; Warrenfeltz, D.;Kates,K.; Pellerin, P.;Doco,T.;Darvill,A.G.; Albersheim,P.J
Biol Chem 1996,271,22923-22930.
27. Albersheim, P.;Darvill,A.G.; O'Neill, M.A.; Schols,H.A.;Voragen, A.G.J.In:Visser, J.;
Voragen,A.G.J. (Eds.) Progress inBiotechnology, Vol 14,Pectins andPectinases; Elsevier:
Amsterdam, 1996;47-55.
28. Loomis,W.D.;Durst, R.W.BioFactors 1992,3,229-239.
29. Aspinall,G.O.;Cottrell,I.W.; Egan, S.V.; Morrison, I.M.;Whyte,J.N.C.JChem SocC 1967,
170, 1071-1080.
30. Schols,H.A.;Bakx,E.J.; Schipper,D.;Voragen,A.G.J. Carbohydr Res 1995,279,265-279.
31. Yu, L.;Mort, A.J. In:Visser, J.; Voragen, A.G.J.(Eds.)Progress inBiotechnology 14.Pectins and
Pectinases; Elsevier Science:Amsterdam, 1996;pp79-88.
32. Weightman,R.M.;Renard,C.M.G.C.;Thibault,J.-F.CarbohydrPolym 1994,24,139-148.
33. Renard, C.M.G.C; Weightman, R.M.; Thibault,J.-F.IntJBiolMacromol 1997,21, 155-162.
34. Beldman, G.; vandenBroek, L.A.M.; Schols,H.A.; Searle-vanLeeuwen, M.J.F.;van Laere,
K.M.J.;Voragen,A.G.J.Biotechnol Lett 1996, 18,707-712.
35. van derVlugt-Bergmans,C.J.B.;Meeuwsen P.J.A.; Voragen, A.G.J.;van Ooyen, A.J.J. Accepted
forpublication inAppl Environ Microbiol.
36. Kroef,vandenBroek,Voragen,unpublishedresults.
37. Lau, J.M.;McNeil,M.;Darvill,A.G.;Albersheim, P.Carbohydr Res 1987, 168,245-274.
38. Bacic,A.; Harris,P.J.; Stone,B.A.TheBiochemistry ofPlants,Vol 14,Carbohydrates; Academic
Press:London, 1988;297-369.
39. O'Neill, M.A.; Albersheim, P.;Darvill,A.G.In:Dey (Ed.)Methods inPlantBiochemistry, Vol2,
Carbohydrates; Academic Press:London, 1990;415-441.
40. Schols,H.A.;Voragen,A.G.J.; Colquhoun,I.J. Carbohydr Res 1994,256,97-111.
41. McNeil, M.;Darvill,A.G.; Albersheim,P.PlantPhysiol 1982,70,1586-1591.
42. Thomas,J.R.; Darvill, A.G.;Albersheim, P.Carbohydr Res 1989, 185,279-305.
43. Clarke,A.E.;Anderson,R.L.; Stone,B.A.Phytochemistry 1979, 18,521-540.
44. Bouveng, H.O.;Lindberg, B.Acta Chem Scand 1958, 12,1977.
45. Young,R.A.; Sarkanen, K.V. Carbohydr Res 1977,59, 193-201.
46. Selvendran, R.R. JCell Sci Suppl 1985,2,51-88.
47. Kiyohara, H.;Yamada,H.; Otsuka, Y.Carbohydr Res 1987, 167,221-237.
48. Whistler, R.L.; Corbett, W.M.JAmChem Soc 1955,77,6328-6330.
49. Srivastava, H.C.; Smith,F.JAmChem Soc 1957,79,982-984.
50. Saulnier, L.; Vigouroux,J.; Thibault,J.-F.Carbohydr Res 1995,272,241-253.
51. Verbruggen, M.A.; Spronk, B.A.; Schols,H.A.;Beldman, G.;Voragen, A.G.J.;Thomas, J.R.;
Kamerlmg,J.P.;Vliegenthart, J.F.G.Carbohydr Res 1998,306,265-274.
52. Saulnier, L.;Marot, C; Chanliaud, E.;Thibault,J.-F.Carbohydr Polym 1995,26,279-287.
53. Nishitani,K.; Nevins,D.J.PlantPhysiol 1989,91,242-248.
54. Verbruggen,M.A. Glucuronoarabinoxylans from Sorghum Grain; Thesis Wageningen
Agricultural University: Wageningen, 1996; 109-121.
55. McNeil,M.;Albersheim, P.;Taiz,L.;Jones,R.L.PlantPhysiol 1975,55,64-68.

146

Chapter8

56. van Laar,H.;Tamminga, S.;Williams,B.A.; Verstegen,M.W.A.; Engels,F.M.AnimFeed Sci
Technol 1999,79, 179-193.
57. van Laar, H. Soyabeans andmaize:Theeffect ofchemical andphysical structure ofcellwall
polysaccharides on fermentation kinetics;ThesisWageningen Agricultural University:
Wageningen, 2000.

147

Summary
SUMMARY
The subject ofthis thesiswastheelucidation ofthechemicalfinestructure of polysaccharides
from cell walls of soybean and maizekernel. Thetwo species investigated represent different
taxonomic groups, soybean belonging to the dicotyledonous and maize to the
monocotyledonous plants. Besides representing the most important structures present in cell
wallmaterial,theserawmaterials areofgreatimportance infood and feed industry.
Thecharacterisation ofthesoybeancellwallpolysaccharides started with the isolation
of the cell wall material as Water-Unextractable Solids (WUS) from soybean meal (chapter
2). The isolation procedure yielded a WUS fraction containing almost all polysaccharides
present in the meal and only few other components. WUS was sequentially extracted with
chelating agent (Chelating agent Soluble Solids, ChSS), dilute alkali (Dilute Alkali Soluble
Solids, DASS), 1M alkali (1 MAlkali Soluble Solids, 1MASS) and 4 M alkali (4 M Alkali
Soluble Solids, 4 MASS) to leave a cellulose-rich residue (RES). The pectin-rich extracts
(ChSS and DASS) were found to have identical sugar compositions and contained
predominantly galactose, arabinose, anduronic acidresidues.The 1 MASSfractioncontained
xylose in addition to the former three sugars. The hemicellulose-rich fraction (4 MASS)
contained mainly xylose and glucose. No indications were found that ChSS and DASS were
structurally different, although it is obvious that their arrangement in the cell wall was not
identical.
The intact cell wall polysaccharides in the meal and WUS were hardly degradable by
enzymes.Once extracted, thepolysaccharides from WUSweredegraded moreeasily (chapter
3).The arabinogalactan sidechainsinthepectin-rich ChSS fraction could toalargeextent be
removed bythecombined action ofendo-galactanase,exo-galactanase,endo-arabinanase, and
arabinofuranosidase B.The remainingpolymer (fraction P)wasisolated and represented 30%
of the polysaccharides in the ChSS fraction (12% of the polysaccharides in the WUS). This
polymer still contained someremaining arabinose and galactose residues, which could not be
removedbythe enzymemixtureused.
Thepectic backbone (fraction P) appeared toberesistant to enzymatic degradation by
both established (like polygalacturonase) and novel pectic enzymes (like RG-hydrolase).
After partial acid hydrolysis of the isolated pectic backbone, one oligomeric and two
polymericpopulations wereobtainedby size-exclusion chromatography. Monosaccharide and
linkage analyses, enzymatic degradation, and NMR spectroscopy of these two polymeric
populations showed that the pectic substances in the original extract (ChSS) contained both
rhamnogalacturonan and xylogalacturonan regions, while homogalacturonan was absent
(chapter 4). The absence of homogalacturonan distinguishes the pectic substances from
soybean from pectic polysaccharides extracted from other sources, which contain
homogalacturonan and rhamnogalacturonan regions and can be degraded with
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polygalacturonase andRG-hydrolase,respectively. Acidhydrolysis of fraction Pimproves the
susceptibility oftheremainingpolymersforR.Ghydrolase andexo-galacturonase.
The xylogalacturonan present in the ChSS fraction distinguishes itself from
xylogalacturonan from other sources known so far. A part of the xylose residues in the
xylogalacturonan is substituted with fucose and the xylogalacturonan is resistant to
degradationwithXGH.
The arabinogalactan side chains, which were removed from the ChSS fraction to
obtain fraction P, were the subjects of investigation in chapter 5. Fractionation,
monosaccharide and linkage analyses, enzymatic degradation, and mass spectrometry of the
oligosaccharides in the digest of ChSS after enzymatic digestion with arabinogalactan
degrading enzymes indicated the presence of common linear (l,4)-linked galactooligosaccharides, and both linear and branched arabino-oligosaccharides. In addition, the
results unambiguously showed the presence of oligosaccharides containing (l,4)-linked
galactose residues bearing an arabmopyranose residue at the non-reducing terminus, and a
mixture of linear oligosaccharides constructed of (l,4)-linked galactose residues interspersed
with one internal (l,5)-linked arabinofuranose residue. The presence of an internal
arabinofuranose residue in apectic arabinogalactan chain in cellwall polysacchairdes hasnot
been reported previously, not in soybean, nor in other fruit or vegetable cell walls. Another
uncommon feature isthepresence ofarabinopyranose residuesinpectic arabinogalactan.
The pectic substances form only one network of the plant cell wall, the other is the
cellulose/hemicellulosenetwork. Thehemicelluloseswere solubilised from theresiduewith1
and 4 MKOH solutions (chapter 6). The polysaccharides extracted with 1 MKOH were
fractionated byion-exchange chromatography, yielding aneutral and apecticpopulation. The
sugar composition of the neutral population indicated the presence of xyloglucans and
possibly xylans.Enzymatic degradation with endo-xylanasesand endo-glucanasesshowed the
presence of xyloglucanfragmentsonly. Analysis of the digest formed after incubation of the
neutral population with endo-glucanase V showed the formation of the characteristic polyXXXGxyloglucan oligomers (XXG,XXXG,XXFG,XLXG,andXLFG),sothreeout of four
glucoseresidues carryasidechain.
Inchapter 7,the structural features of glucuronoarabinoxylans from maizekernels are
described. First of all, maize kernel cell wall material was isolated as Water-Unextractable
Solids (WUS). As expected the non-starch polysaccharides (NSP) had concentrated in the
WUS(57%).TheseNSPwerecomposedmainlyofglucose,xylose,arabinose, and glucuronic
acid. Sequential extractions with a saturated Ba(OH)2-solution (BE1 extract), and distilled
water (BE2 extract) were used to solubilise glucuronoarabinoxylans from maize WUS. The
glycosidic linkage composition oftheextracts and theirresistance to endo-xylanase treatment
indicated thattheextracted glucuronoarabinoxylans werehighly substituted. InthemaizeBE1
extract 25% of the xylose was unsubstituted, 38% was monosubstituted and 15% was
disubstituted. The glucuronoarabinoxylans in maize BE1 appeared to be resistant to endo-
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xylanasetreatment,but couldbedegraded byasub-fraction ofUltraflo, acommercial enzyme
preparation from Humicolainsolens.The digest contained a number of series of oligomers:
pentose,,, pentose„GlcA, pentosenhexose, and pentosenGlcA2. The presence of these
glucuronic acid-containing series of oligomers showed that the glucuronic acids in the
glucuronoarabinoxylancan canbe very close to each other, but arenot distributed blockwise.
Finally, anew measure for the degree of substitution of glucuronoarabinoxylans was defined.
It turned out that the degree of substitution in maize BE1 is much higher (87%) than in
sorghum (70%) and wheat flour BE1 (56%). This indicates that the glucuronoarabinoxylans
in maize BE1 are more complex than those in sorghum BE1 and explains their resistance to
endo-xylanasetreatment.
From this research, it canbe concluded that both soybean and maize kernel cell wall
polysaccharides distinguish themselves in a number of respects from other plant cell walls
polysaccharides. The absence of homogalacturonan, but also the presence of internal (1,5)linked arabinofuranose andterminal arabinopyranoseinthepecticarabinogalactan sidechains
fromsoybean cell walls and the complexity of the glucuronoarabinoxylan from maize kernel
cell walls are discussed in chapter 8. In addition, it was shown that techniques like mass
spectrometry and NMR spectroscopy are powerfull techniques to be used after (enzymatic)
fragmentation, for chemical characterisation oftheoriginalpolysaccharides.
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Het in dit proefschrift beschreven onderzoek betrof de opheldering van de chemische
structuur van polysachariden uit de celwanden van sojabonen en maiskorrels. De twee
onderzochte soorten vertegenwoordigen verschillende taxonomische groepen, sojabonen
behoren tot de dicotyle en maiskorrels behoren tot de monocotyle planten. Naast het
vertegenwoordigen vandebelangrijkste structuren indecelwand, zijn dezetwee grondstoffen
vangrootbelang inzoweldelevensmiddelen- alsdeveevoederindustrie.
De karakterisering van de celwandpolysachariden uit sojabonen ving aan met de
isolatie van het celwandmateriaal (WUS) uit sojameel (hoofdstuk 2). De isolatiemethode
leverde een WUS fractie op die bijna alle polysachariden en nauwelijks andere bestanddelen
uit het meel bevatte. De WUS werd sequentieel geextraheerd met CDTA (Chelating agent
Soluble Solids, ChSS), verdunde loog (Dilute Alkali Soluble Solids, DASS), 1Mloog (1 M
Alkali Soluble Solids, 1 MASS) and 4 Mloog (4 MAlkali Soluble Solids, 4 MASS) en
uiteindelijk resteerde een celluloserijke fractie (RES). De pectinerijke fracties (ChSS en
DASS) bleken dezelfde suikersamenstelling te hebben, ze bevatten voornamelijk galactose,
arabinose en uronzuur residuen. De 1MASS fractie bevatte naast deze drie suikers ook nog
xylose. De hemicelluloserijke fractie (4 MASS) bevatte vooral xylose en glucose. Niets
duidde erop dat erverschillen waren indechemische structuur van ChSS enDASS,maarhet
isduidelijk dat demanierwaaropzeindecelwandhebbengezetenwelanderswas.
De intacte celwandpolysachariden in het meel en in de WUS konden nauwelijks
afgebroken worden met enzymen. Wanneer ze eenmaal waren geextraheerd werden de
polysachariden uit de WUS makkelijker gedegradeerd (hoofdstuk 3). De
arabinogalactaanzijketens in de pectinerijke ChSS fractie konden voor een groot deel
verwijderd worden door incubatie met endo-galactanase, exo-galactanase, endo-arabinanase
en arabinofuranosidase B. Het overblijvende polymeer (fractie P) werd ge'isoleerd en
vertegenwoordigde 30% van de polysachariden in de ChSS fractie (12% van de
polysachariden in de WUS). Dit polymeer bevatte nog steeds wat arbinose en galactose
residuen dienietdoordegebruikte enzymmengselsverwijderd kondenworden.
De hoofdketen van de pectines (fractie P) bleek resistent te zijn tegen enzymatische
degradatie door zowel bekende (zoals polygalacturonase) als relatief nieuwe pectolytische
enzymen (zolas RG-hydrolase). Na zure hydrolyse van de gei'soleerde hoofdketen van de
pectines werden een oligomere en twee polymere populaties verkregen na gelpermeatie
chromatografie. Bepaling van de suiker- en bindingstype-samenstelling, enzymatische
degradatie en NMR spectroscopic van de twee polymere populaties toonde aan dat de
pectines in het originele ChSS extract zowel rhamnogalacturonaan als xylogalacturonaan
bevatte en dat homogalacturonaan afwezig was (hoofdstuk 4). De afwezigheid van
homogalacturonaan onderscheidt de pectines uit sojabonen van pectines uit andere bronnen.
De meeste pectines bevatten zowel homogalacturonaan en rhamnogalacturonaan en kunnen
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gedegradeerd wordenmetrespectievelijk polygalacturonase enRG-hydrolase.Zure hydrolyse
van fractie P verhoogt de gevoeligheid van de resterende polymeren voor RG hydrolase en
exo-galacturonase.
Het xylogalacturonaan aanwezig in de ChSS fractie onderscheid zich van tot dusver
bekend xylogalacturonaan uit andere bronnen. Een deel van de xylose residuen in het
xylogalacturonaan is gesubstitueerd met fiicose en het xylogalacturonaan is resistent tegen
degradatiemetXGH.
Dearabinogalactaanzijketens, diewerden verwijderd uit deChSS fractie omzo fractie
P te verkrijgen, werden onderzocht inhoofdstuk 5.Fractionering, bepaling van de suiker- en
bindingstype-samnestelling, enzymatische degradatie en massa spectrometrie van de
oligosachariden in het digest van ChSS na incubatie met arabinogalactaan-afbrekende
enzymen, indiceerde de aanwezigheid van de veelvoorkomende lineaire (l,4)-gebonden
galacto-oligosachariden en zowel lineaire als vertakte arabino-oligosachariden. Daarnaast
lieten de resultaten zeer duidelijk de aanwezigheid zien van oligosachariden bestaande uit
(l,4)-gebonden galactose residuen met een arabinqpyraw0.se residu aan het niet-reducerende
eindeenvan eenmengsel van lineaireoligosachariden bestaande uit (l,4)-gebonden galactose
residuen met een intern (l,5)-gebonden arabinofuranose residu. Het bestaan van een intern
arabinofuranose residu in een arabinogalactaanzijketen van een pectine uit de celwand werd
niet eerdergerapporteerd, nietin sojabonen, maar00knietinandere celwanden uit groente of
fruit. Een ander ongewoon fenomeen is de aanwezigheid van arabinopyranose residuen in
arabinogalactanen uitpectine.
De pectines vormen een netwerk van de plantencelwand, het andere is het
cellulose/hemicellulose netwerk. De hemicelluloses werden uit de WUS geextraheerd met 1
en4M K.OHoplossingen (hoofdstuk 6).Depolysachariden diewerden geextraheerd met 1 M
KOH konden verder gefractioneerd worden met ionenwisselingschromatografie, resulterend
in een neutrale en een geladen populatie (pectine). De suikersamenstelling van de neutrale
populatie toont dat xyloglucanen en mogelijk 00k xylanen aanwezig zijn. Enzymatische
degradatie met endo-xylanases en endo-glucanases bevestigt alleen de aanwezigheid van
xyloglucaan fragmenten. Analyse van het digest gevormd na incubatie van de neutrale
populatie met endo-glucanase V toont de vorming van karakteristieke poly-XXXG
xyloglucaan oligomeren (XXG, XXXG, XXFG, XLXG, and XLFG), dus drie van de vier
glucoseresiduen dragen een zijketen.
In hoofdstuk 7 wordt de structuur van de glucuronoarabinoxylanen uit mai'skorrels
beschreven. Allereerst werd het celwandmateriaal uit demai'skorrels geisoleerd (WUS).Zoals
verwacht hadden de niet-zetmeel polysachariden (NSP) zich in de WUS geconcentreerd
(57%). Deze NSP bestonden voornamelijk uit glucose, xylose, arabinose en glucuronzuur.
Sequentiele extracties met een verzadigde Ba(OH)2-oplossing (BE1 extract) en gedestilleerd
water (BE2 extract) werden gebruikt om de glucuronoarabinoxylanen uit de mai's WUS in
oplossingtebrengen. Debindingstype-samenstellingvandeextracten enhunresistentietegen
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degradatie met endo-xylanase geeft aanwijzingen voor het feit dat de geextraheerde
glucuronoarabinoxylanen hoog vertakt zijn. Inhet mai'sBE1 extract was 25%van het xylose
ongesubstitueerd, 38% was enkel gesubstitueerd en 15% was dubbel gesubstitueerd. De
glucuronoarabinoxylanen in mai'sBE1 waren resistent tegen behandeling met endo-xylanase,
maar konden wel afgebroken worden met een sub-fractie van Ultraflo, een commercieel
enzympreparaat vanHumicolainsolens.Het digest bevatte een aantal series van oligomeren:
pentose,,, pentosepGlcA, pentosenhexose, and pentoser,GlcA2. De aanwezigheid van deze
glucuronzuurbevattende series laat zien dat de glucuronzuren in het glucuronoarabinoxylaan
zeer dicht bij elkaar kunnen zitten maar niet bloksgewijs over de keten verdeeld zijn. Een
nieuwe maat voor de substitutiegraad van glucuronoarabinoxylanen werd gedefinieerd.
Hieruit bleek dat de substitutiegraad in mai'sBE1 veelhoger(87%) is dan in sorghum (70%)
and tarwemeel BE1 (56%). Dit toont nog eens dat de glucuronoarabinoxylanen in mai's
complexerzijn dandieinBE1enverklaarthunresistentietegen endo-xylanase.
Uit dit onderzoek kan worden geconcludeerd dat celwandpolysachariden uit zowel
sojabonen als maiskorrels zich in een aantal aspecten onderscheiden van
celwandpolysachariden uit andereplanten.De afwezigheid vanhomogalacturonaan, maarook
de aanwezigheid van intern (l,5)-gebonden arabinofuranose en terminaal arabinopyranose in
de arabinogalactaanzijketens vanpectine ende complexheid van de glucuronoarabinoxylanen
uit de celwanden van maiskorrels worden bediscussieerd in hoofdstuk 8. Verder laten de
resultaten in dit proefschrift zien dat massa spectrometrie en NMR spectroscopic krachtige
technieken zijn die na (enzymatische) fragmentatie kunnen worden gebruikt voor de
chemischekarakterisatievandeoriginele celwandpolysachariden.
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