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Stellingen
1. Oligosacchariden worden niet selectief doorbifidobacterien gefermenteerd (dit
proefschrift).
2. Hetbeschikken overgoed gekarakteriseerde substraten leidttotdeontdekkingvan
nieuweenzymen (dit proefschrift).
3. ODenpH-metingen geven,integenstelling totHPAEC-analyses,geen informatie
overdematevan afbraak en afbraak routevanoligosacchariden door darmbacterien
(dit proefschrift).
4. Detoepassingsmogelijkheden van nieuwestructured verschillende oligosacchariden
zullen afhangen van adequate invitrobio-essays.
5. Fysiologisch gezien zouden alleniet-verteerbare oligosacchariden als voedingsvezel
beschouwd moeten worden.ProskyL(1999). Inulinandoligofructosearepartofthedietary fiber
complex. JAOACInt. 82: 223-226
6. Bij hetontwikkelen van gezondheidsbevorderende voeding dient meeraandacht
besteed teworden aan de activiteit van dedarmflora i.p.v.desamenstellingervan.
7. Dekwaliteit van hetleven gaat hoestend enproestend achteruit.
8. Computergebruik leidtnaastRSI(Repetitive Strain Injuries) ooktot RSE (Repetitive
SpellingErrors).
9. AlsdeNederlandsePTT-telecompetitierepresentatief isvoorhetEK2000,danis
Belgie,evenalsdedooreenBelggetrainde Nederlandse KampioenPSV,de absolute
favoriet.

Stellingen behorendebij het proefschrift
Degradation of structurally different non-digestible oligosaccharides
byintestinal bacteria:
Glycosylhydrolases ofBi. adolescentis

CONTENTS
VOORWOORD
ABSTRACT
CHAPTER 1

General introduction

1

CHAPTER 2

Fermentation of plant cell wall derived polysaccharides and 19
theircorresponding oligosaccharides byintestinal bacteria

CHAPTER 3

A new arabinofuranohydrolase from Bifidobacterium 39
adolescentis abletoremove arabinosyl residues from doublesubstitutedxyloseunitsin arabinoxylan

CHAPTER 4

Purification andmodeofactionoftwodifferent arabinoxylan 49
arabinofuranohydrolases from Bifidobacterium adolescentis
DSM20083

CHAPTER 5

Hydrolase
and
transgalactosylation
activity
Bifidobacterium adolescentis a-galactosidase

CHAPTER 6

Characterisation of a novel fl-galactosidase from 83
Bifidobacterium adolescentis DSM 20083 active towards
transgalactooligosaccharides

CHAPTER 7

Fermentation of hydrolysed arabinogalactan by intestinal 99
bacteria

CHAPTER 8

Fructooligosaccharides and transgalactooligosaccharides H5
affect thebacterialglycosidase activity inhuman subjects

CHAPTER 9

General discussion

of

63

125

SUMMARY

141

SAMENVATTING

145

CURRICULUMVITAE

149

LISTOFPUBLICATIONS

151

VOORWOORD
Yes, 't is af en ik die dacht dat er nooit een einde aan zou komen. Maar het is nu zover en ik
kijk met heel veel plezier terug op de tijd die ik bij de vakgroep levensmiddelenchemie
gewerkt heb. Ik kan best zeggen dat ik tijdens die periode heel veel geleerd en beleefd heb.
Dankzij mijn stage,ookbijLMC,wasik aleenbeetje gewoon aandeNederlandse mentaliteit
en heb dan ook makkelijk mijn draai gevonden. Dat was natuurlijk niet mogelijk geweest
zonder alle mensen die op welke manier dan ook een bijdrage hebben geleverd aan mijn
promotieonderzoek. Ik wil dan ook van de gelegenheid gebruik maken om een aantal van
mensen extraindebloemetjes tezetten.
Alseerste mijn promoter Fons,ik herinner mij nog goed datje zei dat ikhaar opmijn tanden
moestkrijgen omhiermijn vrouwtje tekunnenstaan.Ikhebveelvanje geleerd enniet alleen
op wetenschappelijk gebied. Je openheid en enthousiasme stimuleerde mij geweldig tijdens
de loop van dit onderzoek. Je was een grote hulp bij het schrijven van de verschillende
manuscripten en ik kon altijd bijje terecht. Verder natuurlijk mijn directe begeleiders, Gerrit
Beldman op enzym-gebied, Henk Schols als koolhydraat-man en Tjakko Abee op
microbiologisch vlak.Jullie vulden elkaar prima aan en dankzijjullie had ik de mogelijkheid
omtochheel diversbezig tezijn enjulliekennistecombineren. Gerrit,vanafhetbeginwasje
volopbetrokken bij mijn onderzoek. Jij hebt duidelijk een grote invloed gehad op derichting
die ik koos en het is dan ook niet voor niets dat enzymen centraal staan in bijna al mijn
hoofdstukken. Henk, ookjij washeelnauwbij het onderzoek betrokken. Dankzijjou kreegik
meer inzicht in de structuren van planten celwand polysacchariden. Daarnaast stondje altijd
klaar voor peptalk en heb je met name aan het einde diverse van mijnmanuscripten
gecorrigeerd. Tjakko, jij wees mij op de vele interacties die er zijn, tussen chemie en
microbiologic Bedankt voor al je inspanningen die je geleverd hebt om mij een beetje
wegwijs te maken in de microbiologic Ik vond het altijd enorm inspirerend om metjou te
overleggen enuiteindelijk isonsartikel tochafgeraakthe.
Naast mijn directe begeleiders denk ik dat op een of andere manier iedereen bij de vakgroep
wel een steentje heeft bijgedragen aan dit proefschrift, maar toch wil ik er nog enkelen
bedanken. Margaret, als analist bij het project was je heel nauw met mijn onderzoek
betrokken. We hebben altijd goed met elkaar kunnen samenwerken ophet lab en dankzij jou
konikdingenvaak ineenanderperspectief plaatsen. Jestond altijd klaarals ikweereenseen
probleem had.Bedankt voorjouw inspanningen engezelligheid. Ben,doorhet feit datje mijn
stage-begeleider was, benje altijd een beetje mijn begeleider gebleven. Ik kwam naarje toe
metpraktische vragen,maarje wasook eenklankbord vooralsikweereenseengekideehad.
Ik vond het een plezier omjouw kamergenoot te zijn. Stuart Pitson, Cor Dijkema en Carel
Fransen, bedankt voor het uitvoeren van deNMR-analyses. Metjullie hulp kregen we inzicht
indechemische structuur van verschillende oligosacchariden.Toos,jij hebt ook eentijdje aan
het project gewerkt. Bedankt voor jouw inspanningen om AXH-d3 te zuiveren. Jolanda en

Gerda, bedankt datjullie altijd klaar stonden omte helpen. Boudewijn, bedankt voorje hulp
bij hetontwerpen vande voorpagina.
Margien,jij was mijn echte vriendin op de vakgroep. Wat hebben wij een lol gehad. Ik denk
dat ik de periode van mijn eerste zwangerschapsverlof nooit meer vergeet. We hebben nogal
wat afgefilosofeerd tijdens onze lange lunches. Helaas,blijkt de afstand tussen Rotterdam en
Wageningen toch welgroter dan gedacht. Margien, ikben heel blij datje maandag 5juni aan
mijn zijde staat.
Andere collega's van de vakgroep: allemaal heel erg bedankt voor de gezellige tijd! De
vriendschappelijke sfeer opdevakgroepbrachtvoormijveelextrawerkplezier. Dankzijjullie
houikhelemooieherinneringen overaanmijn tijd bij LMC.
Een flink aantal mensen heeft als student levensmiddelenchemie vol enthousiasme aan mijn
onderzoek gewerkt: Anna Glyszczynska, Coen Sander, Henry Uitslag, Marjolein van der
Spiegel, Edo Hendriksen en. Chantal Voragen. Allen hartelijk dank voor jullie bijdrage en
veelsuccesindetoekomst!
Dit proefschrift maakt deel uit van een multidisciplinair onderzoeksprogramma aan de
Landbouwuniversiteit naar derol van niet-verteerbare oligosacchariden in voedsel en voeder.
Er waren vier vakgroepen betrokken bij het onderzoek: Humane Voeding en Epidemiologic,
Veevoeding, Levensmiddelenchemie en Levensmiddelenmicrobiologie. Ik wil alle leden van
het NDO-project bedanken voor nun bijdrage aan mijn proefschrift. Met name wil ik de
mede-AIO's en de postdocs in het project bedanken: Martine Alles, Jos Houdijk, Ralf
Hartemink,GekeNaaktgeboren-Stoffels enJohanvandeVlag.
Jos,dievarkensdarmenenjouw nuchtere opmerkingen,zaliknietsnelvergeten.
Ralf, we hadden als snel door dat door de combinatie van chemie en microbiologic leuke
dingenkondengedaanworden.Bedanktvoorje veletipsenhulpopmicrobiologischvlak
Martine, 's morgen voor het werk of's avond bij het naar huis gaan sprong ik vaak eens bij
jou binnen om een babbeltje te slaan of om ietste bespreken. We vulden elkaar mooi aan en
zochten de samenwerking ondanks de toch wel verschillende vakgebieden. Jouw
organisatorische capaciteiten, blijven meooknunog steedsverbazen en ikben blij datje ook
op5juni naastmij staat.
Hinke enTjeerd, metplezier denk ikterug aan devele gezellige avonden envakantietjes. We
hebbenalveelsamenmeegemaakt enikverheugmeal,alswestraksmetonsachten zijn.
Mijn familie en schoonfamilie wil ik bedanken voor de betrokkenheid die zij de afgelopen
jaren voor mijn werk getoond hebben. Frank,je was altijd benieuwd hoe mijn boekje er zou
komenuit tezien.Jekunterwelnietmeerbij zijn, maartochweet ikdatje erbent.Mamaen
Papa,jullie geven mij zelfvertrouwen enhelpennogaltijd bij belangrijke beslissingen in mijn
leven.Bedanktvoorjullie stimulerende belangstelling voormijn werkenleven!
Mijn mannenthuis,Patrick, David enArnaud, bijjullie voel ikme goed en ikben blij datwe
vanafnunogmeerdingen samenkunnen beleven.

ABSTRACT
PhDthesisbyK.M.J.VanLaere, Wageningen University, Wageningen, theNetherlands, 2000
Key words: non-digestible oligosaccharides, prebiotics, plant polysaccharide derived
oligosaccharides, transglycosylation, intestinal degradation, Bi. adolescentis,
glycosylhydrolases
Non-digestible oligosaccharides (NDOs) are oligosaccharides, which resist digestion in the
upper gastrointestinal tract,andwhich are fermented inthe colon by intestinal bacteria. Some
NDOs are considered bifidogenic, meaning that they selectively stimulate the growth of
bifidobacteria in the colon microbiota. The degradative fermentation of structurally different
oligosaccharides by intestinal bacteria was studied in this thesis, in order to establish the
potentially bifidogenic effects of various types of NDOs. Structurally different
oligosaccharides wereproducedusing different routes.Arabino-, (arabino-)galacto-, (arabino)xylo-, galacturono-, and rhamnogalacturono- oligosaccharides were derived by enzymatic
hydrolysis of plant polysaccharides. By transglycosylation reactions using glycosidases,
transgalactooligosaccharides ofthea- and13-glycosyllinkagetypewere obtained.
The chemical structure of the oligosaccharides clearly influenced their fermentation
behaviour. It was concluded that species belonging to different groups, and not only
bifidobacteria, have the capability of hydrolysing these oligosaccharides. Bi. adolescentis,
being a major bifidobacteria! species of the adult intestinal microflora, was able to utilise a
wide range of oligosaccharides showing its wide range of glycosidases. Two novel
arabinoxylan degrading enzymes were purified from Bi. adolescentis. These enzymes in
combination with a B-xylosidase are involved in the complete degradation of
arabinoxylooligosaccharides. For theutilisation of a-galactooligosaccharidesBi.adolescentis
produced an a-galactosidase. This a-galactosidase was characterised as a retaining
glycosidase and was used for the production of new types of a-galactooligosaccharides.
These a-1—>6linked-galactooligosaccharides couldbeutilised byvarious strainsbelongingto
bifidobacteria and lactobacilli. Upon growth of Bi. adolescentis on
transgalactooligosaccharides (TOS) a novel 13-galactosidase was produced, involved in the
degradation of TOS. It was speculated that this enzyme was membrane or cell wall
associated. After growth ofBi. adolescentison TOS or on hydrolysed arabinogalactan the 13galactosidase production ofBi. adolescentisincreased compared to growth on galactose.This
increased 13-galactosidase activity could be linked to increased activity towards both
polymeric and oligomeric galactan. In vivo dietary intervention with TOS also resulted in
increased levelsof13-galactosidaseactivity infeces.Although thenature and specificity ofthe
13-galactosidase isnot yetknown itcanbe concluded that glycosidase activity ofthe intestinal
bacteria mightbe auseful biomarker ofthecolonicmetabolic activity.
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Chapter 1
INTRODUCTION
Now adaysmuch attention ispaid tothepossiblephysiological effects of oligosaccharides in
the gastrointestinal tract. The human gastrointestinal tract constitutes a complex microbial
ecosystem comprising several hundred different species ofbacteria.The colon inparticular is
denselypopulated with inexcess of 10"bacteria pergram of contents. Thehuman host isnot
inerttotheseorganisms andtheirmetabolic activities andboth canhavepositive and negative
impacts onhealth. Withinthe intestinal microflora somebacteria are believed tobe beneficial
tothehost while others arepotentially pathogenic.Thebalance of this ecosystem is dynamic
andthemaintenance ofacommunity ofbacteria,whichcontains apredominance of beneficial
species, is believed to be important in maintaining health. To increase the number of health
promoting bacteria in the Gl-tract, two separate approaches exist. The first is the oral
administration of live beneficial microbes, termed probiotics (1,2). The second strategy is to
increase the number of beneficial bacteria already present by supplying them with selective
carbonand energy sourcesthatprovidethemwith acompetitive advantage overotherbacteria
in the colon. These selective dietary components were named prebiotics. Increasingly,
probiotics andprebiotics areused incombination andthisiscalled synbiotics(3).
A range of non-digestible oligosaccharides (NDOs) has been developed which seem to have
the potential to increase bifidobacteria in the colon. It is claimed that a high number of
bifidobacteria isbeneficial for thehost'shealth.Alargeamount ofbifidobacteria mayprevent
colonisation ofpathogens, and may havepositive effects on intestinal peristalsis, the immune
system, cancer prevention, cholesterol metabolism and carbohydrate metabolism in the colon
(4). Bifidogenic effects of lactulose (5);fructooligosaccharides (6,7); galactooligosaccharides
(8,9); raffinose (10); lactosucrose (11,12); isomaltooligosaccharides (13) and
xylooligosaccharides (14) have been reported in healthy volunteers and patients. Because
these oligosaccharides are non-digestible food ingredients and may potentially benefit the
host's health by selectively stimulating the growth and/or activity of one or a limited number
ofbacteria inthe colon,theyaredefined asprebiotics.
Carbohydrates are usually classified according to their molecular size into sugars,
oligosaccharides, and polysaccharides. Such a chemical classification, however, needs to be
modified to include physiological effects (15). An important classification from the point of
view physiology is digestibility in the small intestine. Various types of carbohydrates are
undigestible in the human small intestine: non-starch polysaccharides, resistant starch and
non-digestible oligosaccharides (NDOs).
NDOs are defined as those carbohydrates with a low degree ofpolymerisation (ranging from
approximately 2-20 monosaccharide units) which are not digested by the host digestive
system. The chemical structures of oligosaccharides may vary widely and are determined by
the identity of the monomeric sugar units, the degree of polymerisation, the type of linkage
between the monomeric units, the complexity of the molecule (branched or linear) and
possible linkage to non-carbohydrates. The physiological effects of carbohydrates have
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received little attention. Due to the extraordinary complexity of their structure and
subsequently their analysis,interest inoligosaccharides and carbohydrates has been generally
limited. In addition, until the late 1960s, carbohydrates were thought to serve only as energy
sourcesandasstructural materials.
Theability to function asaprebiotic hasbecome amarketing edge for theseproducts andhas
promoted research into the ability of oligosaccharides to induce beneficial changes in the
composition and metabolism of colonic microflora. This is mainly of importance when the
ecological balance of intestinal bacteria is disturbed. Several factors such as stress, the diet
and antibiotic treatment can cause such a disturbance, which may result in several acute or
chronic diseases. Supplementation with oligosaccharides isapromising tool for prevention of
disturbances oftheecologicalbalance.
OCCURRENCE INFOOD
Oligosaccharides are present in various natural food products (table 1).They may also occur
asglycoconjugates aspart of glycoproteins or glycolipids. Fructooligosaccharides arepresent
in various plants belonging to the Compositae and Amaryllidadeae families (16). aGalactooligosaccharides are mainly present in legumes and vary in their distribution among
leguminous species (17). Their quantities can differ among varieties of a given legume
species.Thea-galactooligosaccharidecontent inLupinusspeciesranges fromjust below 10%
up to 23% of dry matter (18). Many structurally different oligosaccharides have been
identified in honey and their composition depended on the type of honey (19). Also, human
milk contains significant amounts of various oligosaccharides (20). Non-digestible
oligosaccharides may also be formed during food processing due to hydrolysis of
polysaccharides. Different types of oligosaccharides can be formed in this way during beer
brewing (21),theproduction ofwine(22)andbreadmaking (23)and infruitjuices.Theymay
also be formed in the large bowel by intestinal bacteria during fermentation of non-starch
polysaccharides. Examples of the chemical structure of some naturally occurring
oligosaccharides aregiven intable 1.
Table1.Examplesofoligosaccharides whichoccurnaturally infood and feed
Origin

Name

Structure

Fructooligosaccharides

(B-D-Fru/-(2->1))n-B-D-Fru/-(2<->1)-a-D-Glcp

Compositae

(B-D-Fru/--(2->l))„-D-Fru/'

Amaryllidadeae

a-Galactooligosaccharides
Threanderose
Panose

(a-D-Galp-(1->6))„-ot-D-Glcp(1<-»2)-B-D-Fru/"
a-D-Glcp-(1-+6)-a-D-Glc/>(1o2)-B-D-Fru/
a-D-Glcp-(1-»6)-D-a-Glcp-(1->4)-D-Glcp

Legumes

Isomaltooligosaccharides

(a-D-Glcp-(1->6))„-D-Glcp

Honey
Beer

Sialiated oligosaccharides

e.g. a-D-Neu5Ac(2->3)-B-D-Galp-(l->4)-D-Glcp

Human milk

Fucosylated oligosaccharides

e.g. a-Fuc-(1->3)-B-D-Galp-(1->4)-D-Glcp

Human milk

and

Chapter 1
PRODUCTION METHODS
Oligosaccharides are produced commercially using enzymatic processes involving either the
hydrolysis of polysaccharides or synthesis starting from smaller carbohydrates using a
transglycosylation reaction. Chemical methods may also be used for the synthesis of
oligosaccharides. However, carbohydrates contain multiple hydroxyl groups having similar
reactivity andthe many protection and deprotection steps that are necessary for regioselective
synthesis makes such methods very complicated. Currently there are nine different types of
NDO'scommercially produced,predominantly inJapan andEurope(24).
Extraction
Since oligosaccharides are naturally occurring substances, they can be extracted from
different sources. One example is soybean oligosaccharides (raffinose and stachyose) which
are being commercially produced by direct extraction from soy flour. These oligosaccharides
aregenerally considered food-grade and canbe added todifferent food products.Bovinemilk
contains low levels of the oligosaccharide 3' siallyllactose, which can be extracted from the
milk. Since the yield is low, the price of the product is high. New methods are being
developed toenrichbovinemilkwith humanmilkoligosaccharides. Onepotential approach is
the use of transgenic animals,more particularly transgenic cows that express genes or cDNA
encoding enzymes which catalyse the formation of human milk oligosaccharides. These
oligosaccharides canthenbeextracted from theenriched bovinemilk(25).
Transferase reactions
For the preparation of oligosaccharides two types of enzymes have been used: the
glycosyltransferases (EC 2.4) and the glycosidases (EC 3.2). For glycosidases this acceptor is
water, the result being hydrolysis. For transferases this acceptor is typically an alcohol
functionality from another sugar, but it couldbe from a lipid, aryl moiety, or a range of other
components of glycoconjugates. The term glycosyltransferases is generally reserved for
enzymes catalysing glycosyl transfer to anacceptor otherthan water (26).They are classified
according tothe sugar transferred from donorto acceptor and by the acceptor specificity. The
regio-and stereospecificity for theacceptor molecule andthehigh yields that canbe achieved
areattractive features ofthesecatalysts.
Glycosidases can be separated into two distinct mechanistic classes: those hydrolysing the
glycosidic bond with net inversion of anomeric configuration, and those doing so with net
retention (27). The two mechanisms differ in that inverting glycosidases operate via a direct
displacement of the leaving group by water, whereas retaining glycosidases utilise a doubledisplacement mechanism involving a glycosyl-enzyme intermediate. The retaining
glycosidases can transfer the glycosyl moiety ofasubstrate toacceptors other than waterand
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hydrolysis represents merely a special case in which water serves as an acceptor.
Glycosidases showalesspronounced selectivity thanthe glycosyltransferases fortheacceptor
molecule. This means that a given glycosidase canbeused forthesynthesis ofa numberof
glycosides from a given glycosyl donor by employing different acceptors. The less
pronounced regioselectivity can result in mixtures of oligosaccharides having different
linkages. However, formation of one predominant linkage usually occurs and different
linkages maybe obtained by using enzymes from different sources (27).The glycosidases
occur widely in nature and readily available substrates can be used for the production of
oligosaccharides. Generally it canbe said that glycosidases are suitable for the synthesisof
shorter oligosaccharides while glycosyltransferases arenecessary for the synthesis ofhigher
andcomplex oligosaccharides.
Fructooligosaccharides canbeprepared from sucrose though thetransfructosylation actionof
two enzymes, namely B-fractofuranosidase (3.2.1.26) and fi-D-fructosyltransferase (EC
2.4.1.9) (28)(Fig1).Theoligosaccharides formed arestructurally similar toseveral naturally
occurringoligosaccharides (e.g.from onion)(29).
fa" i /

Olfl
I

f
OH

l y i/r

otfl

SU'

s^Z.

I

OH

CH ; OH

IV" 1/

o

:ROSE

ULUV,U

OHT—r
I OH

o

CH*OH

!

I

OH
O

CH;OH

T—fen
OH

I

o

O
CH 2 OH

Ki
OH

I l

\&
CH

i7T >
i)

SUCROSE

CHiOH

1-KESTOSE

ii
CHjOH

CHjOH

T — f
OH '

I)
CH,OH

CH,
I
O
I

NYSTOSE

CH^OH

OH

t i

I
Figure 1.Production ofFOSbytransfructosylation ofsucrose using afi-D-fructosyltranferase(FTase)
Transgalactooligosaccharides are made by transgalactosylation of lactose using a 6galactosidase (30,31,32,33,34,35).Some of these oligosaccharides are found in human
milk (36) and are present in lactose hydrolysates (37). The amount and nature of the
oligosaccharides formed depends upon several factors including the enzyme source,
concentration andnature of the substrate, thedegree of conversion of the substrate and the
reaction conditions. Also lactosucrose, ot-glucooligosaccharides and gentiooligosaccharides
(38)areproducedbytransglycosylation reaction.Intable2examples ofcommercial available
oligosaccharides producedbytransglycosylation reactionsaregiven
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Polysaccharides assourcefor oligosaccharides
Plant polysaccharides are a source of carbohydrates containing a variety of different sugar
building blocks, linkages and branches and can be used for the production of
oligosaccharides. Directed enzymatic hydrolyses can lead toapartial degradation of the plant
polysaccharides resulting in oligomers of various degrees of polymerisation and branching.
Inulinooligosaccharides (fructooligosaccharides) (39, 40, 41, 42) and xylooligosaccharides
(43, 44) are already commercially produced by enzymatic hydrolysis of respectively inulin
andxylan. Intable 3the chemical structure of some oligosaccharides produced by hydrolysis
ofpolysaccharides isgiven.
Table3.Commerciallyavailableoligosaccharidesproducedbyhydrolysisofpolysaccharides
Name

Structure

Source

Enzyme

Fructooligosaccharides

(B-D-Fru/-(2->1))„-B-D-Fruf-(2<->1)-ct-D-Glcp
(fi-D-Fru/"-(2->1))„-D-Fru/'

Inulin

Inulinase

Xylooligosaccharides

rB-D-Xylp-(H.4)ln-D-Xyb
[B-D-Glcp-(1-*6)1»-D-Glcp

Xylan

Xylanase

Cellulose

Cellulase

Cellodextrins

Inthe sameway,otherpolysaccharides might bevaluable sources for theproduction of (nondigestible) oligosaccharides. Using specific endo-glycanases and glycosidases, various
(soluble) fibres can be degraded to a selected degree resulting in a directed production of
oligosaccharides (45). The six main polysaccharides commonly found in plant cell walls
which are(potential) sources for theproduction ofoligosaccharides are shown inTable4.
Table4.Polysaccharidescommonlyfound inprimarycellwallsofhigherplants(46)
Polysaccharide

Structure

Cellulose

B-D-(l-»4)-glcp backbone

Xyloglucan

B-D-(l->4)-glcpbackbone
withxylose,galactose,arabinose orfucose containing side-chains

Arabinoxylan

B-D-(l-»4)-xylp backbone
with arabinose,xylose,orglucuronic acid side-groups

Rhamnogalacturonan I

->2)-a-L-rha-(1->4)-a-D-galAp-(1->
type I arabinogalactan
type II arabinogalactan
arabinan, galactan sidechains

Rhamnogalacturonan II

complex lowmolecular weight (4.8kDa)segment ofpectc polysaccharides
(may contain upto 11different sugarswith more than 20
different linkages)

Homogalacturonan

a-D-galAp-(l-»4) backbone

Chapter1
Combination of hydrolysis andtransferase reactions
Polysaccharides can also be hydrolysed more extensively using endo-glycanases resulting in
the formation of di- and trimeric material which can be used as substrates for further transfer
reactions. Isomaltooligosaccharides are glucosyl saccharides with a-(l—>6)-glucosidic
linkages such as isomaltose, panose and isomaltotriose. Isomaltooligosaccharides are
produced from starch via twoenzymatic steps.Thefirststep is the hydrolysis of starch by aamylase, pullulanase and 6-amylase to yield maltose. The second step is the
transglucosylation oftheglucosemoiety ofmaltose by ct-D-glucosidasetoproduce a-(l—>6)oligosaccharides (47,48).
ANALYSISAND IDENTIFICATION OFCHEMICAL STRUCTURE OF
OLIGOSACCHARIDES
Dietary fibre (49) - polysaccharides and lignin included -are not hydrolysed by the
endogenous secretion of the human digestive tract (50).Dietary fibre is mainly composed of
plant cell wall polysaccharides (cellulose, hemicellulose, pectic substances) and other nondigestiblepolysaccharides suchasintracellular storagepolysaccharides (e.g.,galactomannans,
inulin) and resistant starch. Oligosaccharides are usually excluded in the analysis of dietary
fibre and non-starch polysaccharides, since they are soluble in the 80 % ethanol used to
precipitate the dietary fibre. However, non-digestible oligosaccharides may reach the large
bowelwheretheycanbefermented bytheintestinal microflora. Therefore, most professionals
in the field recognise NDOs as dietary fibre (51) even though (except for
fructooligosaccharides (52)) oligosaccharides are not determined in official AOAC-analysis
oftotaldietaryfibre(53).
Analysis
The analysis of non-digestible oligosaccharides is rather complicated and not straightforward
since monosaccharides, dimers like sucrose, maltose, lactose and also maltooligosaccharides
shouldnotbeincluded intheanalysis.
Variousmethodshavebeendescribed fortheanalysisofoligosaccharides andtheyaremainly
basedonseparation oftheoligosaccharides byHPLCorbyGLCafter derivatisation (54).The
first major breakthrough for the HPLC-analysis of carbohydrates involved the separation of
oligosaccharides on an amino-bonded silica column using acetonitrile and water mixtures as
eluent. Although this type of column is still quite popular for the analysis of sugars in food
products, high-performance anion-exchange chromatography (HPAEC) is also a useful
method for the separation of monomelic and oligomeric sugars using high-pH eluents in
combination with pulsed amperometric detection. HPAEC permits good separation of
structurally closely related oligosaccharides. The monomeric composition, size and linkage
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type of oligosaccharides clearly influences the elution behaviour of the oligosaccharides (55,
56, 57, 58), although not always in a predictable way. The high resolution obtained by
HPAECfor the separation of complex mixtures of oligosaccharides isaccompanied by ahigh
degree of flexibility of the system, which enables adjustment of the gradient for specific
applications.
Adisadvantage ofthesystem isthe lack inuniform response ofthePAD detector tothe same
functional group of carbohydrates. Combining HPAEC-PAD and HPAEC-permanganate
post-column detection could solvethisproblem (59) as itwould give similar signals for equal
amounts of oligosaccharides and allow quantification of the oligosaccharides. However, this
method seems to have some disadvantages because permanganate has the ability to oxidise a
wide range of organic compounds. In addition, the permanganate detector is not compatible
with severalofthecommonly used buffers.
A possible alternative might be the initial degradation of the digestible material using a
combination of lipases, proteases, amylases and brush-border enzymes, followed by a
separation of the oligosaccharides which are obtained using a gelfiltration or amino-bonded
silica column in combination with refractive index-detection. Rl-measurements are linear
over a wide range of carbohydrate concentrations and can be universally applied to all
carbohydrates. A serious drawback is the fact that Rl-detection is non-specific and noncarbohydrate compounds may therefore co-elute with carbohydrates, causing inaccurate
results. However, this combination is probably the best one available because it permits
quantification of various types of non-digestible oligosaccharides in contrast to the adapted
AOAC-method, which only allows detection of fructooligosaccharides. At the end of the
researchproject, anewdetector,which avoidstheseproblems,became available.
Identification ofthechemical structureof oligosaccharides
Not only the quantification of oligosaccharides is important. Determination of their exact
structure is essential for establishing their structure-function relationships. To obtain more
information on the structure of isolated oligosaccharides or oligosaccharides present in a
mixture, onecanusevariousmethods and combine theresults todetermine the corresponding
structures.
HPAEC seems to be a versatile method in a growing number of applications, but the
identification of unknown compounds using this system is still impossible because of the
unpredictable behaviour in the system. An important step forward in the characterisation of
unknown components eluting under HPAEC conditions is the on-line combination with mass
spectrometry using athermosprayinterface (60).Usingmultiple-ion detection, information on
the sugarcomposition oftheoligosaccharides canbeobtained. Theuseof specific enzymesis
also an important tool in gaining information on the oligosaccharide structure (61). In
addition,NMR-spectrometrymaybeusedtoidentify unknown oligosaccharides.

Chapter 1

EFFECTOFOLIGOSACCHARIDES ONMICROBIAL BALANCE

Composition ofthe intestinal microflora
The colon contains an extremely complex ecosystem in which individual bacteria exist in a
multiplicity of different microhabitats and metabolic niches. The microbiota consists of
severalhundred different bacterial species,subspecies andbiotypes. Someorganisms occur in
higher numbers than others, and about 40 species make up approximately 99%of all isolates
(62). The majority of bacterial species in the colon is saccharolytic and can contribute to
carbohydrate fermentation. The dominant saccharolytic organisms belong to the genera
Bacteroides, Ruminococcus, Bifidobacterium, Eubacterium and Clostridium. The principle
role of the intestinal microflora is to salvage energy from carbohydrates not digested in the
upper gut. The major substrates for fermentation are dietary carbohydrates that have escaped
digestion in the upper gastrointestinal tract. These include resistant starch as well as nonstarchpolysaccharides suchascellulose,hemicellulose,pectins and gums.Other carbohydrate
sources available for fermentation are mucins, non-digestible oligosaccharides and various
sugars and sugaralcohols.Total carbohydrate availability inthehuman adult colon is20-60g
carbohydrate/day (63).Significant regional differences occur inbacterial activity inthecolon.
The right (proximal) colon is characterised by high substrate availability, low pH and rapid
transit. The left, or distal, colon has a lower concentration of available substrate, the pH is
approximately neutral and bacteria grow more slowly.Theproximal colon tends tobe amore
saccharolytic environment than the distal gut, the latter having higher bacterial proteolysis.
Bacterial growth is stimulated by fermentation. The major fermentation products of
carbohydrates are the short-chain fatty acids (SCFA) (primarily acetate, propionate and
butyrate), C02, H2 and CH4. Fermentation of prebiotics to SCFAs is central to many of the
proposed mechanisms for health effects provided by prebiotics. Prebiotics have generally
beenobserved toincrease lactateandacetateconcentrations,suggesting fermentation by lactic
acid bacteria and bifidobacteria (8). However, propionate and butyrate are also produced
during prebiotic fermentation, indicating that other members of the microflora also utilise
these substrates. In investigations directly comparing SCFA production from various
prebiotics, differences in the SCFA-profiles have been observed (64). Thus, different
prebiotics aremetabolised bythe colonic microflora todifferent combinations ofendproducts
withpossiblyvarying effects onhumanhealth.
Effectofoligosaccharides onbacterial composition
A long-held belief, originating probably with Metchinikoff at the turn of the century, is that
some gut bacteria are beneficial to health, whilst others may be harmful. Potentially health
promoting bacteria are thought to include principally the bifidobacteria and lactobacilli.
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Different approaches are currently used to obtain a bacterial composition with high numbers
of these beneficial bacteria. Probiotics have been variously defined, but for purposes of
human nutrition probiotics can be defined as 'a living microbial food ingredient that is
beneficial to health. By definition, prebiotics are non-digestible food ingredients which
beneficially affect the host by selectively stimulating the growth and/or activity of one or a
limited number of bacteria inthe colon, and thus improve health (4).Another approach isthe
use of synbiotics. A synbiotic has been defined as a mixture of probiotics and prebiotics that
beneficially affect the host by improving the survival of implantations of live microbial
dietary supplements in the gastrointestinal tract by selectively stimulating the growth and/or
activating the metabolism of one or a limited number of health-promoting bacteria, and thus
improvinghostwelfare (4).
Inattemptstoassesstheabilityofoligosaccharides toselectively stimulatetheproliferation of
beneficial organisms in the colon, a range of in vitro models are being employed. Various
commercially available oligosaccharides have been fermented by pure cultures in simple
static/batch cultures. Most of the data have been obtained using differing procedures which
may produce differing results. To determine the ability of a certain strain to ferment a
carbohydrate, two methods are generally used. In the first method, only the pH shift in the
medium is measured and these values are compared to a carbohydrate-free medium and a
medium with glucose as a negative and positive control, respectively. Growth measurements
are very useful. However, one must be sure that the oligosaccharide-mixtures used do not
contain contaminating digestible material.Finalproof for oligosaccharide fermentation canbe
obtained by following the fermentative degradation of the oligosaccharides with HPLCtechniques.Because the colon isacomplex ecosystem where several interactions between the
bacteria might occur, the bifidogenic properties of oligosaccharides have not only been
studied in pure cultures but have been evaluated in more sophisticated, multistage intestinal
models (66). However, ultimate proof of selective stimulation of beneficial bacteria in
humans is required. Bifidogenic effect of lactulose (5); fructooligosaccharides (6, 7);
galactooligosaccharides (8, 9);raffinose(lO); lactosucrose (11, 12);isomaltooligosaccharides
(13)andxylooligosaccharides (66)havebeenreported inhealthyvolunteers orpatients.
Effect ofoligosaccharides onbacterial metabolism
In addition to the selective stimulation of growth of beneficial bacteria in the colon by
prebiotics, these may also stimulate carbohydrate metabolism. The utilisation of
oligosaccharides must be mediated by the hydrolysing enzymes they produce. For the
metabolism of oligosaccharides, thebacterial species have toproduce glycosidases inorderto
degrade the oligosaccharides into mono- or disaccharides which can be transported into the
cell where they can further be metabolised towards SCFA. Rarely bacterial uptake systems
are being reported for sugars with a degree of polymerisation > 2 (67). Many strains of
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bifidobacteria produce glycolytic enzymes which hydrolyse a wide variety of substrates. In
addition, otherintestinal bacteriapossess glycolytic enzymes (seetable5).
Table5.Characterisedglycosidasesandglycanasesofcolonicbacteria.
Dietary carbohydrates

Enzymes

Bacterial species

NeuAc(a2-3)Gal(Bl-4)Glc

Neuramidase

Bifidobacteria

B-Glucooligosaccharides

B-glucosidase

Bifidobacteria (68), Bacteroides
(69, 70)

a-Glucooligosaccharides

a-glucosidase

Bifidobacteria (71), Bacteroides

Fructooligosaccharides

B-fructofuranosidase/

Bifidobacteria (72,73,74)

fructanase

Clostridia (75)Bacteroides (76)

a-Galactooligosaccharides

a-galactosidase

Bifidobacteria (77,78,79)

(70)

Lactobacilli (80)Bacteroides (81)
B-Galactooligosaccharides

B-galactosidase

Bifidobacteria (82)

(Arabino)xylan

Endo-xylanase,

Bacteroides (83)

a-arabinofuranosidase,
B-xylosidase
Arabinogalactan typeII

Arabinogalactanase,

Bifidobacteria (82)

a-arabinofuranosidase,
B-galactosidase

The conditions in the large intestine and the regulation mechanisms of the bacteria will
determinewhichbacteria willbeabletoutiliseaspecific substrate.
AIMANDOUTLINE OFTHETHESIS
Theresearch described in this thesis was part of a multi-disciplinary research program at the
Wageningen Agricultural University on the role of non-digestible oligosaccharides in human
and animalnutrition. Fourresearch groupswere involved intheproject: HumanNutrition and
Epidemiology, Animal Nutrition, Food Microbiology and Food Chemistry. The main
objective of the research done at the Food Chemistry group was to establish the relation
between the chemical structure of non-digestible oligosaccharides and their fermentability by
intestinal bacteria. Therefore, several structurally different series of oligosaccharides needed
tobe produced and fractionated and their structure elucidated in order to obtain well-defined
oligosaccharides. Secondly, the fermentation of the oligosaccharides by different intestinal
bacteria had to be evaluated in order to obtain information on their capability to degrade
and/or ferment oligosaccharides. Thirdly, some of the oligosaccharide degrading enzymes of
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bacteria which are capable of fermenting oligosaccharides had to be purified and
characterised to obtain more information on the activity, specificity and regulation of these
enzymes. The acquired knowledge can then be used to design procedures for the tailor-made
productionof oligosaccharides.
Chapter 2 describes the production of structurally different oligosaccharides from plant
polysaccharides and their fermentation by various intestinal bacteria in comparison to the
fermentation oftheparent polysaccharide.
In chapter 3 and 4, two different arabinofuranohydrolases from Bi. adolescentis —which
enable this species to be one of the few bacteria to utilise arabinoxylooligosaccharides
completely — werestudied inmoredetailandwere found tobenewtypesofenzymes.
The fermentation of stachyose, an a-galactooligosaccharide utilised by Bi. adolescentis,and
purification ofthea-galactosidase involved inthe degradation ofthissubstrate isdescribed in
chapter 5. This purified a-galactosidase was used for the production of new types of agalactosides that may function asprebiotics. Chapter 6gives the results of our studies on the
effect of transgalactooligosaccharides on the growth and enzyme-regulation of Bi.
adolescentis and a study of the enzymes involved in the degradation of these
transgalactooligsoaccharides.
In chapter 7, the effect of transgalactooligsoaccharides and a hydrolysate of soy
arabinogalactans -containing both oligomeric and polymeric material- on the growth of
bacteria in faecal slurry and their effect on the formation of oligosaccharide degrading
enzymeswasstudied.
Chapter 8reports on the effect of transgalactooligosaccharides and fructooligosaccharides on
glycosidase levels in faeces of healthy volunteers and investigates whether glycosidase levels
aremarkers for prebiotic effects.
Finally, in chapter 9, the main findings are summarised and discussed, and perspectives for
the future aregiven.
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New types ofnon-digestible oligosaccharides wereproduced from plant cell
wall polysaccharides, and the fermentation of these oligosaccharides and
their parental polysaccharides by relevant individual intestinal species of
bacteria was studied. Oligosaccharides were produced from soy
arabinogalactan, sugar beet arabinan, wheat flour arabinoxylan,
polygalacturonan, and a rhamnogalacturonan fraction from apple. All ofthe
tested substrates were fermented to some extent by one or more of the
individual speciesofbacteriatested. ThetestedBacteroidesspp.were ableto
utiliseplant cell wall derived oligosaccharides besidestheirreported activity
toward plant polysaccharides. The tested Bifidobacterium spp. were also
able toutilise the rather complex plant cell wall derived oligosaccharides in
addition to the bifidogenic fructooligosaccharides. Strains belonging to
Clostridiumspp., Klebsiella spp., and Escherichia coli fermented some of
the selected substrates in vitro.These studies do not allow prediction of the
fermentation in vivo but give valuable information on the fermentative
capability ofthetestedintestinalstrains.
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INTRODUCTION
Non-digestible oligosaccharides (NDOs) are oligosaccharides, which escape digestion in the
upper gastrointestinal tract. According tothe IUB-IUPACnomenclature, oligosaccharides are
defined as saccharides containing between 3 and 10 sugar moieties (Voragen, 1998). The
oligosaccharides, fructooligosaccharides, and transgalactooligosaccharides belong to the
group of prebiotics meaning that they are non-digestible food ingredients, that beneficially
affect thehostby selectively stimulating thegrowthand/oractivity ofoneora limited number
of bacteria in the colon and thus improve health (Gibson and Roberfroid, 1995). Mixtures of
oligosaccharides which combine the effect of stimulating the body's own bacteria and those
added(probiotics) areconsidered assynbiotics(Knorr, 1998).
SomeNDOs occur naturally in various plants (Campbell et al, 1997),processed foods and in
humanbreastmilk (Thurletal, 1996).Non-digestible oligosaccharides, aswell as non-starchpolysaccharides (NSP), resistant starch and mucin can all be regarded as substrate for the
intestinal species of bacteria (Vercellotti et al, 1977). NDOs are commercially produced by
extraction, chemical condensation (Dendene et al, 1994),transglycosylation reactions (Smart,
1993; Barthomeuf and Pourrat, 1995) or controlled hydrolysis of polysaccharides
(Coussement, 1995; Yun et al, 1997). The various types of dietary carbohydrates might
influence the growth of specific bacteria species, their metabolic activity, short chain fatty
acid (SCFA), production and rate of fermentation in different ways dependent on their
structures.
Species often involved in the breakdown of carbohydrates belong to the genera Bacteroides,
Bifidobacterium,Rwninococcus,Eubacterium,Lactobacillus,and Clostridium.Some species
(mainlyBacteroides)are regarded asutilising mainly NSP while others grow by crossfeeding
on smaller fragments (often oligosaccharides) produced by primary NSP degraders
(Macfarlane and Cummings, 1991). Bifidobacteria have been reported to be mainly
oligosaccharide utilisers, although some of them are also able to ferment polysaccharides
(Crociani etal, 1994).
Products formed during fermentation in the colon from NSP have been the subject of many
studies,whereas almost no data are available on the fermentation of oligosaccharides derived
from NSP. Most of the research has focused on the influence of fructooligosaccharides and
galactooligosaccharides ontheintestinal flora (Itoetal, 1993;Allesetal, 1996;Buddington et
al, 1996;Garleb et al, 1996).However plant cell wall polysaccharides are also an interesting
potential source for the production of oligosaccharides covering a wide range of different
structures. Plant cell wall polysaccharides are present in large amounts as fibre-rich byproducts, e.g., cereal bran, fruit pomace, sugar beet pulp, potato fibre, and press cake of
oleaginous seeds. Ifrequired specific extractions can results in polysaccharides which can be
hydrolysed towards oligosaccharides. Little attention is paid to the possible use of plant cell
wall derived oligosaccharides asprebiotic substrate. Asthese types of oligosaccharides canbe
formed during production and/or processing of food (e.g., formation of
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arabinoxylooligosaccharides during bread making incase endo-xylanases are added as breadimprovers, infruitjuices,purees and nectars if enzymes areused, isomaltooligosaccharides in
beer) they might be an important prebiotic substrate. Also adding these types of
oligosaccharides to the diet might have interesting effects on the composition and/ or activity
of the bacterial flora. Fermentation of complex carbohydrates is assumed to be a result of a
combined action of severalbacteria:however, knowledge onhow individual intestinal species
of bacteria utilise complex poly- and oligosaccharides is important to better understand their
fermentation inthecolon.
The aim of this study was to produce various structurally different oligosaccharides from
plant cell wall polysaccharides and to study the influence of the chemical structure of these
oligosaccharides on the fermentation behaviour by various intestinal bacteria. Further, this
behaviour was compared to the fermentation behaviour of parental polysaccharides and
commercially available oligosaccharides. To obtain more information on the fermentation
capabilities ofvarious intestinal strains,this studywasperformed withpure cultures andwelldefined substrates.
MATERIALSAND METHODS

Materials
Wheat flour arabinoxylan was obtained from Megazyme (International Ireland Ltd, Wicklow,
Ireland). Sorghum arabinoxylan was obtained as described by Verbruggen et al, (1995). A
rhamnogalacturonan-enriched fraction was isolated from apple liquefaction juice and was
subsequently saponified according to the method of Schols et al (1990). Soy arabinogalactan
was obtained on a small scale as described by Huisman et al (1998), and a large amount of
soy arabinogalactan was a gift from Novo Nordisk Ferment AG (Dittingen, Switzerland).
Sugar beet arabinan was a gift from British Sugar (Peterborough, UK). Polygalacturonic acid
was obtained from ICN (Costa Mesa, CA). Xylooligosaccharides were a gift from Suntory
Ltd. (Japan). Fructooligosaccharides obtained from inulin by controlled hydrolysis (Raftilose
P95)werekindly provided byORAFTI (Tienen,Belgium).
Enzymes
Polygalacturonase was purified from Kluyveromyces fragilis (Versteeg, 1979).
Rhamnogalacturonan hydrolase was purified from the commercial preparation Ultra Sp
produced with Aspergillus aculeatus (Novo Nordisk A/S, Bagsvaerd, Denmark). An endoxylanase was purified from Aspergillus tubigensis(Graaf et al, 1994). Endo-galactanase and
endo-arabinanase were cloned from A. aculeatusand were kindly provided byNovo Nordisk
A/S (Bagsvaerd, Denmark). The cloned enzymes may not be completely pure since the host
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micro-organism produces low amounts of its own enzymes in addition to the genetically
introduced enzyme.
Preparation ofoligosaccharides from plantcellwall polysaccharides
A solution of polymer (1% w/v) was incubated with an appropriate amount of suitable endoglycanase and the degradation was followed by High-Performance Anion-Exchange
Chromatography (HPAEC)and High-Performance Size-Exclusion Chromatography (HPSEC)
(see analytical methods).After inactivation of the enzyme (10 min, 100°C),the solution was
concentrated under reduced pressure. Mostly, the concentrated digest required centrifugation
(14000 x g, 5 min) to remove insoluble material. The supernatants were fractionated on a
Sephadex G10 column (600 x 50mm), (Amersham Pharmacia Biotech, Uppsala, Sweden) or
two columns (600 x 26 mm) packed in series with Fractogel TSK HW-40 (S) (25-40 um,
Merck,Darmstadt,Germany) thermostatedat60°C,or aBioGel P-2 column (1000 *26mm)
(200-400 mesh, Bio-Rad Laboratories,Hercules, CA)thermostated at 60 °C. Samples upto5
mL were applied on the column and eluted with distilled water (5 mL/min, 2.5 mL/min, 0.5
mL/min respectively for G10, TSK and BioGel material) using a Pharmacia Whiled system
equipped with a Pharmacia P50 pump. A Shodex RI-72 detector was used to monitor the
refractive index. The fractions were analysed for oligosaccharides by HPAEC or HPSEC and
appropriate fractions werepooled.
Bacterial strains
Eighteen bacterial strains were selected from the culture collection in our department. Most
strains were of human origin; some strains originated from porcine feces (Hartemink et al,
1996).
Oligosaccharide and polysaccharide fermentation
The selected strains were screened for their ability to ferment structurally different
oligosaccharide and polysaccharide fractions. Strains were pre-grown in thioglycollate broth
(Oxoid, Unipath LTD, Basingstoke, Hampshire, UK). The sugar free thioglycollate medium,
as well as the oligosaccharide or polysaccharide solutions were sterilized separately for 15
min at 121 °C. Thioglycollate supplemented with 0.5% oligosaccharides or polysaccharides
(w/v) (1 mL) was inoculated with 10% (w/v) of an overnight full grown strain for 48 h at
37°Cinananaerobic chamber with anatmosphere consisting of C0 2 (10%),H2(10%) and N2
(10%). After anaerobic incubation, the pH was measured using a micro-pH meter (Sentron,
Roden, The Netherlands). The experiments were performed in duplicate. The changes in
content of residual polysaccharides and oligosaccharides, and formation of reaction products
were measured byHPAEC and HPSEC.For HPAEC and HPSEC analyses, the cultures were
centrifuged and the supernatant was diluted 10 times with H 2 0 and boiled for 5 min to
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inactivate enzymatic activity. The strains were checked microscopically for purity before and
after fermentation.
Analytical methods
The HPAEC system consisted of a Dionex Bio-LC GPM-II quaternary gradient module
(Dionex Corporation, Sunnyvale,CA)equipped withaDionex CarboPac PA-100column (4x
250 mm) in combination with a CarboPac PA-100 guard column (3 * 25 mm). Samples (20
uL)were injected using a Spectra Physics SP8880 autosampler. Theoligomers were analysed
using a gradient of sodium acetate in 100 mmol.L"1 sodium hydroxide. For RGAOS, the
gradient was as follows: 0 to 5 min, 0 mM sodium acetate; 5 to 35 min, 0 - 430 mmol.l"1
sodium acetate; 35 to 40 min, 430 to 1000 mmol.L"1 sodium acetate. For AOS, the elution
involved a linear gradient of 0-500 mmol.L"1 sodium acetate in 100 mmol.L"1 NaOH for 40
min.ForGAOS,theelutioninvolved alinear gradient of200-700mmol.L"1sodiumacetatein
100 mmol.L"1 NaOH for 40 min. For AGOS the elution involved a linear gradient of 0-400
mmol.L"1 sodium acetate in 100mmol.L"1NaOH for 40min.Elution ofAXOSwas donewith
a lineargradient of0-100 mmol.L"1sodium acetate in lOOmmol.L"1NaOH for 5min, followed
by a linear gradient of 100-400 mmol.L"1 sodium acetate in 100mmol.L"1 NaOH for 40 min.
The elution ofXOS involved alinear gradient of 0-250mmol.L"1 sodium acetate for 30min.
All gradients ended with 5min 1000mmol.L"1 sodium acetate and a reequilibration with 100
mmol.L"1 NaOH for 15 min. The eluant (1 mL/min) was monitored using a Dionex PED
detector inthepulsed amperometricdetection (PAD)mode.
HPSEC was performed on a SP8800 HPLC (Spectra Physics) equipped with three Bio-Gel
TSK-columns (each 300 x 7.5 mm) in series (40XL, 30XL, and 20XL; Bio-Rad labs) in
combination with a TSK XL guard column (40 x 6 mm) and elution at 30 °C with 0.4 M
acetic acid/ sodium acetate (pH 3) at 0.8 mL/min. The eluate was monitored using a Shodex
SE-61 refractive index detector. The system was calibrated with pectins with molecular
weights intherangeof 10.000-100.000 Da(asdetermined byviscosimetry).
The polymeric material was analysed for sugar composition. Uronic acid was determined by
thecolorimetric m-hydroxybiphenylassay (Ahmed andLabavitch, 1977).Neutral sugars were
determined by GLC after pretreatment (1 h, 30 °C) with aqueous 72% H2SO4,followed by
hydrolysis with 1 MH2SO4(3h, 100°C) and conversion of the products into alditol acetates
(Englyst and Cummings, 1984).The alditol acetates were analysed on a glass column (3 mx
2 mm i.d.),packed with Chrom WAW 80-100 mesh coated with 3%OV275 in aCarbo Erba
Fractovap 2300GC.
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RESULTS

Production of new NDOs
Productionof(arabino)galactooligosaccharides (AGOS)fromsoy

Dehulled soy beans were defatted, deproteinated, destarched and treated with NaOH
according to Huisman et al (1998) to obtain an arabinogalactan enriched extract. The sugar
composition of the arabinogalactan enriched polysaccharide fraction (AGPS1) obtained is
giveninTable 1.
Table1.Sugarcomposition(mol%)ofvariouscellwallpolysaccharidesandextracts
AGPS2

AGPS I
Rhamnose
Fucose
Arabinose
Xylose

2

APS

AXWPS

RGAPS

2

5

16

0

AXSPS

0

0

0

0

0
46

3

2

27

38

60

20

30

7

2

0

11

69

40

Mannose

0

0

0

0

0

0

Galactose

39

52

15

18

0

2

Glucose
Uronic acid

2

0

5

2

1

2

20

4

15

33

0

10

AGPS: arabinogalactan enriched polysaccharide fraction; APS: arabinan enriched polysaccharide
fraction; RGPS: rhamnogalacturonan enriched polysaccharide fraction; AXWPS: arabinoxylan
polysaccharidefromwheatflour;AXSPS: glucuronoarabinoxylanpolysaccharidefromsorghum
This fraction was mainly composed of galactose, arabinose, and galacturonic acid residues,
but also someothersugarresidueswerepresent. This arabinogalactan extract wastreated with
various endo-glycanases for 1 hand 24 h, and the degradation of the polymer and subsequent
oligosaccharide formation wasanalysed with HPSEC and HPAEC.Treating the extract for 24
h with a purified endo-galactanase resulted in the production of oligosaccharides with a
degree of polymerisation (DP) of 2-5. An incubation time of 1h resulted in the formation of
oligomerswithaDPranging from 2to9.
Arabinogalactan obtainedfromNovo Nordisk (AGPS2)consisting of 52% galactose and38%
arabinose (Table 1)was used for the large-scale production of AGOS.AGPS2was incubated
with the cloned endo-galactanase. The oligosaccharides formed eluted similar on HPAEC as
those formed after incubation of the soy-extract with the purified endo-galactanase. The
reaction products were applied onto a Sephadex G-10 column to remove the monomers and
the remaining polymeric fraction. Themixture was fractionated using the BioGel P-2 column
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in fractions containing di-, tri-, tetra-, penta-, hexa-, hepta-, octa- and nonasaccharides
representing 22, 26, 16, 12, 9, 9, 3 and 3 % respectively of the oligosaccharide mixture.
HPAEC analysis revealed that the different DP-fractions consisted of several types of
oligosaccharides. The oligosaccharides present at the highest concentration in the various
fractions were identified asgalactooligosaccharides that wereB-l—»4connected toeach other.
Theproposed structure oftheoligosaccharides present inthemixture isgiven inTable2.
Productionofarabinooligosaccharides(AOS)fromsugarbeet

Arabinan can be hydrolysed toward oligosaccharides by action of endo-arabinanases
(Beldman et al, 1993).Linear a-l,5-arabinan extracted from sugar beet consisting mainly of
arabinose (Table 1) was incubated with an endo-arabinanase. AOS with a DP of 2-10 were
formed. The digest was applied onto a BioGel P-2 column, and the sugars eluting in the
dimeric, trimeric, tetrameric and pentameric fraction were pooled. The AOS were identified
using standardspresent inthe laboratory asa-l->5 linked arabinose oligomers (Table2).Due
tothepresence of somepolygalacturonidase activity inthe endo-arabinanase preparation, also
somegalacturonicacid (5%w/w)waspresent inthepooledmixture.
Productionofgalacturonooligosaccharides(GAOS)

Linear GAOS were obtained by incubating polygalacturonic acid with a purified
polygalacturonase from Kluyveromycesfragilis according to Versteeg (1979). Using HPSEC
the degradation of the polygalacturonic acid was monitored. When the polymer was
completely degraded toward oligomeric material, the reaction was stopped. The digest was
dialyzed against Millipore deionized water to remove most of the monogalacturonic acid and
digalacturonic acid and some trigalacturonic acid. The mixture obtained contained linear
galacturonooligosaccharides withaDPranging from 2to10(Table2).
Productionofrhamnogalacturonooligosaccharides (RGAOS)fromapple

From apple a highly branched rhamnogalacturonan enriched polysaccharide fraction (RGPS)
wasobtained asdescribed by Scholsetal(1990).Thisfraction wasdegraded byrhamnogalacturonan hydrolase. The digest was fractionated on a Sephadex G-50 column according to
Schols et al (1994). Fractions containing sufficient amounts of oligosaccharides were pooled
and the structures of the oligosaccharides present in these pools were determined by
comparing their elution pattern with the elution pattern of oligosaccharides with known
structure (Schols et al, 1994).In Table 2the structures of the RGAOS present in the mixture
aregiven.
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Table 2. Structure of the oligosaccharides derived from plant cell wall polysaccharides: (Gal)„:
galactooligosaccharides, (Gal) n (Ara) n : branched (arabino)galactooligosaccharides, (Ara)„:
arabinooligosaccharides,
(GalA)„
:
galacturonooligosaccharides,
RGOS,
rhamnogalacturonooligosaccharides.,
(Xyl) n :
xylooligosaccharides,
AXOS:
arabinoxylooligosaccharides
AGOS

B-D-Ga]p-(l->4)-[B-D-Galp-(l->4)]n-D-Galpwith n= 0-5
unidentified branched arabinogalactan derived oligosaccharides

AOS

a-L-Ara/-(l->5)-[a-L-Ara/-(1^5)]„-L-Ara/"withn==0-3

GAOS

a-D-GalAp-(1^4)-[a-D-GalAp-(l->4)]n-D-GalApwithn=0-7

RGOS
RG,

a-Rha-(l-»4)-a-GalA-(l-»2)-a-Rha-(l->4)-GalA

RG2

a-Rha-(l->4)-a-GalA-(l->2)-a-Rha-(l->4)-GalA
P-Gal-(1,4)

RG3

(Xyl)„
AXOS
5.5

p-Gal-(l,4)

a-Rha-(1-»4)-a-GalA-(1->-2)-a-Rha-(1->4)-a-GalA-(1->2)-a-Rha-(1->4)-GalA
4"
v
4p-Gal-(l,4)
P-Gal-(l,4)n
p-Gal-(l,4) m
with eithern=l and m=0,or n=0 and m=l.
B-Xylp-(l-»4)-[B-Xylp-(l->4)ln-C-Xylp n=0-4
B-Xylp-(l->4)-B-Xy]p-(l-»4)-B-Xyl/>-(l-»4)-Xylp
a-Ara/(l,2)

5.1

B-Xyb-(l-yt)-B-Xylp-(1^4)-Xylp
/a-Ara/(l,2)
a-Araf(l,3)

6.1

B-Xylp-(l->4)-B-Xylp-(l-»4)-B-Xylp-(l->4)-Xy^
/a-Ara/"(l,2)
a-Ara/"(l,3)

8.1

B-Xylp-(l-*4)-B-Xylp-(l-+4)-B-Xylp-(l-^4)-B-Xylp-(1^4)-Xylp

'/-" y:

a-Ara/(l,3)

/a-Ara/(l,2)
a-Ara/(l,3)

B-Xyl/7-(1->4)-B-Xylp-(1->4)-B-Xyb-(1-»4)-B-Xylp-(1->4)-Xy]p
/a-Ara/(l,2) / a-Ara/(l,2)
a-Ara/(l,3) a-Ara/(l,3)
10.1

B-Xylp-(1^4)-B-X/ybKl-»4)-B-Xylp-(l-^)-B-Xyto-(l->4)-B-Xylp-(1^4)-Xylp
a-Ara/XU)
a-Aidf(l,3)

/ a-Ara/(l,2)
ct-Ara/XU)
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Productionofarabinoxylooligosaccharides (AXOS)fromwheat-flour

Arabinoxylan-enriched fractions were obtained from wheat flour and degraded with anendoxylanase from A. tubigensis.The resulting digest was subsequently fractionated on Fractogel
TSK. The fractions were analysed by HPAEC, and the oligomers present were identified
using standards present in the laboratory (Gruppen et al, 1992). The fraction containing
mainly double-branched oligosaccharides (Table 2) was used for further fermentation
experiments.
Linear xylooligosaccharides (XOS) were obtained after partial purification of commercially
available xylooligosaccharides. The commercial mixture contained 22% monosaccharides,
which were removed by size-exclusion on a BioGel P-2 column. The di-, tri, and tetrameric
fractions werepooled and contained, besides the linear 131-4linked xylooligosaccharides, also
someotheroligosaccharides (mostlikely glucooligosaccharides).
Behaviour in the presence of isolated strains

Various plant cell wall polysaccharides and oligosaccharides were fermented by selected
bacterial strainsisolated from human andporcine feces.After anaerobic fermentation for 48h,
the pH was measured (Table 3). The amount of residual soluble polysaccharides or
oligosaccharides was measured with HPSEC and HPAEC. The degree of fermentation of the
polymers could be estimated by HPSEC from the shift in molecular weight or from the
lowered amount of polymer left in the supernatant after fermentation. The presence of
monomeric and oligomeric material after fermentation of the polymer was determined with
HPAEC. The fermentation of the oligosaccharides was judged by comparing the HPAEC
elutionpatterns of the oligosaccharides before and after fermentation. The thioglycolate broth
and the oligosaccharide mixtures were also analysed separately to determine the origin of the
observed peaks. This allowed specific determination of the degree of fermentation of the
substrate by the various intestinal bacteria. In Table 4 the degradation of the polymers or
oligomersbythevariousstrainsisgiven.
Arabinogalactan

enriched

polysaccharide

fraction

(AGPS1)

and

(arabino)galactooligosaccharides (AGOS)

Species belonging to the different bacterial groups tested were able to ferment AGPS1.Using
HPSEC it was shown that 12 species of bacteria degraded theAGPS1 to some extent (Table
4); however, the degree of fermentation differed. In Figure 1, some HPSEC elution patterns
obtained for various fermentation liquids are given. Bacteroides ovatus (B. ovatus)(Fig IE)
fermented the extract almost completely within the incubation time as can be seen when the
pattern iscompared with theHPSECelutionpatternoftheuntreated polymer (Fig 1A).E.coli
(Fig ID) degraded the polymer only to some extent; the molecular weight shifted from
approximately 65 kDa to 20 kDa. Lactobacilus acidophilus (Fig 1C) and Bifidobacterium
breve(Bi.breve)(Fig IB)changed the elution behaviour oftheAGPS1only slightly. After 48
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h fermentation no formed monomeric or oligomeric material could be detected in any of the
AGPS1fermentations.

20

24

Retentiontime (minutes)

Figure 1. High-performance size-exclusion chromatography of arabinogalactan enriched
polysaccharidefraction from soybeforeandafter fermentation byvariousintestinalbacteria.A. Blank,
B.Bi. breve, C.Lacidophilus, D.E.coli, E. B. ovatus
Adecrease inpH (seeTable 3)ofthemedium wasobserved for almost all strains tested when
grown on AGOS. In Figure 2 the HPAEC elution pattern of the AGOS before (Fig 2A) and
after fermentation is given. Most of thetested strains showing a decrease inpH fermented the
mixture completely (Fig 2C) as was monitored using HPAEC. B. vulgatus only slightly
fermented AGOS Fig 2B). Some strains showed degradation of oligosaccharides but this
degradation was not always accompanied with a drop in pH (Tables 3 and 4). It should be
stated that the peaks still present in Figure 2C originate from the medium and not from the
AGOS.
(Gal),

10

(Gal),

15

Retention time (minutes)

Figure2.HPAECanalysisof(arabino)galactooligosaccharides before(A)andafter fermentationB.
vulgatus(B)andL.acidophilus(C)
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Arabinan enriched polysaccharide fraction (APS) and the arabinooligosaccharides
(AOS)

The APS from sugar beet could degraded to some extend by Bi. adolescentis,Clostridium
beijerinckii (C. beijerinckii), C. clostridiiforme, C. ramosum, B. ovatus and B.
thetoatoamicron as measured by HPSEC (shift in Mw from 32 to 22 kDa). The relative
amount of polymer did not decrease for C. beijerinckiiand C ramosum showing that these
species only slightly hydrolysed the polymer but did not utilise it. Bi. longum, C.
clostridiiforme, B. vulgatus, and B. thetaiotaomicron degraded this polymer and also
decreased the amount of polymer, as measured by the change of area under the curve and a
drop in pH. For the latter two species, arabinooligosaccharides still could be detected in the
supernatant (Fig 3) showing that they could not utilise all of the oligosaccharides formed
within the selected fermentation time.Bi. longumand C.clostridiiformeappeared to possess
theenzymesystemtofully utilise arabinan.

(Ara)5 (Ara)6
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20
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Figure3.HPAECelutionpatternofarabinooligosaccharides formed inthesupernatantbefore (C) and
after fermentation ofB.thetaiotaomicron (B)andB.vulgatus(A)
AOS of DP 2-6 were completely fermented by Bi. longumand C. clostridiiforme. E. col,B.
vulgatus, Bi.breveandBi.adolescentis fermented thesmalleroligomer (DP2-3). C. beijerinckii
andC. sartagoformum slightly degraded thearabinotriose andarabinotetraose.Theother species
tested(Table4)wereunabletodegradetheoligosaccharides.
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Rhamnogalacturonan

enriched

polysaccharide

fraction

(RGAPS)

and

(rhamno)galacturonooligosaccharides((R)GAOS)

RGAPS was fermented by a limited number of bacterial species only (Table 4). B. ovatus
completely degraded thepolymerswhiletheotherspeciestestedwereonlyabletodegradethe
populationwith thehighest molecular weight.
RGAOSwerecompletelyfermented bytheBacteroides strainstested;B. vulgatus, B.ovatus, and
B. thetaiotaomicron. In Figure 4 the elution profile is given of the RGAOS before and after
incubation with B. ovatus. These species therefore probably produce galacturonidases,
galactosidases and rhamnosidases when grown on these oligosaccharides. These species also
loweredthepHofthesupernatantafter fermentation. Theotherspeciestestedshowednoactivity
towardRGAOS.
RG2

co
a.

IS-*JEL~flJ

T3
CO
Q.

25

30

Retentiontime (min)

Figure 4. HPAEC elution pattern of rhamnogalacturonan-oligosaccharides before (A) and after (B)
fermentation byB. ovatus
C. clostridiiforme, C. ramosum, and B. ovatus fermented linear GAOS. The other species
tested did not show any degradation of the oligosaccharides. Since our substrates were only
slightly buffered, the GAOS resulted in a pH-drop, and this complicates comparison with
othersubstrates.
Arabinoxylan polysaccharide from wheat flour (AXWPS), glucuronoarabinoxylan
polysaccharide fromsorghum (AXSPS)and (arabino)xylooligosaccharides (AXOSand
XOS)

Two arabinoxylans originating from different sources (wheat and sorghum) were selected for
studying the fermentation of branched xylans. Wheat flour arabinoxylan consisted of
arabinose and xylose while the polymer from sorghum (glucuronoarabinoxylan) contained
glucuronic acids as substituents as well (Table 1); the polymer from sorghum was only
partially water-soluble.
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Fermentationofplant cellwallderivedoligosaccharides

Bi. longumand B. ovatusfermented AXWPS completely, asjudged from HPSEC (results not
shown). HPAEC analysis of the supernatant showed that after 48 h of fermentation of the
arabinoxylan polymerbyB. ovatusthesupernatant stillcontained oligosaccharides.
AXSPS was partially fermented by B. vulgatus and this resulted in a small drop in pH. B.
ovatusfermented the soluble glucuronoarabinoxylan completely over aperiod of48h andno
oligomerscouldbedetected inthe supernatant.
The linear xylooligosaccharides, xylobiose, -triose and tetraose were fermented byBi.longum,
Bi. adolescentis, L. acidophilus,Klebsiella pneumoniae (K. pneumoniae), C. beijerinckii, B.
vulgatus, andB. ovatus.
The morebranched arabinoxylooligosaccharides (Table 2) could only be fermented completely
by Bi. adolescentis, Bi. longumand B. vulgatus. B. ovatusshowed only B-xylosidase activity
towardthexylose residuepresent atthenon-reducing endofthe double substituted oligomer 6.1
resultingintheformation oftheoligosaccharide5.1(Table2).Theotherstrainstestedshowedno
degradation(Table4).
Fructooligosaccharides(FOS)
All Bifidobacteriumspp. and Bacteroidesspp.tested and some Clostridiaspp., Lactobacillus
casei(L.casei)andK.pneumoniaeshowed acidification oftheFOScontaining media after 48
h of fermentation. Except for L. casei and some Clostridiumspp. all of them were able to
ferment the FOS mixture to some extent.L. acidophilusand L.fermentum fermented only 1kestose.
DISCUSSION
The oligosaccharides at present commercially available are produced by extraction from
natural plant foods, by acidic or enzymatic hydrolyses of fructans or by transglycosylation
starting from sucrose (Hang and Woodams, 1996),lactose (Zarate and Lopez, 1990),maltose
(Hayashi et al, 1994),and starch derivatives by using specific bacterial enzymes (Monsan et
al, 1989). Here we describe a new class of fermentable oligosaccharides produced by
controlled hydrolysis from various naturally occurring plant cell wall polysaccharides. Soy
flour, sugar beet pulp, apple, and wheat flour were selected as raw materials for the
production of, respectively, (arabino)galacto-, arabino-, rhamnogalacturono-, and
arabinoxylooligosaccharides after extraction of the polysaccharide of interest. The
oligosaccharides derived from cell wall polysaccharides are structurally different from the
oligosaccharides, which are currently commercially available as prebiotics (Playne and
Crittenden, 1996). Little research so far has focused on the production of plant cell wall
derived oligosaccharides as potential prebiotics, although these types of oligosaccharides
mightbe formed inthecolon duetotheaction ofNSP-fermenting bacteria.
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All the soluble polysaccharides and oligosaccharides tested in this study were fermented in
vitroby faecal inocula (datanot shown).Depending onthetype ofpoly-and oligosaccharides
different strains were able to degrade these substrates. All substrates could be completely
fermented byatleastoneofthetestedbacteria.
Within the group of Bacteroides, the individual species tested, fermented all or most of the
substrates to some extent, showing that Bacteroides spp. have a wide variety of glycanases
and glycosidases. The rhamnogalacturonooligosaccharides were the only type of
oligosaccharides that were selectively fermented by them. TheBacteroidesspp. areknown to
degrade xylans containing low levels of arabinose (Salyers etal, 1981; Cooper etal, 1985).In
addition, our study showed that highly branched xylans from wheat flour and sorghum and
oligosaccharides derived from them were fully fermented by some Bacteroides spp. In
addition to the type II arabinogalactan (Bl-»3, l->6 arabinogalactans) (Salyers et al, 1981),
our study showed that bacteroides were also able to ferment type I arabinogalactan (131-4
arabinogalactans) and galactooligosaccharides.
Clostridium spp.werealsoabletoferment most ofthe substratesto some extentalthoughthey
showed low activity toward the highly branched xylans and rhamnogalacturans. The
fermentation capabilities of intestinal Clostridium spp. are not often reported as these species
of bacteria are normally not dominant in the colon (Finegold et al, 1983). However several
studies showed high saccharolytic activity of Clostridium spp.occurring in nature (Henrissat,
1997).
Our studies show that individual species belonging to bifidobacteria are able to ferment
(arabino)galactooligosaccharides, arabinooligosaccharides, arabinoxylooligosaccharides,
xylooligosaccharides, and fructooligosaccharides but are not able to utilise rhamno- and
galacturonooligosaccharides. Bifidobacteria possess high glycosidase activity toward linear
substrates such as fructooligosaccharides and galactooligosaccharides. This study shows that
bifidobacteria alsoproduce enzymes,which degradeplant cell wall, derived oligosaccharides.
Van Laere et al (1997) showed that Bi. adolescentis when grown on
arabinoxylooligosaccharides produced three different enzymes able to degrade the double
substituted arabinoxylooligosaccharides. The arabinoxylan polysaccharides (AXWPS by Bi.
longum) were also fermented to some extent by some bifidobacteria however, the
oligosaccharides derived from the related polysaccharides were generally fermented to a
higher extent. Yamada et al (1993) already reported that bifidobacteria fermented
arabinoxylooligosaccharides obtained by degradation ofwheat bran invitro.Our experiments
howeverprovidenoinformation onthe growthrate.Further invitroand invivostudieswillbe
needed to evaluate whether these types of oligosaccharides selectively stimulate the growth
and/oractivityofaselected number ofbeneficial bacteria.
Fermentation of a specific substrate was not always accompanied with adrop in pH, and this
supports the conclusions of Barry et al (1995), that apH drop should not be used as an index
for fermentation. HPAEC and HPSEC are better methods to specifically follow fermentation
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of oligo- and polysaccharides, but complete depolymerisation does not always mean full
utilisation.
Our experiments give information on the capability of intestinal species of bacteria to utilise
the polysaccharides and oligosaccharides. Our studies, however, do not allow predictions
about the fermentation in vivo, since this will depend on various factors such as the
availability of other substrates, growth factors, intestinal pH, actual number of bacteria, and
theinteractions betweenthedifferent speciesofbacteria present.
It canbe concluded that theBacteroidesspp.,predominant intestinal bacteria, are also ableto
utilise plant cell wall derived oligosaccharides besides their reported activity toward plant
polysaccharides. Bifidobacteria are able to utilise the structurally rather complex
oligosaccharides derived from plant cell wall polysaccharides in addition to the bifidogenic
oligosaccharides such as fructooligosaccharides and xylooligosaccharides, showing their
broad range of glycosidases. The degradation of oligosaccharides and polysaccharides by E.
colimight be important in humans which host high numbers of these organisms in the small
intestine.Theability ofthe lactobacilli and bifidobacteria toferment specific oligosaccharides
andpolysaccharides mightbeimportant inthedevelopment ofsynbiotics.
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A newarabinofuranohydrolase from Bifidobacterium
adolescentis able to remove arabinofuranosyl
residues from double-substituted xylose units in
arabinoxylan
Van Laere KMJ, Beldman G, Voragen AGJ (1997) A new arabinofuranohydrolase from
Bifidobacterium adolescentis abletoremovearabinosyl residues from double-substituted xyloseunits
inarabinoxylan.ApplMicrobiolBiotechnol47: 231-235

An arabinofuranohydrolase (AXH-d3) was purified from a cell-free extract
of BifidobacteriumadolescentisDSM 20083.The enzyme had a molecular
weight of approximately 100 kDa as determined by size exclusion. It
displayed maximum activity at pH 6 and 30°C. Using an arabinoxylan
derived oligosaccharide containing double-substituted xylopyranosyl
residues, it was established that the enzyme specifically released terminal
arabinofuranosyl residues linked toC-3 ofdouble-substituted xylopyranosyl
residues.
Additionally,
this
arabinofuranohydrolase
released
arabinofuranosyl groups from wheat flour arabinoxylan polymer but showed
no activity towards p-nitrophenyl-a-L-arabinofuranoside or towards sugar
beet arabinan, soy arabinogalactan, arabinooligosaccharides and
arabinogalactooligosaccharides.
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INTRODUCTION
Xylans are widely distributed types of hemicelluloses in plant cell walls. These heteropolysaccharides consist of a fl-D-(l-»4)-linked xylopyranoside backbone and can be
substituted with ot-L-arabinofuranose, 13-D-glucopyranosyl uronic acid, or its 4-O-methyl
derivative, and acetyl groups. The complete degradation of substituted xylans involves the
action of several hydrolytic enzymes: endo-xylanases, 13-xylosidases, glucuronoxylan
hydrolases,and enzymes capable ofhydrolysing substituents from thexylanbackbone suchas
a-L-arabinofuranosidases, acetyl and feruloyl esterases, uronidases and glucosidases
(Coughlan andHazlewood, 1993).
a-L-Arabinofuranosidases canhydrolyse arabinofuranosyl linkages from various hemicelluloses
such as arabinans, (arabino)xylans, (arabino)galactans and arabinose-substituted xyloglucans.
Also, oligosaccharides containing arabinofuranosyl-groups and synthetic substrates such as pnitrophenyl-a-L-arabinofuranoside (p-NP-ara/) are mentioned as substrates for arabinosidases
(Kaji,1984). Two types of a-L-arabinofuranosidases and an arabinoxylan
arabinofuranohydrolase (AXH) able to cleave of arabinofuranosyl groups from arabinoxylans
have been identified in Aspergillus sp.. a-L-arabinofuranosidase A is active towards arabinan
oligosaccharides and arabinoxylan oligosaccharides as well as p-NP-ara/ a-Larabinofuranosidase B is active towards polymeric arabinan, arabinoxylan, arabinogalactan and
oligosaccharides containing arabinofuranosyl groups, as well as p-NP-ara/-(Rombouts et al,
1988). Arabinoxylan arabinofuranohydrolase (AXH) shows activity towards C-3 linked
arabinofuranosyl substituents present at single-substituted xylopyranosyl residues in
arabinoxylans(Kormelinketal,1991).
Until now no enzyme was found which was active towards either C-2 or C-3 linked
arabinofuranosyl substituents from double-substituted xylopyranosylresidues.
Inpreliminary experiments usingBi. adolescentisDSM20083and enzyme extractsthereof,we
observed fermentative and enzymatic degradation of arabinoxylan fragments containing doublesubstituted xylose residues. Here we report on the identification of one of the responsible
arabinofuranohydrolases (AH)whichhydrolysesarabinofuranosyl linkagesattheC-3ofdoublesubstitutedxylopyranosylresidues.
MATERIALSAND METHODS
Substrates
Wheat flour arabinoxylan was obtained from Megazyme (International Ireland Ltd, Wicklow
Ireland), soy arabinogalactan was a gift from Novo Nordisk Ferment AG (Dittingen,
Switzerland), linear sugar beet arabinan was a gift from British Sugar (Peterborough, UK),
andp-NP-ara/wasobtained from Sigma (St-Louis,MI).
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A mixture of arabinoxylan oligosaccharides and the arabinoxylan oligosaccharide 6.1 (Fig 1)
(Gruppen et al, 1994) was obtained by degradation of arabinoxylan from wheat flour with an
endo-xylanase from Aspergillus tubigensis (Graaf et al, 1994). The digest was fractionated
using two columns (600x26mm) in series packed with Fractogel TSK HW-40(S) (25-40 urn,
Merck, Darmstadt, Germany) (Verbruggen, 1996). The fractions were monitored for purity
using High-Performance Anion-Exchange Chromatography (HPAEC) and compared to an
oligosaccharide 6.1 standard (Gruppen et al, 1992). The degradation of the oligosaccharide
6.1 by AH was followed by HPAEC on a Dionex Bio-LC system (Dionex, Sunnyvale, CA)
according to the same authors.Theseparation method was slightly modified byusing alinear
gradient of0-0.2Msodium acetate in0.1 Msodiumhydroxide for 0-30min.
Productionand purification ofenzyme
The arabinofuranohydrolase (AH) was isolated from a cell free extract of Bi. adolescentis
DSM 20083 grown in 5 L of M17 broth (OXOID, Unipath LTD, Basingstoke, Hampshire,
UK) supplemented with 0.5 % (w/v) arabinoxylan oligosaccharides (conditions: batch,
statically, anaerobically, 37°C).When the culture reached the stationary phase of growth, the
cells were harvested by centrifugation (10,000 * g, 10 min, 4°C). This step and all other
procedures were carried out under aerobic conditions. Cells were washed once in 20 mM
potassium phosphate buffer (pH=6.5) and then resuspended in the same buffer. Cells were
disrupted by sonic treatment (15 min, duty cycle 30%) with a sonifier cell disrupter. During
sonic treatment, the tube containing the cell suspension was kept on ice. Subsequently the
suspension was centrifuged at 30,000 *gfor 60mintoremoveundisrupted cells andthecelldebris. The supernatant was used for purification. Enzyme purification was carried out on a
hydroxyapatite column (2.2 by 18 cm) (Bio-Rad Laboratories, Hercules, CA), MonoQ 5/5
column (Pharmacia-LKB Biotechnology, Uppsala, Sweden) and a S-200 column (1.6 by 100
cm) (Pharmacia-LKB Biotechnology, Uppsala, Sweden). The S-200 column was calibrated
using the following standards: Thyroglobulin (669 kDa), Catalase (440 kDa), Aldolase (158
kDa), Ovalbumin Serum Albumin (67 kDa), Ribonuclease (13,7 kDa) (Pharmacia-LKB
Biotechnology, Uppsala, Sweden). The AH-activity was assayed towards arabinoxylan
oligosaccharide 6.1(Fig 1;seefurther) usingHPAEC.
Characterisation of reaction products
The degradation products obtained after incubation of the oligosaccharide 6.1 with AH were
produced onapreparative scaleandpurified usinggelpermeation chromatography (BioGelP2; Bio-Rad Laboratories, Hercules, CA). Oligosaccharide 6.1 and the oligomeric degradation
product were lyophilised twice from 99.9 % D 2 0 and once from 99.96 % D 2 0 (Cambridge
Isotope laboratories,Andover,MA).Thecomponents weredissolved in0.7ml 99.96D2Oina
5 mm NMR tube, equilibrated at 30°C. The 'H-NMR spectra were recorded at 30°C in a
Bruker DPX-400 spectrometer operated at400 MHz and equipped with a 5mm 'H/13C probe
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(acquisition time 4 s; number of scans 360). Spectra were referenced to the residual HDO
resonance at 4.74 ppm. The activity towards the different substrates was measured in 50 mM
phosphate buffer pH 6 at 30°C. Side activities, pH and temperature optimum were determined
according to Mutter et al (1994).
B-Xylp-(1->4)-B-Xy]p-(1->4)-B-Xylp-(1->4)-Xy\p
(X4)

B-Xy\p-(1->4)-6-Xylp-(1-»4)-Xylp

I
ct-Ara/-(l,2)
(RV-41)
B-Xylp-(1-»4)-B-Xylp-(1->4)-Xylp

/
a-Ara/-(l,3)
a-Ara/-(l,2)
(5.1)
B-Xylp-(1->4)-B-Xylp-(1->4)-B-Xylp-(1->4)-Xy\p
I
a-Ara/"-(l,3)
(5.4),AX31
B-Xylp-(l->4)-B-Xylp-(l-».4)-B-Xylp-(1^4)-Xylp
<x-Ara/-(l,2)
(5.5)
B-Xy]p-(1->4)-B-Xy\p-(1->4)-B-Xyl;>-(1->4)-Xylp
/
a-Ara/-(l,3)
a-Aiaf-(l,2)
(6.1),AX33
B-Xylp-(1->4)-B-Xylp-(1->4)-6-Xylp-(1-»4)-B-Xy\p-{1->4)-Xy\p
I
<x-Ara/"-(l,3)
ct-Ara/-(l,2)
(7.2)
Figure 1. Structures of arabinoxylan oligosaccharides. Nomenclature according to Gruppen et al
(1992) (6.1; 5.4; 5.1;7.2),Hoffmann etal(1991)(AX33;AX31) orVietor etal (1994) (RV-41).
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RESULTS
Preliminary experiments revealed that double-substituted oligosaccharides derived from
arabinoxylan were totally fermented byBi. adolescentis. This indicated that during growthon
these oligosaccharides Bi. adolescentis produced enzymes able to degrade these
oligosaccharides. For production oftheresponsible enzymes,and subsequent purification, Bi.
adolescentiswasgrown onamixture ofdouble-substituted arabinoxylan oligosaccharides and
the culture liquid as well as the cells was assayed for the presence of arabinofuranose
releasing enzymes.No activity was found inthe culture liquid, however, the cell-free extract,
obtained after ultrasonic treatment of the cells followed by centrifugation, contained enzymes
whichwereabletosplitoff botharabinoses from theoligosaccharide 6.1 (datanotshow).
Using sequentially adsorption chromatography, anion exchange chromatography and size
exclusion, an arabinofuranohydrolase which splits of arabinofuranosyl groups from doublesubstituted xylose residues, was obtained pure and without detectable side activities. The
purified AH showed maximum activity at pH 6 and 30°C. The molecular weight, as
determined bysizeexclusion, appearedtobe 100kDa.
AH could hydrolyse arabinofuranosyl linkages in arabinoxylan from wheat flour even when
this substrate was extensively pretreated with AXH. The mode of action of AH was
determined at pH 6 and 30°C using the oligosaccharide 6.1. Degradation of the
oligosaccharide 6.1 with AH resulted in the formation of arabinose, undegraded
oligosaccharide 6.1andaproduct withunknown structure (Fig2).

10

20
Time (min)

Figure 2.HPAECanalysis of the reaction products obtained after incubation of the oligosaccharide
6.1witharabinofuranohydrolase (AH).A.untreatedoligosaccharide6.1;B.oligosaccharide6.1 treated
withAH;C.standardoligosaccharide5.4
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Essentially, theremoval ofarabinose from the oligosaccharide 6.1could lead to the formation
ofthreedifferent products namelytheoligosaccharides X4,5.4 and 5.5 (Fig 1).
Comparison of the retention times of the oligosaccharide X4 (15 min) and the degradation
product (20.7 min) in HPAEC analysis excluded the possibility that the degradation product
was the oligosaccharide X4.This shows that only one arabinose had been removed from the
oligosaccharide 6.1. The retention time of the degradation product (20.7 min) was slightly
different from that of the oligosaccharide 5.4 (21.5 min) indicating that the product formed
could be the oligosaccharide 5.5. The product eluting at 20.7 min was produced on a
preparative scale andpurified using size-exclusion onBioGel P2.Its structure was determined
by 'H-NMR.
The relevant part of the 'H-NMR spectrum of the untreated oligosaccharide 6.1 is shown in
Fig 3a. Thechemical shift data matched exactly those ofthe oligosaccharide AX-33 and thus
the structure couldbe confirmed asbeingthe oligosaccharide 6.1 (Hoffmann etal, 1991).The
signals at 5.274 and 5.224 ppm were assigned to the anomeric protons of the terminal
arabinofuranosyl residues linked to C-3 and C-2, respectively, of double-substituted
xylopyransoyl residues.

5 5.274 —
— 5 5.224

X->

ppm

—I
5.2

I
5.0

4.8

4.6

I
4.4

5 5.283-

JU
ppm

5.2

5.0

4.8

—I—
4.6

—I—
4.4

Figure 3. H-Nuclearmagnetic resonance (NMR)spectrum of 6.1(a) and 5.5 (b);8,chemical shift.
The signal at 5.274 and 5.224 ppm were assigned to the anomeric protons of the terminal
arabinofuranosyl residues linked to C-3 and C-2 respectively, of double-substituted xylopyranosyl
residues. The signal at 5.283 ppm was assigned to the anomeric proton of the terminal
arabinofuranosyl residueslinkedtoC-2ofsingle-substitutedxylopyranosylresidues.
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Hoffmann et al (1991) showed that the anomeric signal of terminal arabinofuranosyl residues
linked to C-3 of single-substituted xylopyranosyl groups in the oligosaccharide 5.4 shifted
downfield to 5.397 ppm compared to the signal of terminal arabinofuranosyl residues linked
to C-3 of double-substituted xylopyranosyl groups in the oligosaccharide 6.1. Vietor et al
(1994)observed that theanomeric signalofterminal arabinofuranosyl linked toC-2ofsinglesubstituted xylopyranosyl groups of the oligosaccharide RV-41 shifts downfield to 5.28 ppm
compared to the signal of terminal arabinofuranosyl residues linked to the C-2 of doublesubstituted xylopyranosyl residuesintheoligosaccharide5.1.
Fig 3b shows the 'H-NMR spectrum of the degradation product. The chemical shift data
obtained for the degradation product did not match with the oligosaccharide AX-31 (5.4) as
described by Hoffmann et al (1991). The signal at 5.280 ppm was assigned to the terminal
arabinofuranosyl residues linked to C-2 of the single-substituted xylopyranosyl residues
(Vietor etal, 1994)andthestructure wasassigned asbeingthe oligosaccharide 5.5 (Fig1).
During the purification of AH from Bi. adolescentis it appeared that different arabinofuranohydrolases were present inthe cell free extract. Also another new arabinofuranohydrolase
able to remove arabinose from the C-2 position of single-substituted xylose residues, was
present inthemixture.This enzyme isdescribed inVanLaereetal(1999).
The AH described in the present communication also released arabinofuranosyl groups from
other double-substituted arabinoxylan oligosaccharides such as the oligosaccharides 5.1 and
7.2 (Fig 1)but the enzyme showed noactivity towards the single-substituted oligosaccharides
5.4 or 5.5 (results not shown). AH did not release any arabinose from soy arabinogalactan,
sugar beet arabinan or oligosaccharides derived from these substrates and showed no activity
towards/?-NP-ara/
DISCUSSION
Untill now no report has been published on the presence of arabinosidases or arabinofuranohydrolases in enzyme extracts ofBi. adolescentisDSM 20083.Fermentation experiments
revealed the complete degradation of double-substituted arabinoxylan oligosaccharides byBi.
adolescentis. The cell-free extract contained enzymes to split of both arabinoses from the
oligosaccharide 6.1.Similar activity has been observed for a fungal preparation derived from
Trichoderma reesei(not shown,tobepublished,K.Rakasi, 1996,research atourdepartment).
AH could hydrolyse arabinofuranosyl linkages in arabinoxylan from wheat flour even when
this substrate wasextensively pretreated with AXH,which showed that AH is ableto split off
arabinofuranosyl groups from arabinoxylans,otherthan thoseremoved byAXH.
Using HPAEC and 'H-NMR-spectroscopy the product formed after incubation of the
oligosaccharide 6.1 with AH could be assigned as the oligosaccharide 5.5. These results
showed that AH was able to release terminal arabinofuranosyl residues linked to C-3 of
double-substituted xylopyranosyl residues in the oligosaccharide 6.1. AH also splits off
arabinose residues from the oligosaccharide 7.2 and 5.1, but showed no activity towards
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single-substituted oligosaccharides 5.4 or 5.5. AH did not release any arabinose from soy
arabinogalactan, sugar beet arabinan or oligosaccharides derived from these substrates and
showed no activity towardsp-NF-araf. This showed that AH differed from the A. niger and
Streptomycespurpurascens type of a-L-arabinofuranosidase which were both active towards
p-NF-araf andAHcouldnotbeclassified accordingly (Kaji, 1984).
From these results it can be concluded that Bi. adolescentisproduces a new enzyme specific
for arabinoxylans, able to release arabinofuranosyl groups from the C-3 position of doublesubstituted xylopyranosyl residues in the xylan backbone. In Addition to AXH from
Aspergillussp., wedescribe hereanenzymewhich is specific for arabinoxylan and whichcan
also be denoted as an arabinoxylan arabinofuranohydrolase. Since AXH is able to remove
arabinofuranosyl residues from single-substituted xylopyranosyl residues only, it seems to be
necessary to update the nomenclature of this type of enzymes. AXH could be denoted as
AXH-m (mono substituted xylopyranosyl residues) while the enzyme describe in this paper
(AH)couldbedenoted asAXH-d3 indicatingthatthe enzyme is specific for arabinofuranosyl
groups linked at the C-3 position of double-substituted xylopyranosyl residues. Thus, AXHd3playsakeyroleinthetotaldegradation ofarabinoxylans.
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4
Purificationandmodeofactionof two different
arabinoxylan arabinofuranohydrolases from
Bifidobacterium adolescentis DSM20083
Van Laere KMJ, Voragen CHL, Rroef T, Van den Broek LAM, Beldman G, Voragen AGJ
(1999) Purification andmodeof action of two different arabinoxylan arabinofuranohydrolases
fromBifidobacteriumadolescentisDSM20083.ApplMicrobiolBiotechnol 51:606-613

Twonovelarabinofuranohydrolases (AXH-d3andAXH-m23) were purified
from Bifidobacterium adolescentis DSM 20083. Both enzymes were
inducedupongrowthofBi.adolescentisonxyloseand arabinoxylan-derived
oligosaccharides. They were only active towards arabinoxylans and
therefore denoted as arabinoxylan arabinofuranohydrolases. Their optimal
activity wasatpH 6and30-40°C.
They were very specific in their mode of action and were clearly different
from AXH-m from Aspergillus awamori. AXH-m23 released only
arabinofuranosyl groups which were linked to the C-2 or C-3 position of
single-substituted xylose residues in arabinoxylan oligomers. AXH-d3
hydrolysed C-3 linked arabinofuranosyl residues of double-substituted
xylopyranosyl residues of arabinoxylans and arabinoxylan-derived
oligosaccharides. No activity was observed with C-2 linked
arabinofuranosyl residues of these double-substituted xylopyranosyl
residues, or against C-2 and C-3 linked arabinofuratiosyl residues of singlesubstituted xylopyranosyl residues. The combination ofAXH-d3 and AXHm showed low debranching activity against highly substituted glucuronoarabinoxylans. However, arabinoxylan from wheat flour was debranched
almost completely.
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INTRODUCTION
Non-digestible oligosaccharides (NDOs), such as fructooligosaccharides are regarded as
substrates which selectively stimulate the growth and/or activity of one or a selection of
beneficial bacteria (Gibson &Roberfroid, 1995) such asbifidobacteria. Bifidobacteria posses
a range of glycosidases which are active towards oligosaccharides originating from different
sources suchasarabinogalactan, arabinan and arabinoxylans.Previous studies showedthatBi.
adolescentis is one of the few bacteria which is able to ferment double-substituted
xylooligosaccharides having arabinofuranosyl residues (Van Laere 1997a), and that it is
producing very specific enzymes to do this. Van Laere et al (1997b) showed that Bi.
adolescentis produces at least one specific arabinoxylan arabinofuranohydrolase which is
involved in the degradation of these oligosaccharides. Specific arabinoxylan
arabinofuranohydrolases have also been isolated from Aspergillus awamori (Kormelink,
1991b), Pseudomonasfluorescens (Kellet et al, 1990), wheat (Beldman et al, 1996), and
Trichoderma reesei (unpublished work). Although these enzymes are very specific for
arabinoxylans, their mode of action on arabinoxylans and arabinoxylan-derived
oligosaccharides is different. While the arabinoxylan arabinofuranohydrolases from A.
awamori, P. fluorescens and wheat are mainly active towards arabinofuranosyl residues of
single-substituted xylopyranosyl residue, the one of Bi. adolescentis and T. reesei are the
first arabinoxylan arabinofuranohydrolases reported active towards arabinofuranosyl
residues of double-substituted xylopyranosyl residues.
The discovery of such highly specific enzymes raises the possibility that other AXHs with
different specificity may also exist. Therefor we wanted to study in detail the mode of action
of two arabinoxylan arabinofuranohydrolases from Bi. adolescentisand to compare this with
themodeofaction ofAXH from A. awamori.

MATERIALSAND METHODS

Substrates
Wheat flour arabinoxylan, with an Ara/Xyl ratio of 0.43 was obtained from Megazyme
(International Ireland Ltd, Wicklow, Ireland) andp-nitrophenyl-arabinofuranose (p-NP-ara/)
from Sigma (St-Louis, Mo.). Soy arabinogalactan and linear sugar beet arabinan were a gift
from Novo Nordisk Ferment AG (Dittingen, Switzerland) and British Sugar (Peterborough,
UK)respectively.
Arabinoxylan carrying single substitutions of arabinose at either the C-2 and C-3 position of
xylose residues was obtained by treating wheat flour arabinoxylan with AXH-d3 (50 mM
piperazine pH 6, 40°C). Incubating this single-substituted arabinoxylan with endo-xylanase I
resulted inC-2andC3single-substituted arabinoxylan oligosaccharides.
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(Glucurono)-arabinoxylan wasobtained accordingtoSchooneveld-Bergmansetal(1999).
A mixture of arabinoxylan-derived oligosaccharides, including the oligosaccharides 7.2,6.1,
5.1, xylotriose, and xylobiose (Table 3;nomenclature accordingtoGruppen etal, 1992),were
obtained by degrading arabinoxylan from wheat flour with an endo-xylanase from A.
tubigensis (Graafdeetal, 1994).Thedigestwas fractionated using twocolumns (600x26mm)
in series packed with Fractogel TSK HW-40(S) (25-40 urn, Merck, Darmstadt, Germany;
Verbruggen, 1996. The oligosaccharide 5.5 was produced according to Van Laere et al
(1997b).
Enzymes
I3-D-(1,4)- Arabinoxylan arabinofuranohydrolase (AXH-m) and endo 6-D-(l,4)- xylanase I
(endo-xylanase I)werepurified from A. awamoriCMI 142717 (Commonwealth Mycological
Institute) as described by Kormelink et al (1991, 1993a). a-L-Arabinofuranosidase A and B
werepurified from A. nigeraccordingtoRomboutsetal(1988).
Generalgrowthconditionsand inductionof arabinofuranohydrolases
Bi. adolescentiswas grown in Ml7 broth (OXOID, Unipath LTD, Basingstoke, Hampshire,
UK) supplemented with 0.5% (w/v) of various carbohydrates [glucose, arabinose, xylose,
xylobiose, xylotriose, the oligosaccharides 5.1, 6.1, 7.2 (Table 3), or arabinoxylan polymer
from wheat flour] (conditions: batch, statically, anaerobically, 37°C). After growth optical
density (605 nm)and pH were measured. The enzyme extracts wereprepared asdescribed by
VanLaereetal (1997b).
Productionand purification ofAXH-m23andAXH-d3
Bi. adolescentis was cultured with 0.5% (w/v) xylose or arabinoxylan oligosaccharides as
described above. The purification steps of the enzyme extract involved Bio-Gel HTP
hydroxylapatite (Bio-Rad Laboratories, Hercules, CA), Q-Sepharose, Mono Q HR5/5, and
Sephacryl S-200 HR 16/60. The three latter columns were from Pharmacia LKB
Biotechnology, Uppsala, Sweden. Purification procedures were carried out aerobically at
ambient conditions. Fractions were analysed for protein content by A280 or the Sedmak
method (Sedmak and Grossberg, 1977)with BSA as standard.'Native gel electrophoresis and
silver staining were carried out with a PhastSystem (Pharmacia LK Biotechnology, Uppsala,
Sweden)usingan 8to25%polyacrylamidegel.
Enzyme assays
Enzyme activity was measured in 50 mMpiperazine buffer pH 6or 25 mMphosphate buffer
pH 7 at 40°C containing 0.05% (w/v) of respectively the oligosaccharide 6.1 or 5.5. The
reaction wasstopped byheating for 10min at 100°C.Theactivity ofAXH-d3and AXH-m23

51

Chapter4

was measured by High-Performance Anion-Exchange chromatography (HPAEC) as a
decreaseoftherelativeareaofrespectively theoligosaccharide 6.1 and5.5.
Modification, degradation, and characterisation
arabinoxylan-derived oligosaccharides

of arabinoxylan and

Aliquots of arabinoxylan (0.125% w/v), AXH-d3 treated arabinoxylan, and (glucurono)arabinoxylans weretreated with AXH-m,(50raMacetatebuffer pH 4.8,50°C),AXH-d3,and
AXH-m23 (50 mM piperazine buffer pH 6, 40°C) for 24 h and 48 h. The arabinose release
was monitored using HPAEC and was compared to the total amount of arabinose present in
the arabinoxylan polymer as determined hydrolysis with trifluoroacetic acid. To examine the
mode of action of AXH-d3 and AXH-m on wheat arabinoxylan by 'H-NMR, the untreated
and treated arabinoxylan was dialysed and freeze-dried in D2O. When insoluble aggregates
were formed, the arabinoxylan was slightly treated with endo-xylanase I. Arabinoxylanderived oligosaccharides, C-2 and C-3 single-substituted arabinoxylan oligosaccharides, and
some purified oligosaccharides (6.1,5.5, 5.4, 5.1,6.1,8.1,9.1,and 6.3) were incubated with
AXH-m, (50 mM sodium acetate buffer pH 4.8, 50°C), AXH-d3, or AXH-m23 (50 mM
piperazine buffer pH 6, 40°C) for lh, 24h, or 48h. All the reactions were terminated by
boiling for lOmin.
Analytical measurements
'H-NMR was performed as described by Van Laere et al (1997b). Enzyme treated and
untreated arabinoxylan (1.5 mg) were dialysed and then lyophilised from 99.9% D 2 0
(Cambridge Isotope Laboratories, Andover, MA). The polysaccharides were dissolved in 0.7
ml99.96%D 2 0 ina5mmNMRtubeandequilibrated at30°C.
Arabinoxylooligosaccharides derived from alkali-extractable wheat flour arabinoxylans by
endo-xylanase I incubation, were used as standards for the identification of some
oligosaccharides using HPAEC (Gruppen etal, 1992).
Changes in molecular weight distributions of arabinoxylans treated by enzymes were
determined by HPSEC, using three Bio-Gel TSK columns in series as described elsewhere
(Bergmans etal, 1996).
Total arabinose content ofdifferent arabinoxylan fractions was determined byhydrolyses with
2M trifluoroacetic acid (TFA) for 1h at 120°C. Subsequently the samples were cooled to
room temperature and TFA was evaporated with a stream of dried air at 40°C. The residues
were dissolved in 0.2 ml water and analysed by HPAEC. The amount of arabinose formed
wascompared toanarabinose standard.
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RESULTS

Induction ofarabinofuranohydrolases inBi.adolescentisDSM20083
Bi. adolescentis produced enzymes able to degrade arabinoxylan-derived oligosaccharides
when the bacteria were cultured on this type of oligosaccharides. The double-substituted
arabinoxylan oligosaccharide 6.1 was degraded completely towards arabinose and xylose by
the enzyme-extract. A new arabinoxylan arabinofuranohydrolase purified from Bi.
adolescentis (AXH-d3) releases the (1—»3)-a-L-arabinofuranosyl residues of the doublesubstituted xylopyranosyl residue present in the oligosaccharide 6.1 which resulted in the
formation ofthe oligosaccharide 5.5 (Table 3) (Van Laere et al, 1997b).AXH-d3 showed no
activity towards the oligosaccharide 5.5. Using the enzyme-extract from Bi. adolescentisthe
oligosaccharide 5.5 was further degraded, which showed that another arabinofuranohydrolase
waspresent inthe enzyme-extract able toreleasethe (1—»2)-a-L-arabinofuranosyl residues of
the single-substituted xylopyranosyl residuepresent inthe oligosaccharide 5.5 (AXH-m23).
In order to establish which components in the oligosaccharide mixture were responsible for
the induction of the arabinofuranohydrolase activity, enzyme production and growth on the
individual components were studied. Bi. adolescentiswas cultured on a medium containing
different substrates (no carbon sources, glucose, arabinose, xylose, xylobiose, xylotriose, and
theoligosaccharides 5.1,6.1,7,2).Anabsorbance of 1.0 after 24h incubation wasreachedon
all substrates except when there was no carbon source present (A= 0.2). The highest activity
(2 U/mg) was obtained by culturing on the oligosaccharides 6.1, 5.1, and 7.2 as a carbon
source.AXH-d3 was also induced by growing on xylose, xylobiose, and xylotriose (1U/mg).
No AXH-d3 activity was observed using the other carbon sources even after prolonged
incubation times.AXH-m23waspresent inthesameenzyme-extracts asAXH-d3.
Purification ofthearabinofuranohydrolase AXH-d3andAXH-m23
Cell extracts from Bi. adolescentis were fractionated using Q-Sepharose, Bio-Gel HTP
hydroxyapatite, Mono Q HR5/5, and Sephacryl S-200 HR 16/60. Details are given in the
purification scheme (Table 1).The cell extracts were initially fractionated on a Q-Sepharose
column. The fractions with the highest activity towards the oligosaccharide 6.1 and 5.5 were
pooled, dialysed against 20 raM piperazine buffer pH 6 and applied again onto the QSepharose. Fractions with the highest AXH-d3 and AXH-m23 activity were pooled, dialysed
against 20 mM phosphate buffer pH 7, and applied onto an hydroxyapatite column. This
purification stepresulted inthe separation between AXH-m23 and AXH-d3 (not shown).The
fractions eluting in 50-60 mM phosphate buffer (AXH-d3) and in 100-120 mM phosphate
buffer (AXH-m23) werepooled separately and concentrated and further purified on aMonoQ
column. The concentrated AXH-d3 pool contained still some 13-galactosidase and agalactosidase activity. These could be removed by size-exclusion chromatography with a
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Sephacryl S-200column. The obtained AXH-d3 pool was found to be electrophoretically pure
(not shown). The AXH-m23 pool was also applied onto a Sephacryl S-200 column and eluted
as a highly pure fraction with only trace amounts of B-galactosidase activity.
Table 1. Scheme of the purification of AXH-d3 and AXH-m23 from the Cell extract from Bi.
adolescentis.U/g:Unitspergramprotein,U:Units
Cell extract ofBi.adolescentis
Resp.specific activityAXH-d3 andAXH-m23:38 and 31U/g
Resp.total activityAXH-d3 andAXH-m23: 37528 and 30900U
Q-Sepharose HP'HighLoad'XK26/10,V=53 ml,flow rate:8.33 ml/min
Buffer A:20mMpiperazinepH 6.5
Buffer B:20mMpiperazinepH 6.5+ 1MNaCl
Resp.specific activityAXH-d3andAXH-m23:66and31U/g
Resp.total activity AXH-d3 andAXH-m23:37528 and 30900U
Q-Sepharose HP'HighLoad'XK26/10,V=53ml,flow rate:8.33 ml/min
Buffer A:20mMpiperazinepH6
Buffer B: 20mMpiperazinepH 6+ 1 MNaCl
Resp.specific activity AXH-d3 andAXH-m23:324 and260U/g
Resp.total activity AXH-d3 andAXH-m23: 15660and 12578U
BioGel Hydroxyapatite 26/10,V=53ml, flow rate: 1.5 ml/min
Buffer: 20mMphosphatebuffer pH 6
Buffer B:200mMphosphate buffer pH6
l.AXH-d3

2. AXH-m23

Specific activity:9400U/g

Specific activity: 271U/g

Total activity: 710U

Total activity: 556U

MonoQHR 5/5,V=l ml,0.5 ml/min

Mono QHR 5/5,V=l ml,0.5 ml/min

20mMpiperazinepH 6.5

20mMpiperazine pH 6.5

20mMpiperazinepH 6.5 + 1 MNaCl

20mMpiperazinepH 6.5 + 1 MNaCl

Specific activity AXH-m23: 11200U/g

Specific activity AXH-m23:3455U/g

Total activityAXH-m23:650U

Total activityAXH-m23: 104U

Sephacryl S-200HR16/60,V=319

Sephacryl S-200HR16/60,V=319
20mMphosphate buffer +0.15MNaCl

20mMphosphatebuffer +0.15 MNaCl

1 ml/min

lml/min
Specific activity AXH-d3:239000 U/g

Specific activityAXH-m23: 80000U/g

Total activity AXH-d3:430U

Total activity AXH-m23:20U
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Partialcharacterisation ofAXH-d3 andAXH-m23
The molecular mass of AXH-d3 and AXH-m23 was respectively 100 kD and 160kD, based
on elution behaviour on the Sephacryl S-200 column. Both enzymes have an optimal activity
at pH 6 using Mcllvain Buffers. When piperazine buffer pH 6 was used, the optimal
temperature for AXH-d3 was 30°C and for AXH-m23 37°C. The enzymes were active
towards arabinoxylan-derived oligosaccharides, whereas AXH-d3 was also active against
arabinoxylan polymer.They displayed noactivitytowardsp-NP-ara/, sugarbeet arabinan,soy
arabinogalactan, and oligosaccharides derived from soy arabinogalactan and arabinan. AXHm23wasalsonotactiveagainst arabinoxylan from wheat flour.
Arabinose releasefromarabinoxylan polymers
The action of AXH-d3, AXH-m23, and AXH-m towards polymeric wheat arabinoxylan with
an arabinose/xylose ratio of 0.4 was studied. AXH-m23, AXH-d3, AXH-m, and a
combination of the latter two, released respectively 0, 25%,40% and 90% of the arabinose
present. AXH-m23 showed also no activity towards the arabinoxylan when pretreated with
AXH-d3 orAXH-m.
Highly substituted (glucurono)-arabinoxylans, extracted from wheat bran (SchooneveldBergmans et al, 1999), were used to study the influence of the substitution with arabinose,
xylose, and/or glucuronic acid on the enzymatic degradability. In Table 2 the release of
arabinofuranosyl residues from the different fractions by AXH-d3 alone and in combination
with AXH-m is given. AXH-d3 showed the highest activity against low-substituted
arabinoxylan fractions. At higher substitution degrees, the AXH-d3 activity was found to
decrease.Addition ofAXH-mincreasedthereleaseofarabinoseinall fractions.
Table 2. Influence of substitution degree of (glucurono)arabinoxylan fractions from wheat bran on
enzymaticdegradability

Fraction

A/Xa

UAb

BE
BE30
BE40
BE50
BE60
BE70

0.66
0.20
0.24
0.35
0.92
1.02

7.0
1.1
1.9
1.7
4.1
3.9

% release of total %release oftotal arabinose
arabinoseby ^XH-d3
byAXH-d3 andAXH-m
10
33
26
28
8
5

a)A/Xistheratioarabinose/xylose
UA: uronicacid
b)Expressedaspercentage(moleper 100mol),adaptedfrom Schooneveldetal,1999

55

18
43
35
35
14
11

Chapter4
Modeofactiontowardswheatflour arabinoxylan
The different mode of action of AXH-d3 and AXH-m was studied using 'H-NMR
spectroscopy. The relevant parts of the 'H-NMR spectra of untreated, AXH-d3 treated and
(AXH-d3 +AXH-m) treated arabinoxylan polymer are shown in Fig 1.After incubation with
AXH-d3 (Fig IB),clear signals wereobserved at 5.283and 5.397ppmwhich showed thatthe
arabinofuranosyl groupspresent were linked respectively to C-2 and C-3 of single-substituted
xylopyranosyl residues (Vietor et al, 1994).After (AXH-d3 + AXH-m) treatment no signals
were detected (Fig 1C) which confirmed previous findings that this combination resulted in
almostcomplete debranching.

ppm

5.8

ppm

5.8

5.6

5.4

5.2

5.0

4.8

4.6

Figure 1. 'H-Nuclear magnetic resonance (NMR) spectrum of untreated arabinoxylan polymer(A),
arabinoxylantreated withAXH-d3(B),andarabinoxylan treatedwithAXH-d3,AXH-m,andslightly
withendo-xylanaseI (C).
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Table 3. Structures of arabinoxylan oligosaccharides and mode of action of AXH-d3,AXH-mand
AXH-m23onsomearabinoxylan-derived oligosaccharides.Nomenclature accordingtoGruppen etal
(1992)andVanLaereetal(1997b).X„:(B-D-Xyl/?l->4Xylp)mwithn=2-6, • : xylose,O:arabinose,
*hypothesisedstructuresobtainedafterdigestionofAXH-d3ontheoriginatingoligosaccharide
oligomer structure
(OS)

Enzy
mes
->

Hypothetical OS

3.2

• 1-+4*
3
71

1
O

4.1

5.2

Enzymes
->

OS

AXH-m

x2

AXH-m23

x2
x3

• l->4*l-»4*
3
71
1
O

AXH-m

• l-»4*l->4*
3
3
71 71
1 1

AXH-m

x3
x3

AXH-m23

x3

AXH-m

X4

AXH-m23

X4

AXH-m

X,

AXH-m23

X,

AXH-m

x3

AXH-m23

x3

AXH-m

X,

AXH-m23

X4

AXH-m

6.3
*

AXH-m23

x3

• l->4*l-+4*l->4»
3
2
71
IS
1
1

AXH-m

X4

AXH-m23

X4

AXH-m

x5

AXH-m23

x5
x5

AXH-m23

o o
5.4

6.2

• l-»4»l->4*l->4»
3
71
1
O
• l->4»l->4*l->4*
3
3
71
71
1
1

o
5.1

o
6.1

5.1*

• l-»4*l->4*
2
IS
1

o

o

• l->4*l-*4*l->4»
32
71 IS
1
1

o
6.3

AXHd3

32
71 IS
1
1

o

AXHd3

6.1*
(5.5)

• l->4»l->4*l->4»
2
IS
1

o

o

• l->4*l->4*
32
3
71 IS 71
1
1 1

AXHd3

6.3*

• l->4*l->4»
2
3
R 71
1 1

o oo
7.1

• l->4»l-»4*l->4*
3
32
71
71 IS
1
1
1

o
7.2

o

8.1

3
71
1

o

o

o

AXHd3
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2
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1

AXHd3
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3
2
71
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1
1

o
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71 IS
1
1

o

o

O

o
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71 IS 71 R
1 1 1 1
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32
32
71 IS
71 IS
1 1
1 1

o oo o

o o

7.1*

o

• l - * 4 »l - > 4 *l - > 4 » l - > 4 *
32
71 IS
1
1

o

AXHd3

oo
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• 1- > 4 * 1- > 4 * 1- > 4 * 1- > 4 *
2
2
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1
1

AXHd3
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*
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2
2
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1
1

o

o
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AXH-m and AXH-m23 were both active with the mixture of oligosaccharides obtained after
incubation oftheAXH-d3treated polymerwith endo-xylanase.However their modeof action
differed (Table 3). In Figure 3 the elution profile of the reaction products obtained after
incubation withboth enzymes is given.Reaction products obtained after digestion with endoxylanase oftheAXH-m,AXH-d3treatedpolymerwereanalysed withHPAECand theelution
patterns are shown in Fig 2. The oligomers formed from the AXH-d3 treated polymer were
mainly single-substituted oligosaccharides (Fig 2 B,Table 3),while the oligomers formed on
AXH-mtreated polymerweremainly linearanddouble-substituted oligomers (Fig2C).

Retention lime (min)

Figure2.HPAEC analysis ofthereactionproducts ofarabinoxylanpolymer incubatedwith
endo-xylanase I(A),AXH-d3and sequentially withendo-xylanase 1(B),AXH-mand
sequentiallywithendo-xylanase I(C).Forexplanation ofpeaksseeTable3.Bydegradingthe
purified oligosaccharides 5.1,6.1,7.1,8.1,9.1, and6.3byAXH-d3,peakswereobservedat
thesameretention timeasthe *markedpeaks.
Modeofactiontowards differently substituted arabinoxylan oligomers
The activity of AXH-d3, AXH-m23, or AXH-m towards a mixture of oligosaccharides
derived from untreated arabinoxylan and AXH-d3 treated arabinoxylan, and the purified
oligosaccharide 6.1, 5.4, and 5.5 was investigated (Table 3). AXH-d3 showed no activity
towardstheoligosaccharides 5.4 and 5.5but degraded the oligosaccharide 6.1partially.AXHm23 and AXH-m released using the same condition, approximately 3 times more arabinose
from 5.5 as from 5.4. The two latter enzymes showed no activity against the oligosaccharide
6.1.
Different oligosaccharide mixtures representing a combination of double-substituted and
single-substituted arabinoxylooligosaccharides were incubated with AXH-d3,AXH-m23 and
AXHtoinvestigate theinfluence onbranching ontheirmodeofaction.AXH-d3,AXH-mand
AXH-m23 released respectively 25%,40% and 40% of the total amount of arabinose present
inthemixture ofoligosaccharides derived byincubation ofuntreated arabinoxylan withendoxylanase. HPAEC-analysis showed clearly that AXH-d3 was not at all active towards the
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oligosaccharides containing arabinofiiranosyl residues linked to the C-3 position of singlesubstituted xylopyranosyl residues, AXH-d3 was able to remove arabinofiiranosyl residues
from all oligosaccharides present in the mixture containing double-substituted xylopyranosyl
residues(Table3).
x,x,

Retentiontime (min)

Figure3HPAECanalysisofthedegradationproductsofarabinoxylan-derived oligosaccharides
formedbyAXH-d3andsequentiallyendo-xylanaseItreatment.Blank(A),incubatedwithAXH-m
(B),incubatedwithAXH-m23 (C).ForexplanationofpeaksseeTable3Bydegradingthepurified
oligosaccharides 5.1,6.1,7.1,8.1,9.1,and6.3byAXH-d3,peakswereobservedatthesameretention
timeasthe* markedpeaks.
DISCUSSION
This paper describes the isolation and characterisation of two novel arabinoxylan
arabinofuranohydrolases from Bi. adolescentis(AXH-d3 and AXH-m23). The production of
both enzymeswasinducedbygrowth ofBi.adolescentis onthearabinoxylan oligosaccharides
6.1, 5.1,7.2, and, to a lower extent, by xylose, xylobiose, and xylotriose.No induction could
be observed when Bi. adolescentis was grown on glucose, arabinose, and arabinoxylan
polymer, although AXH-d3wasactivetowardsthis lattersubstrate.Arabinofuranosidase from
Bacteroides ovatus (Whitehead and Hespell, 1990) has been reported to be induced by
arabinose and oat spelt arabinoxylan. However, this enzyme was not solely specific for
arabinoxylan asitwasalsoactivetowards/7-NP-ara/.
AXH-d3 and AXH-m23 showed similar elution behaviour using anion-exchange
chromatography butthey couldbeseparated onanHTPcolumn.Theirmolecular mass(AXHd3, 100kD;AXH-m23, 160kD)washigher ashasbeen reported for otherAXHs(Beldman et
al, 1997).Both enzymeshad thehighest activity at30-40 °CandpH 6.0,which areconditions
common tothe largebowel.
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AXH-d3 and AXH-m23 were only active towards arabinoxylans and therefore denoted as
arabinoxylan arabinofuranohydrolases. AXH-d3released allarabinofuranosyl residues, linked
to the C-3 position of double-substituted xylose residues, present in polymeric an oligomeric
arabinoxylans from wheat flour. AXH-m23 only released arabinofuranosyl groups from
single-substituted xylose residues in oligomeric arabinoxylans. This enzyme showed no
activity against arabinoxylan polymer, in contrast to AXH-m which specifically released
arabinofuranosyl residues from the C-2 and C-3 position of single-substituted xylose residues
in both arabinoxylan polymer and oligomers (Kormelink et al, 1993b).AXH-m23 and AXHm,released under the same condition 3times more arabinose from the oligosaccharide 5.5 as
from the oligosaccharide 5.4. Their mode of action towards a mixture of branched
oligosaccharides differed. AXH-m23 in combination with AXH-d3 could release all the
arabinofuranosyl residues from arabinoxylooligosaccharides, while AXH-m was hindered in
its action when the C-3 single-substitution is adjacent to the non-reducing side of a C-2
substituted xylose.
Arafur A from A. Niger (Rombouts et al, 1988) and AXH-m23 showed activity towards
arabinoxylan oligosaccharides but not towards arabinoxylan polymer. In this study was also
found that Arafur A,under the same condition, released 3time more arabinofuranosyl groups
from the C-2 position of single-substituted xylose residues compared to the C-3 position. In
contrast to Arafur A, AXH-m23 showed no activity towards other arabinose containing
substrates.
Wheat flour arabinoxylan polymer with an arabinose/ xylose ratio of 0.4 was almost
completely debranched by a combination of AXH-m and AXH-d3. Kormelink et al (1993b)
showed that Arafur B from A. awamori also had some activity towards arabinofuranosyl
residues linked to the C-2 or C-3 position of double-substituted xylose residues. In our study
arabinoxylan polymer was treated intensively with Arafur Bbut no complete removal of the
arabinofuranosyl residues, attached to C-2 or C-3 position of double-substituted xylose
residueswasobserved.
Only part of the arabinofuranosyl groups from highly substituted (glucurono)arabinoxylan
could be released by combined treatment with AXH-m and AXH-d3. Both enzymes are
probably inhibited in their action due to a high degree of substitution (i.e. xylose and
glucuronic acid side groups and significant amounts of non-terminal arabinose) of the wheat
bran (glucurono)arabinoxylan (Schooneveld-Bergmans et al, 1999 ). Verbruggen (1996)
reported thatAXH-m alsowashindered initsaction when aglucuronic acidwas attached toa
xyloseresidue adherent toa single-substituted xyloseresidue. To improve further degradation
of(glucurono)-arabinoxylans, acombination ofotherdebranching enzymeswillbeneeded.
In conclusion, it can be said that two new arabinoxylan arabinofuranohydrolases (AXH-d3
and AXH-m23), which are both specific for arabinoxylans, could be isolated from Bi.
adolescentis.The two enzymes had a different mode of action towards arabinoxylans than
other arabinoxylan arabinofuranohydrolases reported before. AXH-m23 is the only enzyme
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reported which specifically removes arabinofuranosyl groups from single-substituted xylose
residues in arabinoxylan oligosaccharides only.
In this study it was noticed that Bi. adolescentis also produces a fi-xylosidase which degrades
the formed xylooligosaccharides. The combination of the (3-xylosidase, AXH-d3 and AXHm23 allows Bi. adolescentis to utilise arabinoxylooligosaccharides as growth substrate.
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Hydrolaseandtransgalactosylation activityof
Bifidobacterium adolescentis a-galactosidase
Van Laere KMJ, Hartemink R, Beldman G, Pitson S, Dijkema C, Schols HA, Voragen AGJ
(1999)ApplMicrobiolBiotechnol.52: 681-688
Bifidobacterium adolescentis, a gram-positive saccharolytic bacterium
found inthe human colon, can, alongside other bacteria, utilise stachyosein
vitro thanks to the production of an a-galactosidase. The enzyme was
purified from the cell-free extract of Bi. adolescentisDSM 20083T. It was
found to act with retention of configuration (a—>a), releasing a-galactose
from p-nitrophenyl galactoside. This hydrolysis probably operates with a
double displacement mechanism, and is consistent with the observed
glycosyl transferase activity.
As a-galactosides are interesting substrates for bifidobacteria, we focussed
on the production of new types of a-galactosides using the
transgalactosylation activity of Bi. adolescentis a-galactosidase. Starting
from melibiose, raffinose and stachyose oligosaccharides could be formed.
The transferase activity was highest at pH 7 and 40°C. Starting from 300
mMmelibiose amaximum yieldof 33% oligosaccharides wasobtained. The
oligosaccharides formed from melibiose were purified by size-exclusion
chromatography and their structure waselucidated byNMR-spectroscopy in
combination with enzymatic degradation and sugar linkage analysis. The
trisaccharide a-D-Galp- (l->6)- a-D-Galp- (l->6)-D-Glcp and
tetrasaccharide a-D-Galp- (l->6)- a-D-Gal^-(l->6)- a-D-Galp-(l->6)-DGlcp were identified, and this indicates that the transgalactosylation to
melibiose occurred selectively at the C-6 hydroxyl group of the galactosyl
residue. The trisaccharide a-D-Gal/?- (l->6)- a-D-Galp- (l->6)-D-Glcp
formed could be utilised by various intestinal bacteria, including various
bifidobacteria, andmightbeaninterestingpre-and synbiotic substrate.
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INTRODUCTION
Bifidobacteria arepart oftheresident microflora ofthehuman colon. It is claimed that ahigh
number of bifidobacteria is beneficial for the health of their hose. A high number of
bifidobacteria may prevent colonisation of pathogens, and may have positive effects on
intestine peristalsis, the immune system, cancer prevention, cholesterol metabolism and
carbohydrate metabolism in the colon (Mitsuoka 1990; Ishibashi and Shimamura, 1993). To
stimulatethesebifidobacteria, specific carbohydrate sources,e.g. oligosaccharides, areusedas
bifidogenic factors). The soybean oligosaccharides (raffinose and stachyose) are reported to
be bifidogenic substrates (Hayakawa et al. 1990). a-Galactosidase (EC 3.2.1.22) hydrolyses
a-D-galactosidic bonds present in raffinose and stachyose. It has been reported that
bifidobacteria possess high a-galactosidase activity (Chevalier et al. 1991; Scardovi 1986;
Bezkorovainy andMiller-Catchpole 1989;Holdeman et al. 1977).Leder et al.(1999) purified
the a-galactosidase from Bifidobacterium adolescentis and showed that the enzyme
specifically hydrolyses a-galactosidic linkages, and a-(l-»3) linkages were hydrolysed at a
higherratethana-(l—>6)linkages.
Bytransglycosylationreactions using a-galactosidases,anewtype ofpotential bifidogenic agalactosides could be formed (Savel'ev et al. 1996; Hashimoto et al. 1995a,b). Although agalactosidases are often described ashydrolases, some show also transferase activity. So far a
lot of knowledge has become available for the production of 6-galactooligosaccharides using
fi-galactosidases and lactose as a substrate (Zarate and Lopez-Leiva, 1990). Little research,
however, hasfocused ontheproduction ofa-galactosides.Theuse offi-galactosidaseresulted
in the formation of 8-galactooligosaccharides with different degrees of polymerisation and
different linkage types (Fransen et al. 1999) and it may be possible to produce various agalactooligosaccharides in asimilar way. VanLaere etal.(1997b) have already observed that
a-galactooligosaccharides could be formed from melibiose using Bi. adolescentis agalactosidase.
As new a-galactosides might be interesting substrates for various intestinal bacteria, in
particular those containing a-galactosidase activity, we are exploring the production of new
types of potentially bifidogenic oligosaccharides by a transgalactosylation reaction using Bi.
adolescentisa-galactosidase.
MATERIALSAND METHODS

Substrates
Thep-nitrophenyl-glycosides (p-NP-glycosides) used for screening of glycosidase activities
were obtained from Koch and Light, Ltd. (Haverhill, UK). Substrates for determining of agalactosidase activity were raffinose (Fluka AG, Buhs SG, Switzerland), stachyose (Sigma
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Chemicals Co., St. Louis, MI), melibiose (Jansens Chimica, Geel, Belgium), different
galactomannans (Diagum GH, Diagum LBG and Taragum all from Diamalt GmbH,
Munchen, Germany), a galactomannan digest obtained by degradation with Gammanase,
(NOVO Nordisk A/S, Bagsvaerd, Denmark) (an endo-mannanase containing enzyme
preparation), a-D-Gal/7-(l->3)-D-Galp and a-D-Galp-(l->3)-13-D-Gah?-(l->4)-D-Glcp,
(Dextra Laboratories Ltd., Reading, United Kingdom). Globotriosylceramide and bovine
thyroglobulin were obtained from Sigma Chemicals Co. (St. Louis, MI).
Transgalactooligosaccharides werekindly provided by Borculo Whey Products (Borculo,The
Netherlands).
Strains
All intestinal strains were from the culture collection from our Food Science Group. Most
strains were of human origin whereas some originated from porcine feces (Hartemink et al.
1996). Bi. adolescentis DSM 20083 was obtained from the Deutsche Sammlung von
MikroorganismenundZelkulturen GmbH(DSMZ,Braunschweig, Germany).
Fermentation ofstachyose and6'galactosyl melibiose
Various strains were screened for fermentation of stachyose and 6'galactosyl melibiose
fermentation. The bacteria were precultured anaerobically in thioglycollate medium (Oxoid)
containing 0.5% (w/v) glucose at 37°C for 24-48 h. Samples of 30ul of these cultures were
added to 1ml glucose free thioglycollate medium containing 0.5% (w/v) stachyose (Merck,
Darmstadt, Germany) or 0.5% (w/v) 6'galactosyl melibiose. Thioglycollate medium and the
sugar solutions were sterilised separately for 15 min at 121°C. The mixtures were incubated
anaerobically for 48hat37°C.After incubation thepHwasmeasured using amicropHmeter
(Sentron, Roden, The Netherlands), the cultures were centrifuged and the supernatants were
heated for 10min at 100°C.Thedegradation of stachyose and 6'galactosyl melibiose after 48
h fermentation was monitored in the supernatants by High-Performance Anion-Exchange
Chromatography (HPAEC).

Purification ofthea-galactosidasefrom Bi.adolescentis DSM20083
Preparation ofthecrudecellextract
Bi. adolescentisDSM 20083T was grown in 5000 ml Ml7 broth supplemented with 0.5 %
(w/v) transgalactooligosaccharides. The enzyme-extract was prepared as described by Van
Laereetal. (1997a).
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Purificationprocedure ofa-galactosidase

a-Galactosidase was purified from the crude enzyme extract from Bi. adolescentis. The
purification involved anion-exchange chromatography (Q-sepharose), adsorptionchromatography (BioGel HTP-hydroxyapatite column) and size-exclusion chromatography
(Sephacryl S-200column).
Enzymeassays

a-Galactosidase activity was determined by the rate of hydrolysis of 0.02 % (w/v) pnitrophenyl a-D-galactopyranoside(p-NP-ga/)at40°CandpH 6.5 (50mMphosphate buffer).
The increase in absorbance at 405 nm was measured spectrophotometrically. One unit of
enzymeactivity(U)wasdefined as 1umolofgalactose liberated perminute.
The activity of a-galactosidase with various oligosaccharides, polysaccharides and
glycoconjugate substrates was measured by HPAEC as a decrease in the relative surface area
oftheoligosaccharide peaks or, for thepolysaccharides and glycoconjugates, asthe formation
ofgalactose.
Transferase activity was measured by HPAEC and size-exclusion chromatography after
incubation of 100 ul 30-300 mMoligosaccharide (melibiose, raffinose or stachyose) with 0.2
Ua-galactosidase at40°C,pH 8(Mcllvainbuffer) for different lengthsoftime.
Characterisation of the a-galactosidase
pH and temperatureoptimumforhydrolaseandtransferaseactivity

The optimum temperature for the a-galactosidase was determined by incubation of 3 mM
raffinose or 300 mM raffinose solution in 50 mMphosphate buffer pH 6.0 at 20, 30, 35,40,
45, 50,60°Cfor 1 h. TheoptimumpH for the a-galactosidase was determined by incubating
3 mM raffinose or 300 mM raffinose solution in citrate-phosphate buffers in the pH range of
3.0upto8.0 for 1 hat40°C.

1

HNMRanalysisforestablishingofthestereochemicalcourseofhydrolysis

Both the a-galactosidase (approx. 1.5 U) and/?-NP-gal (5 mg) were freeze-dried twice from
99.9 %D2Oand once from 99.96 %D2O(Cambridge Isotope Laboratories, Andover, Mass.)
in order to exchange labile 'H atoms for D. The substrate was dissolved in 0.7 ml 99.96 %
D2Oin a 5 mm NMR tube, and equilibrated at 30°C and the initial spectrum was recorded.
Enzyme (50 (0.1 in 99.96 % D2O) was added and the stereochemical course of hydrolysis was
followed bycollection of 'HNMRspectraduringthe incubation.
' H NMR spectra were recorded at 30°C in a Brtiker DPX-400 spectrometer operating at 400
MHz and equipped with a 5mm 'H/I3C probe. Spectra were referenced to the residual HDO
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resonance at 4.74 ppm. Each spectrum was acquired with 56 transients and 2 dummy
transients using 32796 data points over the 4000 Hz spectral width. The plotted spectra were
normalised tothepeakareaoftheHDOresonance.
Isolation of the transfer products formed by transgalactosylation of melibiose with an
a-galactosidase

300 mM(1ml)melibiose was incubated with 0.4 U a-galactosidase at 40°C and in a 50mM
citrate-phosphate buffer pH 8 for 12h. Boiling for 10min stopped the reaction. The reaction
mixture was separated on a BioGel P-2 column (100*2.8 cm) at 60°C using a Pharmacia
Hiload system equipped with a P50 pump. A SHODEX RI-72 refractive index detector
monitored the column effluent (0.5 ml/min). The collected fractions were analysed by
HPAEC.
NMR-spectroscopy of the oligosaccharides

One dimensional ; H NMR, one dimensional 13C NMR, two dimensional correlated
spectroscopy (COSY), two dimensional total correlation spectroscopy (TOCSY), and two
dimensional heteronuclear multiple bond correlation spectroscopy (HMBC) spectra were
performed asdescribedbyvanCasterenetal(1999)andFransenetal(1998).
These experiments were carried out on a Briiker AMX-500 spectrometer located at the
Wageningen NMR-centre. Chemical shifts are expressed in parts per million relative to
internal acetone: 8=2.225 ppm for "Hand 5=31.077 ppm for 13C.For small sample amounts,
Shigemitubes (CamproScientific, Veenendal,TheNetherlands) with asamplevolumeof 190
ulwereused.
Analytical methods
Gel electrophoresis

Electrophoresis was carried out with aPhastSystem (Pharmacia) according to the instructions
of the supplier. The molecular mass was estimated by SDS-PAGE on a 10-15%
polyacrylamide gel (Pharmacia). The isoelectric points were deduced from a pH 3 to 9
isoelectric focusing gel using the standards from the broad isoelectric point calibration kit
(Pharmacia).Thegelswere stainedwith CoomassiebrilliantblueR-250.
HPAEC

HPAEC was performed using a Dionex Bio-LC system (Dionex, Sunnyvale, Ca) equipped
with a Dionex CarboPac PA-1 (4*250 mm) and a Dionex pulsed electrochemical detection
detector (PED) in the pulsed amperometric detection mode (PAD). The elution involved a
gradient of sodium acetate in 100mMNaOH as follows: 0to 30min, 0to 200 mM; 30to 35
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min, 1000 mM; 35 to 50 min, 0 mM. For the separation of raffinose, stachyose, and
verbascosethegradientwasslightlyadapted:0to20min,0to60mM.
RESULTS

Fermentation ofstachyose
In vitrofermentative degradation of stachyose by various intestinal bacteria was studied. The
results of the fermentation and degradation are summarised in Table 1. After 48h of
fermentation the pH was measured. A final pH of 0.5 unit below the control (pH 6.3) was
initiallyconsideredpositive.Usingthiscriteria23strainswerefound positive for fermentation
of stachyose. Bifidobacteria reached the lowest pH after growth on stachyose compared to
other bacteria tested. Whether this was related to stachyose fermentation was determined
using HPAEC. Stachyose fermentation occurred only with Bifidobacterium adolescentis,Bi.
infantis,Bi. breve,Bi.pseudolongum, Bi. subtile, Bi. thermophilum,Bacteroidesfragilis, B.
ovatus,L. reuteri,L. acidophilus,and Ctertium.The degree of stachyose fermentation after
48h is also given in Table 1 and ranged from almost complete fermentation (Bi. adolescentis)
to limited fermentation (L. acidophilus).B. ovatus and B.fragilis also fermented stachyose
anddifferent unknowndegradation products accumulated.
As Bi. adolescentis was also one of the bacteria which dominated after culturing faecal
inocula on stachyose, the a-galactosidase involved in the degradation of stachyose was
purified and characterised.
Purificationandcharacterisation of a-galactosidase
Bi. adolescentiswas grown on transgalactooligosaccharides until stationary growth and cells
were harvested by centrifugation. After washing of the cells and sonification the enzyme
extract (160 ml) contained 2 g of protein and had a total a-galactosidase activity of 2530 U
with/?-NP-gal.
The a-galactosidase was bound to a Q-Sepharose column, which had been equilibrated with
20 mM Bis-Tris buffer pH 7 and eluted at a NaCl concentration of 400 mM. Thefractions
having thehighest activitywere collected and further purified onaBioGel HTP hyroxyapatite
column. The a-galactosidase eluted at a phosphate concentration of 75 mM. Thesefractions
were pooled and concentrated on an anion exchange MonoQ HR 5/5 column. Further
purification involved size-exclusion chromatography on a Sephacryl S-200 column. After
these purification steps the a-galactosidase was obtained pure as judged from SDS-PAGE
electrophoresis analysis (data not shown). The a-galactosidase was characterised for physicochemical properties and substrate specificity. The enzyme had a specific activity of23.2U/mg
andanoptimalactivityatpH6and45°C.
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Themolecularmass,asestimatedusing Superose 12,wasintherangeof330kDa.SDS-PAGE
revealedasingleproteinbandat83kDa,suggestingthattheenzymehadatetramericform. The
a-galactosidase was tested on several substrates and was found to be active with the
oligosaccharides melibiose, a-D-Galp-(l-»3)-D-Galp, raffinose, a-D-Gak>(l-»3)-B-D-Gah5(1—>4)-D-Glcp, stachyose and verbascose, but not towards galactomannan derived
oligosaccharides. The a-galactosidase was also inactive with the terminal galactosyl units of
the glycoconjugates bovinethyroglobulin andglobotriaosylceramide and with galactomannan
with different degreesofgalactose substitution.
Stereochemical courseofhydrolysis
The stereochemical course of hydrolysis was measured by 'H NMR spectroscopy. Fig 1
shows the partial : H NMR spectra of the anomeric region during a-galactosidase hydrolysis
ofp-NP-gal,illustrating thestereochemical courseofthereaction.

60min

1
ppm 5.3

1

1

5.2 5.1

1

1

5.0 4.9

1

1

4.8 4.7

1

1

4.6 4.5

Figure 1.Partial 'H-NMRspectrashowingthestereochemicalcourseofhydrolysisofp-NP-gal byBi.
adolescentisa-galactosidase.
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During the initial minutes of the incubation, a doublet at 5.30 ppm (J =3.7 Hz) characteristic
for H-la of galactose (Izumi 1971) appeared and increased rapidly in intensity. A doublet at
4.62 ppm (J =7.9 Hz), assigned to H-1B (Izumi 1971) only became noticeable later in the
incubation, and almost certainly arose from themutarotation ofthea-anomer initially formed.
After 20 min the relative intensities of these a- and B-anomer resonances were 4: 1,far from
the expected mutarotational equilibrium ratio of approximately 1: 2.2 (Angyal and Pickles
1972) that was observed after 20 h. This clearly indicates that the enzyme hydrolysis occurs
withretentionofconfiguration (a—>ot).
Apart from the appearance of the a- and B-galactopyranoseanomeric resonances at 5.30 ppm
and 4.62 ppm, some other resonances of interest occurred in the anomeric region during the
hydrolysis of p-NP-gal. The most notables appeared at 5.26 ppm and 5.31 ppm and were
caused by the presence of small amounts of a- and B-galactofuranose respectively (Angyal
and Pickles 1972) while resonances at 5.97 ppm (not shown) and 4.85 ppm possibly arose
from transientproducts ofglycosyltransferase reactions.
Transferase activity of a-galactosidase
An optimum oligosaccharide synthesis was reached atpH 7but was also rather high between
pH6andpH 8(75%oftheoptimalproduction atpH7).AtpH6and 7,some ofthemelibiose
was hydrolysed while at pH 8 almost no galactose arose although 75% of the maximal
oligosaccharide production wasstillreached. Thetemperature atwhichthehighest amountsof
oligosaccharides were formed was40°C.
The conversion of melibiose into glucose, galactose and oligosaccharides with time as
observed in atypical experiment starting from a 300mMmelibiose concentration, is given in
Figure2.

time (h)

Figure2.Timecourseofmelibioseconversionandoligosaccharidesynthesisstartingfrom a300 mM
melibioseconcentration.• melibiose,• oligosaccharides,• monosaccharide
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Melibiose was hydrolysed to glucose and galactose and, in addition, oligosaccharides were
produced. Following the transferase reaction over time it was observed that, after 3 h the
highest oligosaccharide synthesis had occurred. A maximum yield of 33% oligosaccharides
wasformed undertheseconditions.
The transferase activity of a-galactosidase using different substrates was evaluated.
Melibiose, raffinose, or stachyose was incubated separately for 6 h with 0.2 U enzyme. The
transfer products were separated by HPAEC and size-exclusion chromatography. The agalactosidase exhibited transgalactosylation activity with all three substrates tested. The
different fractions obtained after size-exclusion chromatography showed that, from raffinose,
mainly stachyose and, from stachyose, mainly verbascose was formed on the basis of
retention behaviour on HPAEC. From melibiose an unknown tri- and tetrasaccharide were
formed duringthetransferase reaction (Figure3).
1 2 3
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Figure 3. High-Performance Anion-Exchange chromatography elution pattern of products
formed after transgalactosylation ofmelibiosewith the a-galactosidase ofBi. adolescentis.1:
monosaccharides;2:melibiose;3:trisaccharide a-D-Galp- (l->6)- a-D-Galp-(l-»6)-D-Glcp,
PAD:pulsedamperiometric detection
These unknown products were isolated on a BioGel P-2 column after incubation on larger
scale has been performed. The reaction mixture consisted of 18% monosaccharides, 61 %
melibiose, 18 % trisaccharide and 3 % tetrasaccharide. The purity of the different fractions
was checked by HPAEC. The different fractions (degree of polymerisation = 2-4) only
consisted ofoneoligosaccharide ofunknown structure. Thestructures ofthetrisaccharide and
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tetrasaccharide were elucidated by NMR-spectroscopy in combination with sugar analysis,
methylation analysisandenzymatic degradation studies.
NMR-spectroscopy of trimer (1). The structure of the oligosaccharides was elucidated by
combining information obtained from sugar linkage analysis, enzymatic degradation and
NMR-spectroscopy. Methylation analysis demonstrated thepresence of terminal Galp, l->6linked Galp and 6-substituted Glcp(not shown).Upon degradation of the trisaccharide, using
theBi.adolescentisa-galactosidase,melibiose andgalactosewere formed.
The ID ' H -NMR spectrum of the trimer (1) (not shown) contained 3 resonances in the
anomeric region, which were designated A H-l -B H-l - C"70 H-l. According to their
intensities, the narrow doublet at 8 5.23 ppm (C a H-l, V ^ =3.8 Hz, 0.3 H) and the broader
doublet at 4.66 ppm (CB H-l, Vi,2=8.1Hz, 0.7 H) were assigned to the sugar residue at the
reducing end. The third resonance (A H-l + B H-l, Vi,2 =3.2-3.8 Hz, 2 H) consisted of a
multiplet centred at84.98ppm andwasassigned totwooverlapping a-glycosylresidues.The
2DCOSYandTOCSYmeasurements(notshown)allowedtheassignmentoftheprotonsasis
shown in Table 2. Since the TOCSY CBH-l track showed correlations with H-2, 3,4, 5, 6a,
6b,residue Cwas identified asaglucoseresidue.TheTOCSYH-l tracks ofresiduesAandB
showed only cross-peaks to H-2, 3, 4, which, combined with the characteristic resonance
positions ofbothH-4,allowed thesetobeidentified asgalactosyl residues.
Table2:'HNMRchemicalshifts ofthetrimer,asdeterminedfromCOSYandTOCSY,relativetothe
chemicalshift ofacetoneat52.225ppm;zbetween5.00ppmand4.96ppm.
H-2

H-3

H-4

H-5

H-6a

H-6b

A

z

3.80

3.84

3.96

3.99

3.73

3.73

B

z

3.81

3.89

4.02

4.16

3.85

3.70

Ca

5.23

3.52

3.70

3.48

4.00

4.00

3.68

6

4.66

3.23

3.46

3.49

3.63

3.95

3.73

Residue (1)

C

H-l

A
B
C
a-D-Galp-(l->6)-a-D-Galp-(l->6)-a/B-D-Glcp
13/-

The ID C NMR spectrum of trimer (1) (not shown) showed 6 anomeric signals. On the
basis oftheirchemical shifts, theC-l signals at893.0ppmand96.9ppmwereassigned tothe
glucosyl residue at the reducing end (C a and CB respectively). Four closely spaced 13C
resonances at899,beinginfact twopairsofa-galactopyranosyl 13C-1resonancesthat reflect
theanomeric equilibrium ofthetrimerbelonged totheresiduesAandB.
The2D 13C-'H HMBC spectrum ofthetrimer (1) (Figure4)recorded with adelaytimeof80
msec allowed anearlycomplete assignment ofthe 13Csignals assummarised inTable3.
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Table3: 13CNMRchemicalshifts relativetothechemicalshift ofacetoneC-l (831.077ppm)(ofthe
trimerasdeterminedfrom thel3C- 'HHMBCspectrum,B(Ca):residueBwhentheC-residueisinthe
a-position
Residue (1)

CI

C2

C3

C4

C5

C6

A(Ca)

98.86

69.08

70.29

70.05

71.79

61.96

A(CB)

98.81

69.08

70.29

70.05

71.79

61.96

B(Ca)

98.89

69.26

70.22

70.17

69.62

67.37

B(CB)

98.83

69.22

70.22

70.15

69.56

67.27

C(a)

93.00

72.23

73.82

70.50

70.73

66.63

C(B)

96.89

74.86

76.77

70.34

74.99

66.52

The C-6 resonances of residue A were found at 8 62.0 ppm. This position favours of the
absence of a linkage at C-6 (Bock and Th0gersen 1982).The resonances of B C-6 and C C-6
were found between 8 66 ppm and 68 ppm indicating C-6 linkages to other residues.
Therefore, residueAwasassignedtothe sugarresidue atthenon-reducing end.
ppm

A6,A5
jfcA6,A6aju

62

*A6.A6b*
A6)A4

64CB6,C6b

,CS6,C6«

66-

C

Ca6,Bl-*- «'
]|-Bi6,Al
68-

BA6,B:

Ba6,B5r-^

A2,A1
Ba2,Blvjfis2.81
Bo5,Bia^M'5,Bl

70-

>-V

B1

/8a/i6,B6«

\

«*# . t l J

Ca5,Cl-$ B 3 , B I V N A 3 , A 1

72

Ca2,Cl-o

74

CcJ,Cl-l

^-A5,A1

*

0

*

Ci2,Cl
Ct5,Cl

76

#-C43,Cl
78'

—i—•—i—'—i—•—r
5.4

5.2

5.0

4.i

4.6

4.4

4.2

4.0

3.

3.6

3.4

ppm

ppm
1,C5

Cal.Cl

•

Cal,C2

f

Col,C3

9496-

CB1,C5

CM,CI

•

»•
98-

B1<C6«
-^

A1.A1

*

100-

BL,C6b
BL,C6b

CB1.C2

11 r
C6HC3

•
B1.B1

5.4

5.2

5.0

4.8

4.6

4.4

4.2

4.0

3.8

3.6

3.4

ppm

Figure4:Partial500MHz2D13C-'HHMBCspectrumoftrimer(1)inD20at27°C.Thecode CB6,
Bl correspondstothecouplingCC°-6andBH-1.
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From this 2D 13C-'H HMBC spectrum it can be inferred that A C-6 has only infra-residual
correlations with AH-6a (A6,A6a (U)), AH-6b (A6,A6b (U)), AH-5 (A6,A5 (2J)) andA
H-4 (A6,A4 (3J))but notwith AH-3 (4J),AH-2 (5J), and importantly, notwith AH-l (4J).
The latter observation implicates that the strong cross-peaks between B Ca/fl-6 and one ofthe
a-galactosyl H-l protons (Ba6,Al andBB6,Al) reflect correlation over the glycosidic bond
between BC™70 -6 and AH-l. The other correlations which were observed for BC™78 -6were
infra-residual: with BH-6a (Bo/136,B6a (U)), BH-6b (Bo/66, B6b (U)), BH-5 (Bo/B6,B5
(2J)) and B H-4 ( Ba/136, B4 (3J)),just as was observed for A C-6. The strong cross-peaks
between C"78C-6 and one of the a-galactosyl H-l protons (Ca/B6,Bl) reflect the longrange
correlation across the other glycosidic bond in the trimer between C Ca/B -6 and B H-l. The
other correlations observed for C0"3C-6 were intra-residual: with C H-6a (Ca/B 6, C6a (U)),
C H-6b(Co/B6,C6b(U)),CH-5 (Co/B6,C5(2J))and CH-4(Ca/B6,C4(3J)).
Thecorrelations ofCa'BC-l werealsonicely exposed andwere only intra-residual: with C H1 (Co/61, CI (U)), CH-2 (Co/B 1,C2(2J)), CH-3 (Ca/B 1,C3(3J)) and CH-5 (Co/B 1,C5
(3J)).
Theassociated reverse correlations over the glycosidic bondsbetween AC-l and BH-6a and
BH-6b overthe glycosidic bond between Aand B,and between BC-l and C H-6a and C H6b over the glycosidic bond between Band C canbe distinguished in this 2D 13C-'H HMBC
spectrum butwith cross-peaks intensities beingcomparabletothe others.Whenthedelaytime
was increased from 80 ms to 200 ms, all four correlations become prominent on the A C-l
and BC-l track inthe 2D 13C- *H HMBC spectrum, their intensities now exceeding thoseof
theothers.
The 2D COSY spectrum of stachyose was also recorded, stachyose being a teframer
composed of the trimer (1) and a fructose moiety linked to its reducing end. The trimer
pattern was easily recognised in this spectrum, the glucose residue having now the apyranosyl configuration.
NMR-spectroscopy of tetramer (2). Because only low amounts of tetramer (2) were
available no methylation analysis was performed. However it was observed that, upon
degradation oftetramer (2)byBi.adolescentisa-galactosidase,thetrimer (1)andgalpwere
formed. The ID *H-NMR spectrum of the tetramer (2) again showed 3 resonances in the
anomeric region, which were labelled A' H-l, A H-l, B H-l and C aB H-l. The anomeric
region resembles that ofthetrimer (1)except for theshape of theresonance centred at 84.98
ppm, which was now composed of six narrow doublets due to the presence of a third agalactosyl residue being l-> linked to the trimer. From the 2D COSY spectrum (not shown)
the ; Hresonances ofallprotons could easilybeassigned; they aresummarised inTable4.
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Table 4: 'H NMR chemical shifts of the tetramer as determined from COSY, relative to the chemical
shift ofacetoneat62.225 ppm;zbetween 5.00ppmand4.96ppm
Residue (2)

H-l
Z

H-2

H-3

H-4

H-5

H-6a

H-6b

3.81

3.85

3.98

3.99

3.74

3.74

A

z

3.81

3.86

4.02

4.19

3.85

3.71

B

z

3.82

3.90

4.01

4.15

3.88

3.66

Ca

5.23

3.52

3.70

3.49

4.01

4.01

3.68

B

4.66

3.24

3.47

3.50

3.64

3.96

3.73

A'

C

A'

A

B

C

a-D-Galp- (l-»6)-a-D-Galp- (l->6)- a-D-Galp- (l->6)-a/B-D-Glcp
Inspection of Table 4 shows that insertion of one a-galactosyl residue of type B in the trimer
(1) resulted in the formation of the tetramer (2). Unfortunately, interresidual correlations
could not be determined for a 2D " C - ' H HMBC spectrum because of a too low signal/ noise
ratio as result of the low sample concentration.

Fermentation ofa-D-Galp- (1->6)-a-D-Galp- (1->6)-D-Glcp
A selection of bacteria was tested for their ability to ferment 6'galactosyl melibiose (Table 5).
The bifidobacteria tested were able to ferment the structure completely within 48h and a low
pH was reached. Also all lactobacilli tested were able to ferment 6'galactosyl-melibiose, but
not completely within the fermentation time.
Table 5:Fermentation of6'galactosyl melibiose bybifidobacteria andLactobacilli spp.
Bacteria

PH

DF

L.fermentum

5.5

+ 85

L.acidophilus

5.6

+ 85

L.casei

6.2

+ 77

Bi.breve

4.6

+ 98

Bi.longum

4.7

+ 98

Bi.infantis

4.6

+ 96

Bi.adolescentis

4.7

+ 96

DF: degree of fermentative degradation; + fermentation of 6'galactosyl melibiose and the percentage
of6'galactosyl melibiosewhich is fermented after 48h of incubation, -no degradation
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DISCUSSION
Raffinose and stachyose areregarded asprebiotic substrates,meaning thatthey can selectively
stimulate the growth and/or activity ofalimited number ofbacteria inthe colon (Gibson and
Roberfroid 1995). The high a-galactosidase levels of several intestinal bacteria, mainly
bifidobacteria stimulated us to look for new prebiotic substrates that are not digested by
intestinal enzymes and might be fermented by several intestinal bacteria. Raffinose and
stachyose are probably the best-known ct-galactosides and the fermentation of raffinose by
different bacteria has been principally was studied (Benno et al. 1987; Sakai et al. 1987;
Holdeman et al. 1977). We showed that several bifidobacteria, L. reuteri,L. acidophilus,B.
fragilis, B. ovatus, C tertium, and F. mortiferum fermented stachyose, but the degree of
fermentation and the degradation products formed differed. Several a-galactosidases have
been purified from intestinal bacteria. The presence of a a-galactosidase was reported for
some bifidobacteria (Garro et al. 1994; Roy et al. 1991;Desjardins et al. 1990, Leder et al.
1999), lactobacilli (Kandler and Weiss 1986; Mital 1973), some Bacteroides species
(Valentine et al. 1991;Gherardini et al. 1985) and for Clostridiumperfringens (Durance and
Skura 1985)which areall important species inthelargebowel.
In vitrofermentation experiments carried out using faecal inocula showed that bifidobacteria
wereoneofthe strains that dominated after faecal inoculawerecultured on stachyose.Nextto
the bifidobacteria, Bacteroides ovatus also accumulated (data not shown). The agalactosidase from B. ovatuswascharacterised by Gherardini et al.(1985) and recently thectgalactosidasefrom Bi. adolescentiswaspartially characterised by Leder et al. (1999). The agalactosidase purified to homogeneity in this study by anion-exchange-, adsorption, and sizeexclusion chromatography was found to have amolecular mass of 83kDa by SDS-PAGE.On
theotherhand,thevalueobtainedbysize-exclusion chromatography was330kDa.Theenzyme
wasoptimallyactiveatpH6andat45°C. Theseresultsarecomparabletothosefound byLeder
etal(1999)and values found for thea-galactosidase from Bi. infantis (Roy etal. 1992)andBi.
longum(Garro et al. 1994). Since we used different assay conditions than Leder et al. (1999),
the measured specific activity can notbe compared with their data. Leder et al (1999) showed
that the Bi. adolescentisa-galactosidase hydrolysed a-(l->3)-linkages at higher rates than a(1—>6)-linkages. In addition we showed that the enzyme was not active with galactomannanderived oligosaccharides, polymeric galactomannan of various degrees of galactosyl
substitution ora-galactosidelinkagespresentintheglycoconjugates tested.
As a-galactosides are interesting substrates for bifidobacteria, we further focused on the
production of new types of a-galactosides using Bi. adolescentisa-galactosidase in analogy
to various 13-galactosides that have been prepared using the transgalactosylation activity of13galactosidases (Zarate and Lopez-Leiva 1990). Dumortier et al. (1994) showed that a 6galactosidase from Bi.bifidumshowedtransferase activity.Tothebest ofourknowledgethere
are no studies describing the synthesis of a-galactooligosaccharides using bacterial agalactosidase. Transgalactosylation by a-galactosidase will probably not occur in vivo as the
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substrate concentrations will be to low. a-Galactosidase may, however, be used for the
production ofa-galactosides,whichmightbeusedasaprebioticgrowth substrate for intestinal
bacteria.
Bi. adolescentis a-galactosidase was found to act with retention of configuration (a-»a),
releasing a-galactose from p-NP-gal. This hydrolysis probably operates through a double
displacement mechanism (Sinnott 1990) and is consistent with the observed glycosyl
transferase activity. A search of the literature found few similar stereochemical studies with
other a-galactosidases, although the results obtained here are consistent with those found for
ana-galactosidase isolated from coffee beans(Weiser etal. 1992).
A series of galactosyl oligosaccharides have been synthesised from melibiose by the agalactosidase from Bi. adolescentis. NMR analysis of the oligosaccharides demonstrated that,
from this action, the trisaccharide ct-D-Galp- (l-»6)- a-D-Galp- (l->6)-D-Glcp and the
tetrasaccharide having the proposed structure ct-D-Gah> (l-»6)- a-D-Galp-(l-»6)- a-D-Galp(l-»6)-D-Glcpwereobtained, indicatingthatthetransgalactosylation tomelibiose wasfound to
occur selectively at the C-6 hydroxyl group of the galactosyl residue and that no
oligosaccharides containingct-(l—>3)orotherlinkageswereformed. Thisisremarkable inview
of the observed hydrolytic activity where it was shown that the enzyme hydrolysed a-(l—»3)linkagestoahigherextent than a-(l->6) linkages (Lederetal., 1999).a-D-Galp- (l->6)- a-DGalp- (1—>6) -D-Glcp was also formed from melibiose by the a-galactosidase from
Trichodermareesei(Savel'evetal. 1996).
In the presence of raffinose, a-galactosidase from Bi. adolescentis formed stachyose and,
from stachyose, verbascose was obtained. Formation of stachyose as a transfer product from
raffinose was also reported for a-galactosidases from Streptococcus bovis. There have been
few reports of a-galactosidases that form a-(l->3) and a-(l—»4)-linkages by
transgalactosylation. The Pycnoporus cinnaborinus (Mitsutomi and Ohtakara 1988) agalactosidase produced not only oligosaccharides of the raffinose family but also
oligosaccharides containing a-(l—»3)-galactosidiclinkages,whileoligosaccharides containing
a-(l—>4)-galactosidic linkages were produced by the transgalactosylation reaction ofSachys
affinisa-galactosidase (Katoetal. 1982).
The trisaccharide a-D-Galp-(l-»6)- a-D-Galp- (l-»6)-D-Glcp formed could be fermented by
variouslactobacilli includingL.fermentum, L. acidophilus,L. caseiandbifidobacteria including
Bi.breve,Bi.longum,Bi.infantisandBi.adolescentis. a-D-Galp-(1—>6)-a-D-Galp-(1—>6)-DGlcp can therefore be used as a synbiotic product, supporting the growth of exogenous added
probiotic bacteria. However, whether this type of oligosaccharides can be used as a prebiotic
substrate, thereby stimulating the growth of endogenous bifidobacteria and lactobacilli, needs
further investigations.

78

a-Galactosidase ofBi. adolescentis

REFERENCES
Angyal SJ,Pickles VA (1972) Equilibria between pyranoses and furanoses. II.Aldoses. Austr JChem
25: 1695-1710
BennoY,EndoK, ShiragamiN,SayamaK,Mitsuoka T(1987)Effect ofraffinose intakeonhuman fecal
microflora. Bifidobacteria Microflora 6:59-63
Bezkorovainy A, Miller-Catchpole R (1989) Biochemistry and physiology of bifidobactera. CRC,Boca
Raton,Fla
Bock K, Thogersen H (1982) Nuclear magnetic resonance spectroscopy in this study of mono-and
oligosaccharides.Ann RepNMR Spectrosc 13: 1-57
Casteren WHM van, Kabel MA, Dijkema C, Schols HA, Beldman G, Voragen AGJ (1999)
Endoglucanase V and a phosphatase from Trichoderma viride are able to act on modified
exopolysaccharide from Lactococcuslactissubsp.cremorisB-40.Carbohydr Res(in press)
Chevalier P, Roy D, Savoie L (1991) X-alpha-Gal-based medium for simultaneous enumeration of
bifidobacteria and lacticacidbacteria inmilk.JMicrobiol Methods 13:75-83
Desjardins ML, Roy D (1990) Growth ofBifidobacteria and their enzyme profiles. J Dairy Sc73:299307
Dumortier V, Brassart C,Bouquelet S(1994)Purification and properties of abeta-D-galactosidase from
Bifidobacterium bifidum exhibiting a transgalactosylation reaction. Biotechnol Appl Biochem
19:341-354
Durance T, Skura B (1985) Purification and characterization of a Clostridium perfringens alphagalactosidase. JFood Science 50:518-522
Fransen CTM,Van LaereKMJ,Wijk AAC van,Briill LPB,DignumM,Thomas-OatesJET,Haverkamp
J, Schols HA, Voragen AGJ, Kamerling JP, Vliegenthart JFG (1998). a-D-Glcp-(l<-»l)-fi-DGal/j-containing oligosaccharides, a new class of oligosaccharides produced by B-galactosidase
from lactose.CarbohydrRes314:101-114
Garro MS, Giori GS de, Valdez GF de, Oliver G (1994) alpha-D-Galactosidase (EC 3.2.1.22) from
Bifidobacterium longum.LettersinApplMicrobiol 19:16-19
Gherardini F, Babcock M, Salyers AA (1985) Purification and characterisation of two alphagalactosidases associated with catabolism of guar gum and other alpha-galactosides by
Bacteroidesovatus.JBacteriol. 161:500-506
Gibson GR,Roberfroid MB(1995)Dietarymodulation ofthehumancolonicmicrobiota-introducingthe
concept ofprebiotics.JNutr 125: 1401-1412
Hartemink R, Van Laere KMJ, Mertens AKC, Rombouts FM (1996) Fermentation of xyloglucan by
intestinal bacteria.Anaerobe. 2:223-230
Hashimoto H, Katayama C, Goto M, Okinaga T, Kitahata S (1995a) Enzymatic synthesis of a-linked
galactooligosaccharides using thereversereaction ofacell-bound a-galactosidasefrom Candida
guilliermoniiH-404.BiosciBiotechnol Biochem 59: 179-183
Hashimoto H, Katayama C, Goto M, Okinaga T, Kitahata S (1995b) Transgalactsylation catalyzed by
bound a-galactosidase from CandidaguilliermoniiH-404.BiosciBiotech Biochem 59:619-623

79

Chapter 5

Hayakawa K, Mizutani J, Wada K, Masai T, Yoshihara I, Mitsuoka T (1990) Effect of soybean
oligosaccharides onhuman fecal flora. Microbiol EcolHealth Dis3:293-303
Holdeman LV, Cato EP, Moore WEC (1977) Anaerobic laboratory manual, 4* edn. VPI Anaerobe
laboratory,Blacksurg,V
Ishibashi N, Shimamura S(1993) Bifidobacteria: research and development in Japan. Food Technol47:
126-136
Izumi K (1971)NMR spectra of some monosaccharides of galactopyranose series in deuterium oxide.
AgricBiologChem 35:1816-1818
Kandler O, Weiss N (1986) In: Holt JG, Williams , Wilkins, (eds) Bergey's manual of systematic
bacteriology.Vol2.Baltimore,Md.
Kato K, Ikami T, Kono H, Yamauchi R, Ueno Y (1982) Transferase action of a-galactosidase from
Tubers from Stachysaffinis.Agric Biol Chem46:1089-1090
Leder S, Hartmeier W, Marx SP (1999) a-galactosidase of Bifidobacteriumadolescentis DSM 20083.
CurrMicrobiol 38:101-106
Mital BK, Shallenberger RS, Steinkraus KH (1973) a-Galactosidase activity of lactobacilli. Appl
Microbiol26:783
MitsuokaT(1990)Bifidobacteria andtheirroleinhumanhealth.JIndMicrobiol6:263-268
Mitsutomi M, Ohtakara A (1988) Isolaton and identification of oligosaccharides produced from
raffinose by transgalactosylation reaction of thermostable a-galactosidase from Pycnoporus
cinnabarinusAgric Biol Chem 52:2305-2311
Roy D, Chevalier P, Ward P, Savoie L (1991) Sugars fermented by Bifidobacterium infantis ATCC
27920 in relation to growth and alpha-galactosidase activity. Appl Microbiol and Biotechnol
34: 653-655
Roy D, Blanchette L, Savoie L, Ward P, Chevalier P (1992) alpha- and beta-galactosidase properties
ofBifidobacterium infantis.Milchwissenschaft 47:18-21
Sakai K, Tachiki T, Kumagai H, Tochikura T (1987) Hydrolysis of a-galactosyl oligosaccharides in
soymilkbya-galactosidase ofBifidobacterium breve203.AgricBiolChem 51: 315
Savel'ev AN, Ibatyllin FM,Eneyskaya EV, Kachurin AM,Neustroev KN ( 1996) Enzymatic properties
ofa-galactosidase from Trichodermareesei.Carbohydr Res296:261-273
Scardovi V (1986) Genus Bifidobacterium. In: Sneath P, et al (eds) Bergey's manual of systematic
bacteriology.Vol2Williams andWilkins.Baltimore,Md.
Sinnott ML(1990).Catalyticmechanisms ofenzymic glycosyl transfer. Chem Rev 90: 1171-1202
Van Laere KMJ, Beldman G, Voragen AGJ (1997a) A new arabinofuranohydrolase from
Bifidobacterium adolescentis able to remove arabinosyl residues from double-substituted
xyloseunits inarabinoxylan. Appl Microbiol Biotechnol 47:231-235.
Van Laere KMJ,Bosveld M,ScholsHA,Beldman G,Voragen AGJ (1997b)Fermentative degradation
of plant cell wall derived oligosaccharides by intestinal bacteria. In: Hartemink R (ed) Nondigestible oligosaccharides: healthy food for the colon? Proceedings of the International

80

a-Galactosidase ofBi. adolescentis

Symposium, Wageningen,TheNetherlands, Wageningen Pres, Wageningen, The Netherlands,
37-46.
Valentine PJ, Gherardini FC, Salyers AA (1991) A Bacteroides ovatus Chromosomal locus which
contains an a-galactosidase genemaybe important for colonization ofthe gastrointestinal tract.
ApplEnvirMicrobiol 57: 1615-1623
Weiser W, Lehmann J, Matsui H, Brewer CF,Hehre EJ (1992) Stereochemistry of the D-galactal and
D-galacto-octenitol hydration of coffee bean a-galactosidase: insight into catalytic functioning
ofthe enzyme.Arch Biochemistry Biophysics 292:493-498
Zarate S,Lopez-Leiva MH (1990)Oligosaccharide formation during enzymatic lactosehydrolysis:a
literature review.JFood Prot 53:262-268

81

6
Characterisation of a novel fi-galactosidase from
Bifidobacterium adolescentis DSM 20083 active
towards transgalactooligosaccharides
VanLaereKMJ,AbeeT,ScholsHA,BeldmanG,VoragenAGJ. Characterisationofanovel figalactosidase from Bifidobacterium adolescentis DSM 20083 active towards
transgalactooligosaccharides.(2000)ApplEnvirMicrobiol:66:1379-1384
This paper reports on the effects of both reducing and nonreducing
transgalactooligosaccharides (TOS) comprising 2 to 8 residues on the
growth ofBifidobacteriumadolescentisDSM 20083 and on the production
of anovel B-galactosidase (B-Gal II).In cells grown on TOS,in addition to
the lactose-degradingfi-galactosidase(13-GalI), anotherfi-galactosidase(BGal II) was detected and it showed activity towards TOS but not towards
lactose. B-Gal II activity was at least 20-fold higher when cells were grown
on TOS than when cells were grown on galactose, glucose, and lactose.
Subsequently, the enzyme was purified from the cell extract of TOS-grown
Bi. adolescentis by anion-exchange chromatography, adsorption
chromatography and size-exclusion chromatography. B-Gal II has apparent
molecular masses of 350 and 89 kDa as judged by size-exclusion
chromatography and sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, respectively, indicating that the enzyme is active in vivo as
atetramer.B-GalIIhadanoptimal activity atpH6andwasnotactivebelow
pH 5.Itsoptimum temperature was 35°C.The enzyme showed highest V ^
values towards galactooligosaccharides with a low degree of
polymerisation. This result is in agreement with the observation that during
fermentation of TOS the di- and trisaccharides were fermented first. P-Gal
II was active towards B-galactosylresidues that were 1—>4,1—>6, 1—>3, and
1<-»1linked,signifying itsroleinthemetabolism of galactooligosaccharides
byBi.adolescentis.

Chapter 6

INTRODUCTION
The human colonic flora has both beneficial and pathogenic potential with respect to host
health. There is now much interest inthe manipulation of the microbiotic composition of the
colon in orderto improvethe potentially beneficial effects (Gibson, 1998).Probiotics are live
microbial supplements that beneficially affect the host by improving its intestinal microbial
balance (Fooks et al, 1999;Fuller, 1989),and have been used for many years for this reason.
Astheviability oflivebacteria infood productsand duringtransit throughthe gastrointestinal
tract maybe variable,the concept ofprebiotics has been developed. Aprebiotic is considered
toaffect thehostbeneficially by selectively stimulating the growth and/or activity ofoneora
limited number of naturally present or introduced bacterial species in the colon. It has been
claimed that this will also lead to an improvement in host health (Gibson and Roberfroid,
1995). Increasingly, probiotics and prebiotics are used in combination and are called
synbiotics (Crittenden and Tannock, 1999; Fooks et la, 1999; Walker and Duffy, 1998).
Fructooligosaccharides are considered prebiotics (Gibson, 1998) and oral dosages of
transgalactooligosaccharides (TOS) appear to result in increased numbers of bifidobacteria in
the human faecal flora (Bouhnik et al, 1997; Ito et al, 1990; 1993). It is claimed that a high
number ofbifidobacteria isbeneficial forthehealthofthehost.Thismayprevent colonisation
by pathogens, and may have positive effects on intestinal peristalsis, on the immune system,
incancerprevention,oncholesterol metabolism, andoncarbohydrate metabolism inthecolon
(Gibson andRoberfroid, 1995;Mitsuako, 1990).
TOS are oligosaccharides produced by transgalactosylation of lactose using aB-galactosidase
(B-Gal). The linkage between the galactose units and the components in the final product
depend on the enzymes and the conditions used in the reaction. The production and
characterisation of these TOS have been described in various publications (Onishi and
Tanaka, 1997; Prenosil et al, 1987; Smart, 1991). Different linkages between galactose and
the reducing glucose unit have been identified, namely, (3-D-Galp-(1—>2)-D-Glcp,13-D-Galp(l->3)-D-Glcp, B-D-Galp-(l->4)-D-Glc/? and B-D-Galp-(l->6)-D-Glcp. Also branched Glcp
residues occur, whereas oligogalactose fragments mainly contain l->4 or 1—>6 linkages
(Smart, 1993; Zarate and lopez-Leiva, 1990). Recently, Fransen et al (1998) showed that
nonreducing galactooligosaccharides werealsoformed during transgalactosylation oflactose.
Up to now no information has been available about the contribution of the various
oligosaccharides in TOS to growth of Bifidobacteriumspecies and nothing is known about
their effect on the synthesis and activities of enzymes involved in oligosaccharide
metabolism. Only artificial substrates, such as para-nitrophenyl p-D-galactoside, have been
used to determine I3-Gal activities in bifidobacteria (Blanchette et al, 1992; Desjardin et al,
1990;Dumortier etal, 1994;Roy et al, 1994;Roy etal, 1992;Smart et al, 1993,Tochikura et
al, 1986).However, this does not supply information about the number of enzymes involved
and their specificities. Using classical culture methods and also molecular techniques it was
shown that Bifidobacterium adolescentis is a major bifidobacteria! species in the adult
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intestinal microflora (Matsuki et al, 1999;Mutai and Tananka, 1987).In this paper we focus
on the fermentation of various oligosaccharides in TOS by Bi. adolescentis. In addition toa
lactose degrading P-Gal (|3-Gal I), a novel B-Gal (P-Gal II) involved in the degradation of
TOSwaspurified and characterised. Therole ofthe enzyme inthemetabolism ofTOSbyBi.
adolescentisis discussed.
MATERIALSAND METHODS
Substrates
TOS (TOS) were obtained by transgalactosylation of lactose with a B-Gal. The TOS mixture
(Borculo Whey Products, Borculo, The Netherlands) was partially purified using charcoal
chromatography in order to decrease the levels of mono- and disaccharides. The enriched
oligosaccharide mixture contained 99%oligomers, next to some residual galactose, glucose,
andlactose.
Enriched fractions containing [B-D-Gal/?-(l->6)]n-D-Glcp and [B-D-Gal/7-(1^4)]n-D-Glcp
were obtained by fractionation of TOS from, respectively, Oligomate-50 (Yakult
Pharmaceutical Co. Ltd.) and CUP-oligo (Nissin Sugar, Tokyo, Japan). Enriched fractions
containing [B-D-Gah>(l—»4)]„-D-Gal/? (n=l-3) were obtained by incubation of extracted soy
arabinogalactan with an endo-galactanase. After partial purification, their structure was
confirmed using nuclear magnetic resonance NMR-spectroscopy. [B-D-Gal/?-(l-»4)]n-D-Glc/?
(n=2-3) and B-D-Gal/?-(l->l)-D-Glcp were purified and characterised as described by
Fransen et al. (8). 3' Fucosyllactose, lacto-N-fucopentaose I, lacto-N-fucopentaose II, andBD-Gal/?(l->6)-D-Gal/? were obtained from Dextra Laboratories Ltd. (Reading, United
Kingdom),B-D-Gah7(l-»3)-Ara/wasobtained from ICNBiomedicals Inc.,(Aurora, Ohio).pNitrophenyl (NP)-glycosides were obtained from Sigma (St. Louis, Mo.) or from Koch and
Light, Ltd. (Haverhill, UK). Lactulose was obtained from Solvay (Weesp, The Netherlands).
Melibiose was obtained from Jansens Chimica (Beerse, Belgium). Other chemicals were of
analyticalgrade andobtained from commercial sources.
Bacterialstrain,cultureconditions andoligosaccharide fermentation
Bi. adolescentis DSM 20083 was obtained from the Deutsche Sammlung von
Mikroorganismen und Zelkulturen GmbH (Braunschweig, Germany). Cell extracts were
prepared from Bi. adolescentis grown in Ml7 broth (Oxoid, Hampshire, England) for 48 h at
37°C in an anaerobic chamber with an atmosphere consisting of C0 2 (10%), H2 (10%) and N2
(80%). The pH of the medium was adjusted to pH 6.5 with KOH prior to sterilisation. Sugars
(TOS,melibiose,lactose,galactoseandglucose)(0.5%(w/v)ofsugarsintheM17medium)were
addedfromfilter-sterilisedstocksolutions.
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Analysis ofTOS
TOS from Borculo Whey Products, Yakult and Nissin were fractionated by Bio-Gel P-2 gel
size-exclusion chromatography (100*2.6 cm), 200-400 mesh (Bio-Rad) with the column
thermostated at 60°C, using a Pharmacia Hiload system equipped with a Pharmacia P50
pump.A Shodex RI-72detector wasused tomonitor the refractive index of the water used as
the eluent (0.3 ml/min). The oligosaccharide compositions of various fractions were
established using high-performance anion-exchange chromatography (HPAEC). For this
purpose a Dionex Bio-LC system (Sunnyvale, Califo.) that included a quaternary gradient
pump, an eluent degas (He) module, and a 4 by 250 mm Carbopac PA100 column with
matchingguardcolumn. Samples (20ul)were injected intothe systemusing a Spectra Physics
SP8800 autosampler (San Jose, Califo.) and chromatograms were recorded using a PC 1000
system. The sodium acetate gradient (lml/min) in 100mMNaOH was as follows: 0-30 min,
linear gradient of 0-200 mM was used. The effluent was monitored using the PED detector
containingagold electrode with anAg-AgClreference electrode.Thecolumn waswashed for
5minwith 1MNaOAcandequilibrated again for 15minwith lOOmMNaOHbefore thenext
runwas performed.
Preparation ofcellextracts
Bi.adolescentisDSM 20083was grown asdescribed previously, and the cells were harvested
by centrifugation (10,000 x g, 10 min, 4°C) upon reaching the stationary phase. Cells were
washed once in20mMphosphate buffer (pH 6.5) and then resuspended in 10ml ofthe same
buffer. Cells were disrupted on ice by sonic treatment (15 min, duty cycle 30%).
Subsequently, the suspension was centrifuged at 10,000 x g for 10 min to remove nondisrupted cellsandtheresulting supernatant wascentrifuged at 30,000xgfor 60mintopellet
cell-debris. The supernatants were filter sterilised and assayed for enzyme activity. The
protein contents ofthecell extractsweredetermined using the method ofBradford (Bradford,
1976)withbovineserumalbuminasastandard.
Enzyme assays
6-Gal activity was measured by determining the hydrolysis ofp-NP-13-D-galactopyranoside
(PNPG) at40°C after 60min of incubation. Thereaction mixture (125 ul) contained 75 ul of
50mMphosphate buffer (pH 6),25 ul of 0.1% PNPG solution, and 25 ul of cell extract. The
increase in absorbance (405 nm) was measured. A unit of enzyme activity was defined as 1
umol of galactose liberated per min in 50 mM phosphate buffer (pH 6) at 40°C. The molar
extinction coefficient undertheseassay conditions was 13700M'cm"'.
The hydrolytic activities of B-Gal on TOS and the different oligosaccharides and
polysaccharides were calculated from the amount of galactose released as determined by
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HPAEC.The incubation was performed at40°C for 1 h and the reaction mixture consisted of
100ulof0.1% (w/v)substrate in50mMphosphate buffer (pH6).
Productionand purification of 6-Gal II
6-Gal II was purified from the crude cell extract from Bi. adolescentisgrown on 0.5% (w/v)
TOS.Unlessstated otherwise allprocedures werecarried out atroom temperature.All buffers
contained 0.01% (w/v) sodium azide to prevent microbial growth. Collected fractions were
screened for proteincontent (A280orthe Sedmakmethod) and for8-Gal activity.
The purification steps of the cell extract involved Bio-Gel HTP hydroxyapatite (Bio-Rad
laboratories, Richmond), Q-Sepharose, Mono Q HR5/5, and Sephacryl S200 HR 16/60. The
lastthree columnswerefrom Pharmacia LKBBiotechnology, Uppsala, Sweden.
pHandtemperature optimum offt-GalIIattheconditions used
Theoptimum temperature wasdetermined by incubation oftheI3-Galwith 0.1 %(w/v)TOSin
50 mM phosphate buffer pH 7 at 20, 30, 35,40, 45, 50, 60 °C for lh. The optimum pH was
determined by incubating the J3-Gal with 0.1%(w/v) TOS in citrate-phosphate buffer in apH
rangeof2.5upto8.0for lh at40°C.
Kinetic parameters ofthe B-GalII
Different substrates (PNPG or lactose or B-D-Galp-(l-»4)-B-D-Galp-(l->4)-D-Glcp or 8-DGalp-(l->4)-J3-D-Gak>(l->4)-l3-D-Gak>(l->4)-D-Glc/> or B-D-Gal/?-(l->4)-D-Gal/>, fi-DGah>(1->4)-6-D-Galp-(1->4)-D-Gah? or B-D-Gak>(1->4)-B-D-Gal/7-(1->4)-B-D-Gah>
(l->4)-D-Gal) with concentrations ranging from 0.1 to 30 mM in a 50 mM phosphate buffer
(200 ultotalvolume,pH 6.0) were incubated withB-GalII(0.025ugprotein/200 ul))at40°C
for lh. The K^ and k,.,,values were calculated from the initial rates of the hydrolyses of
oligosaccharides. Data analysis for calculation of kinetic parameters, using non-linear
regression,wasperformed bytheEnzfitter program (Biosoft, Cambridge,UK).
Gel Electrophoresis
Native electrophoresis and SDS-PAGE electrophoresis were carried out with a PhastSystem
(Pharmacia LKB Biotechnology, Uppsala, Sweden) according to the instructions of the
supplier by using a 8 to 25% polyacrylamide gel or a 10 to 15% polyacrylamide gel
(Pharmacia LKBBiotechnology).
Activity staining in acrylamide gels. Different cell extracts each containing 2 ug of protein
were loaded and electrophoresed on a non-denaturing polyacrylamide gel electrophoresis
system (Pharmacia LKBBiotechnology). 6-Gal activity was detected by incubating the gel in
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a 4' umbelliferyl 8-galactoside solution (lmg/ml in 50 mM phosphate buffer pH 7).
Fluorescent bands were visualised under UV light and photographed after incubation for 5
and60minutes.
RESULTS
Composition ofTOS.
The TOS mixture was composed mainly of oligosaccharides (99 %) and small amounts of
residual galactose (0.1%), glucose (0.3%), and lactose (0.6%). In order to determine the
degrees of polymerisation of the oligosaccharides present, the oligosaccharide mixture was
subjected to size-exclusion chromatography on a Bio-Gel P-2 column. Fractions
corresponding toagivenpeak werepooled and subjected toHPAEC. InFigure 1theHPAEC
elutionprofile ofthecomplete TOS mixture isgiven andthe degree ofpolymerisation ofthe
variouspeaks isindicated
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30

Figure. 1. HPAEC elution pattern of TOS. Numbers 1to 8 indicate monomers, dimers, trimers,
tetramers,pentamers,hexamers,heptamersandoctamersrespectively.Peaks3a,4a,and5ahavebeen
identified as4'galactosyllactose,4'galactosylgalactosyl lactoseand4'galactosylgalactosylgalactosyl
lactose,respectively. Notethatpeak areasdonot supply information abouttheconcentrations ofthe
oligosaccharides since the response factor of thepulsed electrochemical detector varies significantly
withthevariousoligomers.
All fractions were found to contain several components (data not shown) having the same
degrees of polymerisation. The TOS mixture contains 0.5, 2, 6, 17, 37, 27, 8.5 and 2 % of
mono-,di-,tri-,tetra-,penta-, hexa-,hepta-, and octamers,respectively asdetermined usinga
refractive index.Thestructures ofthepurified oligosaccharides aredescribed elsewhere(8).
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Degradation ofTOS byBi. adolescentis
Bi. adolescentis grown in M17 containing glucose (0.5% w/v) (GM17) was transferred to
fresh M17 medium (anaerobic, batch) containing 0.5 % (w/v) TOS. The growth (optical
density) and acidification (pH) of the culturewere measured (Figure 2) and residual TOSwas
analysedusingHPAEC(Figure3).
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Figure2.1:GrowthofBi. adolescentis inM17containing 0.5%(w/v)TOS.Cellswerepreculturedin
M17 containing 0.5% (w/v) glucose. Arrows (A-D) indicate at which time samples were taken for
HPAECanalysisofTOSinthesupernatant
II: HPAECelutionpatternofTOSfermented byBi. adolescentis. Samplesweretakenat 14h (A), 22 h
(B), 40 h(C) and 50h (D) (see Fig 2).ml, m2,m3,and m4are components present in M17broth.
Numbers 1to 8indicate monomers, dimers,trimers,tetramers,pentamers,hexamers,heptamersand
octamers,respectively. Peaks3a,4a, and 5ahavebeen identified as4'galactosyllactose,4'galactosyl
galactosyllactoseand4'galactosyl galactosylgalactosyllactose,respectively.
After a lag-phase in which no carbohydrates were fermented (Fig 2.II.A), exponential growth
occurred. At the beginning of this exponential growth-phase only monomeric material was
fermented. At the end of the first exponential growth phase dimeric material and part of the
trimeric material were fermented (Fig 2.II.B). Upon reaching an optical density of 0.6 a
second lag-phase occurred. In the second exponential growth phase oligomers with a DP>3
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were fermented (Fig 2.II.C), with the low DP oligosaccharides being fermented first. Some
residual TOSwas observed after 50h (Fig 2.II. D),which may have been due to inactivation
oftheenzymeatthelowpHvaluereached atthispointoffermentation (Fig2.I.).
WhenBi.adolescentiswasprecultured onTOSnobiphasic growth couldbe observed andthe
stationary phase was reached within 30 h. These results suggests that cells have adapted to
metaboliseTOSmore efficiently.
Glycosidase activities inBi. adolescentis
Subsequently,glycosidaseactivities indifferent cellextractswere determined withPNPGasa
substrate. Specific 8-Gal activity was highest in cells grown on TOS (Table 1). Surprisingly,
other glycosidase activities were also higher in TOS grown cells, including a-Gal, 13glucosidase,B-xylosidase and a-L-arabinofuranosidase. Although high levels of glycosidases
werepresent,noendo-glycanaseactivitycouldbedetected.
Table 1: Specific enzyme activities (mUnits/mg protein) incell extracts from Bi.adolescentis DSM
20083growninthepresenceofdifferent substrates.
SpAct

((mU/mg)

ofprotein)

ongrowth

substrate:

Ga\p

Glcp

Lactose

TOS

Melibiose

p-NP-a-ga\p

530

995

745

2430

2220

/>NP-B-galp

65

155

40

1820

15

p-NP-a-glcp

10

270

30

100

900

p-NP-B-glcp

240

270

200

1010

235

/7-NP-B-xylp

60

80

55

300

75

p-NP-a-ara/

5

10

5

50

10

/j-NP-glycosides

Theactivities ofcell extracts from lactose-and TOS-grown cellstowards TOS-pentamerwere
analysed by determining the release of galactose residues (Fig. 3). The amount of galactose
releasedbythecell extract from TOS-grown cellswas approximately 20-fold higher than that
with cell extract of lactose-grown cells. Comparable low amounts of galactose were released
alsowithcellextracts from galactose-andglucose-grown cells.
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Figure 3.HPAECelution patterns of galactopentasaccharides before (A) and after degradation (Band
C)withthecell extracts ofB. adolescentisgrown on lactose (B) and onTOS (C).Galp:galactose,
p:pentamers,o:oligosaccharides formed by degradation ofthe galactopentasaccharides
(3-Gal activities of cell extracts from galactose-, glucose-, lactose-, and TOS-grown Bi.
adolescentis were also assayed after PAGE under nondenaturating conditions using
4'umbelliferyl 6-galactoside as substrate (Fig. 4).

B-galactosidaseII
"* B-galactosidaseI

Figure 4.B-Galactivity stainingon anondenaturing polyacrylamide gel. Crude enzyme preparations of
Bi. adolescentis DSM 20083 grown on lactose (lane 1) and TOS (lane 2), with each preparation
containing 2|*gofprotein, were supplied to the gel. I3-Galactivity was visualised under UV light after
5min of incubation with a4' umbelliferyl C-galactoside solution.
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In extracts from galactose-, glucose-, and lactose-grown cells one P-Gal band (P-Gal I) was
observed, whereas in extracts from TOS grown cells, besides the increased (3-Gal I band, a
second P-Gal (P-Gal II) wasdetected. This second activity band was only faintly visible after
prolonged incubation with cell extracts from galactose-, glucose-, and lactose-grown cells
(data not shown), indicating that this enzyme is indeed present at very low levels in cells
grownonsugarsotherthanTOS(seebelow).
Purificationandcharacterisation ofR-GalII
Bi. adolescentiswas grown on Ml7 and TOS,and after reaching stationary phase, cells were
harvested andthe cellextract wasprepared.No P-Gal activity couldbe detected inthe culture
supernatant. The cell extract contained 2 g of protein, and a total B-Gal activity of 880Units
towards PNPG was measured. Cell extract from Bi. adolescentis was fractionated using QSepharose,Bio-Gel HTPhydroxyapatite, MonoQHR5/5,and Sephacryl S200HR 16/60.The
Q -Sepharose separation resulted in the separation of two different I3-Gal (B-Gal I and B-Gal
II). The B-Gal II-containing fraction showed activity towards TOS and no activity towards
lactose, while the B-Gal I-containing fraction was active towards lactose and not towards
TOS. The TOS-active p-Gal II action was purified further on a Sephacryl S200 column and
MonoQ column, and this resulted in an electrophoretically pure B-Gal II preparation (not
shown). The molecular masswas approximately 350 kDa, as estimated using Superose 12.By
SDS-PAGE,asingleproteinbandwasfound at89kDasuggestingthattheenzyme isactiveasa
tetramerin vivo.
Substratespecificity and kineticexperiments with R-GalII
Subsequently, substrate specificity and physicochemical properties of p-Gal II were
determined. Using PNPG the enzyme had a specific activity of5.5U/mg and optimal activity
atpH6and 35°C.B-GalIIwastestedonarangeofsubstrates.B-Gal IIwasactivetowardsthe
non-reducing oligosaccharide B-D-Gak>(l<->1)-D-Glcp and to the other oligosaccharides
present in the mixture including TOS with DP=8 (data not shown). Activity was also
observed towardsthegalactooligosaccharides from otherorigin suchasB-D-Gak>(l—»3)-Ara£
B-D-Gak>(l->6)-D-GalA [B-D-Gah>(l->6)]n-D-Glc/? with «=2-3 and [6-D-Gah>(l->4)]n-DGak? with n=l-3. The enzyme showed no detectable activity towards lactose, lactulose, 3'
fucosyllactose, lacto-N-fucopentaose I, or lacto-N-fucopentaose II. Incubation of B-Gal II in
assays with increasing concentrations of Bl-4 linked galactooligosaccharides resulted in
hyperbolic plots of substrate versus reaction rate, indicating typical Michaelis-Menten
saturation kinetics. K^-and Vmax values for the enzyme towards different
galactooligosaccharides andPNPGaregiven inTable2.
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Table2:KineticparametersofB-GalIIfromBi. adolescentis
Substrates

K™
(mM)

V
' max
(U/ml)

V../K,,,

PNPG

2.2±0.2

5.0±0.2

2.3

0
2.2
±0.2
B-D-Galp-(l->4)-B-D-Galp-(l->4)-D-Glc/>
fi-D-Galp-(l->4)-fi-D-Galp-(l->4)-B-D-GaljP-(l->4)-D-Glcp 4.0±0.4

0
93.0±3.5
68.1 +3.2

42.2
17.0

B-D-Gak>(l->4)-D-Galp
B-D-Galp-(l->4)-B-D-Galp-(l->4)-D-Gal/?
B-D-Galp-(1^4)-B-D-Galp-(l->4)-B-D-Gah>(l-»4)-D-Ga]p

95.3±2.4
48.6±0.5
17.2±0.8

25.7
7.6
3.3

B-D-Gak>(l->4)-D-Glc/>

3.7+0.3
6.4+0.2
5.2±0.7

These data clearly show a general decrease in the Vmax and catalytic efficiency (expressed as
Vmax/K J ofB-GalIIwith anincrease inthesizeofthe oligosaccharides.
DISCUSSION
This paper reports on the isolation and characterisation of a novel B-Gal II from
Bifidobacterium adolescentis,activetowardsTOS.
Bi. adolescentisproduces two different B-Gals when it is cultured on TOS. The first one(BGalI),which wasalsodetected incells grownonglucose, galactose, and lactose,appeared to
be active towards lactose,but not towards TOS.The TOS-active B-Gal II was present athigh
levels only in TOS grown cells, indicating that synthesis is induced by the substrate. B-Gal II
wassubsequently characterised further andwasoptimally activeatpH 6and35°C,conditions
mimickingthose found inthecolon.Remarkably,purified B-GalIIshowed noactivity atpH5
and below, which may affect the action of the enzyme in environments such as the colon
wherethepHmay decreasebelowpH6duetomicrobialproduction ofshortchain fatty acids.
B-Gal II was active toward all the oligosaccharides present in the TOS mixture, including
thosewith high DP.Kinetic characterisation ofB-GalIIrevealed highest Vmax-valuestowards
oligosaccharides with low DP, which is in line with the sequential degradation observed
during TOS fermentation. The B-Gal II was also active towards B-galactooligosaccharides
derived from soy. However, B-Gal II showed no activity towards fucosylated
galactooligosaccharides isolated from human milk. The non-reducing disaccharide B-D-Galp(1<-»1)-D-Glcp isolated by Fransen et al. (1998) from the TOS mixture was completely
hydrolysed into galactose and glucose monomers, indicating that these novel types of
nonreducing oligosaccharides canbedegraded byBi.adolescentis.
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Since microbial sugar transport systems described so far can take up monomers, dimers, or
trimers (Poolman, 1993), it is speculated that B-Gal II, in contrast to lactose-hydrolysing BGal I, is located extracellularly. It is conceivable that the enzyme is cell wall or membrane
attached, since no activity was found in the culture supernatant. With TOS, extracellularly
released galactose residues from TOS by B-Gal II would be accumulated via a galactose
transport system and subsequently metabolised. The final remaining lactose may be taken up
via a lactose transport system (Krezewinski et al, 1996 ; Poolman, 1993) and split
intracellularly by B-Gal I and the galactose and glucose residues may then metabolised.
Several other Bi. adolescentisenzymes active towards large extracellular substrates were not
found in the supernatant, which indicates that they are cell-wall or membrane bound (Van
Laereetal, 1997; 1999).Therecently characterised (Leder etal, 1999)and cloned (Broekvan
de et al, 1999) a-Gal, showing activity towards a-galactooligosaccharides, was shown to
possess a signal sequence indicating that the enzyme is translocated to and active on the
outside of the cell. Also, two arabinoxylan arabinofuranohydrolases from Bi. adolescentis
were supposed to be membrane or cell wall associated and to degrade their substrate
extracellularly, as they are active towards arabinose containing xylooligosaccharides which
contain up to ten sugar units (Van Laere et al, 1997; 1999). Whether the binding of these
glycosidases to the cell wall provides a competitive advantage e.g. in releasing substrates at
thecell surface, remainstobe elucidated.
Theutilisation of the trisaccharides 4' galactosyllactose and 6' galactosyllactose by intestinal
bacteria has been studied previously (Sako et al, 1999) and it has been shown that these
substrates are not only fermented by bifidobacteria, but also by Lactobacillus,Bacteroides
and Clostridiumspecies. It is conceivable that these bacteria produce B-Gals active towards
these trisaccharides. So far the utilisation of galactooligosaccharides with a higher degree of
polymerisation hasnotbeen reported. Ourwork shows thatBi. adolescentiscan degrade also
oligosaccharides with a DP >3 under these conditions. Other tested bacteria such as
BifidobacteriuminfantisandLactobacillusacidophiluscould utilise only the TOS with DP<
3 present in the mixture (data not shown). Metabolism of high TOS by Bi. adolescentisis
linked to the production of B-Gal II active towards these oligosaccharides. This enzyme
might allowBi. adolescentistoutilisethe oligosaccharides more efficiently than othermicroorganisms. Therefore, this TOS-mixture, containing mainly higher molecular weight material
mightbeaninterestingprebiotic substrate asitismetabolised byBi.adolescentisbeingoneof
thepredominant human faecal bacteria (Matsukietal, 1999).
Strikingly, during growth of Bi. adolescentis on TOS a large number of glycosidases are
produced, including two arabinofuranohydrolases which are involved in the degradation of
arabinoxylooligosaccharides (Van Laere et al, 1997; 1999). This may offer an additional
competitive advantage since it allows the organism to scavenge the environment for a range of
substrates and use the degradation products for growth. No endo-glycanase activity could be
detected in the cell extract (data not shown), suggesting that Bi. adolescentis adopted a
strategy aimed at utilising polysaccharide degradation products generated by other
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microorganisms instead of taking part in the initial depolymerization stage of
polysaccharides.
The obtained results provide new insights in the oligosaccharide metabolism of bifidobacteria.
Furthermore, the induction of fi-Gal II during growth on TOS indicates that optimal
performance of a synbiotic product containing Bi. adolescentis (probiotic) and TOS
(prebiotic) can be obtained by preculturing the microorganism on this substrate.
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13-Galactooligosaccharides (AGOS) were derived from soy arabinogaiactan
by enzymatic degradation. The derived mixture contained approximately
50%oligosaccharides with adegree ofpolymerisation (DP)ranging from 29, 20% of oligomers with a DP from 10-15 and 30 % of the total mixture
hadadegree ofpolymerisation>15.
The effect of AGOS on the growth of bacteria in faecal suspension was
studied andcompared totheeffects oftransgalactooligosaccharides (TOS).
AGOS and TOS degrading strains belonging to the generaBifidobacterium
and Bacteroides could be isolated from faecal slurry after incubation of
faecal inocula with these substrates. Bi. adolescentis and B. vulgatuswere
chosen as representatives for both genera to study the effect of TOS and
AGOS on the regulation of 13-galactosidase. The highest levels of Bgalactosidase were present in the cell-extract (si) containing the cellassociated and intracellular enzymes. Both substrates regulated the cellbound oligosaccharide degrading activity of Bi. adolescentis and not of B.
vulgatus.Theoligosaccharide degradingactivity ofB. vulgatuswas found to
be of extracellular origin. TOS and AGOS both increased the galactandegrading activity of Bi. adolescentis, whereas for B. vulgatus this
increased activitytowardspolymericgalactanwas onlyreached after growth
on AGOS. These results suggest that growing Bi. adolescentis on TOS or
AGOSwould not only allow thebacteria touse the galactooligosaccharides,
but would also allow more efficient utilisation of polymeric substrates as
galactans,whenboth substrates arepresent together.

Chapter 7
INTRODUCTION
Transgalactooligosaccharides (TOS) are claimed to be prebiotic substrates predominantly
utilised bybifidobacteria (Itoetal, 1990; 1993).They areproduced bytransgalactosylation of
lactoseusinga8-galactosidase(B-Gal).Depending from the enzymesandtheconditions used,
structurally different galactooligosaccharides are obtained. The production and
characterisation of TOS has been described in various publications (Onishi et al, 1997;
Prenosil et al, 1987; Smart, 1991). Glycoside bonds between two galactose units are mainly
131—>4 bonds (4'-GOS) when 6-galactosidases derived from Bacillus circulans are used
(Mozaffar et al, 1984), and 61—>6bonds (6'-GOS) when enzymes derived from Aspergillus
oryzae or Streptococcus thermophilus are used (Kimura et al, 1995). Different linkages
between galactose and the reducing glucose unit have been identified, namely B-D-Galp(l->2)-D-Glc/>, B-D-Gal/Hl->3)-D-Glc/>, fi-D-Galp-(l->4)-D-Glcp and fi-D-Gal/>-(l->6)-DGlcp (Smart, 1993; Zarate and Lopez-Leiva, 1990). Recently, Fransen et al (1998) showed
that nonreducing galactooligosaccharides were also formed during transgalactosylation of
lactose.
Bifidogenic
effects
have been demonstrated for different
types of
transgalactooligosaccharides in healthy adults (Tanaka et al, 1983; Sako, 1999). The aim of
this study was to investigate whether other types of 13-galacto-oligosaccharides were also
potential of interest as bifidogenic substrates, e.g. galactooligosaccharides produced by
degradation of the plant cell wall polysaccharide arabinogalactan. Such arabinogalactans
occur in two structurally different forms. Type I arabinogalactans are polysaccharides with a
B-l-»4-linked backbone of galactopyranose residues substituted with a-arabinofuranose side
chains of varying degree of polymerisation (Fig 1). The arabinose content of type I
(arabino)galactan varies between 0% (w/w) for garlic (Das et al, 1977) to 43% (w/w) for
soybean (Labavitch et al, 1976). Arabinogalactans have been isolated from various plants as
reviewedbyClarkeetal(1979).
-»4)P-D-galp-(1-»4)p-D-galp-(1->4)P-D-galp-(1->4)P-D-galp-(1-»
CO

t
ro
ro

t
si.

2
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Figure 1.ProposedstructureoftypeIarabinogalactan (VandeVis,1994)

100

Fermentationofhydrolysedarabinogalactan
Type II arabinogalactan is a highly branched polysaccharide with the basic feature of a
branched chain ofB-D-galactopyranoseresidues,which ispredominantly B-l—>3-linkedinthe
interior backbone carrying to a varying degree 1—>6-linked galactosyl residues. Type II
arabinogalactans are found in flowering plants from various taxomomic group (e.g.Larixand
Acacia species and rape seed) (Larm et al, 1976;Timell, 1965).A frequently used model for
typeIIarabinogalactan islarchwoodarabinogalactan (Clarkeetal, 1979;van deVis, 1994).
Several organisms produce galactanases that are specific for B-l—>4 galactopyranosyl
linkages (Dekker and Richards, 1976; van de Vis, 1994) and therefore have the systematic
name 1,4-B-D-galactan galactanohydrolase (Dekker and Richards, 1976). This type of
enzymes can be used for the production of B-galactooligosaccharides, the structure of the
oligosaccharides will dependonthetype ofenzymeandthe incubation conditions used.
When added in our food, polymeric arabinogalactan is being fermented in the colon and
mainly bifidobacteria and Bacteroides spp. have been shown to ferment this substrate (Van
Laere et al, 2000; Crociani et al, 1994; Salyers et al, 1981). So far little research has focused
on the fermentation of arabinogalactan derived oligosaccharides. Van Laere et al, (2000)
showed that various micro-organisms including bifidobacteria and Bacteroides spp. could
ferment arabinogalactooligosaccharides. However so far nothing is known about their
behaviour in more complex faecal systems and their effect on the formation of enzymes
involved in their degradation. The aim of this research was to establish the effect of AGOS
and TOS on the growth of intestinal bacteria in faecal slurries and to study the influence of
both substrates onthemetabolic activityof someisolated strains.
MATERIALSAND METHODS

Materials and enzymes
Soy arabinogalactan was a gift from Novo Nordisk Ferment AG (Dittingen, Switzerland).
Endo-galactanase was cloned from Aspergillusaculeatus(Kofod et al, 1995) and was kindly
providedbyNovoNordiskA/S(Bagsvaerd, Denmark).
LinearB-l—»4galactan was obtained by dearabinosylation of soytype Iarabinogalactan using
an arabinofuranosidase B from Aspergillus niger (Rombouts et al, 1988). Two different
transgalactooligosaccharides mixtures (TOS, and TOS2) were obtained by
transgalactosylation of lactose with a B-galactosidase and kindly provided by Borculo Whey
Products (Borculo, The Netherlands). The TOS2mixture still contained 20 % monomers and
20% lactose whereas the TOS, waspartially purified using charcoal chromatography in order
to decrease the levels of mono- and disaccharides. The enriched oligosaccharide mixture
contained 99% oligomers, besides to some residual galactose, glucose and lactose. The
composition ofbothTOS-mixturesisgiveninTable 1.
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Productionof arabinogalactooligosaccharides
A solution of arabinogalactan (15g) consisting of 52% galactose and 38%arabinose inwater
(1500ml)wasdigested with 15mgcloned endo-galactanase for 17hat40 °C.The incubation
was stopped by heating (15 min, 100°C). The digest was concentrated by evaporation under
reduced pressure and fractionated on a Sephadex G-10 column (800 x 100 mm) using the
Acta Explorer (Amersham Pharmacia Biotech, Uppsala, Sweden). Elution was carried out
using water and the elution rate was 40 ml/min. The refractive index (Shodex RI-72) was
monitored on-line. The molecular weight distribution was determined with BioGel P-2
column (1000 mm x26mm) (200-400 mesh, Biorad laboratories,Hercules, CA) at 60°Cand
eluted (20ml/h)with distilled water. Someof theoligosaccharides present could be identified
usingstandardspresent atthelaboratory(Huisman etal,2000).
Preparationofstoolsamples
Stool samples were collected from 5 healthy volunteers. Samples were collected, diluted
10.000 fold using a physiological salt solution (rps) in an anaerobic chamber as described
previously. Three further decimal dilutions were made in duplicate in carbohydrate free
thioglycolatebroth (made accordingtothe formulation of Oxoid CM 173)supplemented with
either 0.5% TOS2 or AGOS. These dilutions were incubated anaerobically for 24 h. When
growth was observed, 100 \Aof these suspensions were subcultured into 900 ul of the same
medium. This was repeated twice to enumerate bacteria capable ofusing TOS2 and AGOSas
selective substrate.
After three enumerations the samples were plated on semi-selective media to isolate
predominant colonies. The media used were FRCA for total counts, RB for bifidobacteria,
LAMVAB for lactobacilli (Hartemink and Rombouts, 1999), BBE for Bacteroides fragilis
group (Summanen et al, 1993) and FRCA supplemented with vancomycin (20 mg/1) or
colistin (50mg/1)tosuppressGrampositive andGramnegative organisms respectively.
All plates were incubated anaerobically for 48h at 37°C. After incubation Vncolonies were
isolated andpurified onFRCAmedium. Isolateswere further tested for growth onAGOSand
TOS, in the medium described above. Isolates capable of fermenting these substrates were
further characterised morphologically andbiochemically according toHoldeman etal(1977).
Organisms andculture media
B. vulgatus and Bi. adolescentis were precultured separately under anaerobic conditions in
thioglycollate medium (Oxoid) containing 0.5% glucose at 37°C for 24-48 h. From these
cultures 1ml was added to 100 ml thioglycollate medium prepared according to the Oxoid
formulation, without glucose but containing 0.5% (w/v) of respectively galactose, TOS, and
AGOS. The bacteria were then cultured anaerobically for 24 h at 37°C.After the incubation
the optical density (620 nm) and the pH using a micro-pH meter (Sentron, Roden, the
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Netherlands) were measured. The degradation of the substrates after 24h of fermentation was
monitored by High-Performance Anion-Exchange Chromatography (HPAEC). For these
analysisthecultureswerecentrifuged andthesupernatant washeated for 10minat 100°Cand
frozen until further analysis.
Enzyme-extract preparation andassay procedures
After 24hoffermentation the cellswereharvested bycentrifugation (10,000xg, 10min,
4°C).Thesupernatant (sE)waskeptseparately andcontainedtheextracellularenzymes. To
obtainthecell-extract (si),thecellswerewashed oncein20mMpotassium phosphate buffer
(pH6.5) andthenresuspended in20mlofthesamebuffer. Cellsweredisrupted bysonic
treatment (15min,dutycycle 30%)withasonifier celldisrupter. During sonictreatment,the
tubecontainingthecell suspension waskeptonice.Subsequently thesuspensionwas
centrifuged at 10,000xgfor 10min,andthesupernatant (si)obtained after centrifugation of
thecellswasusedasenzymefraction containingboth intracellularandmembraneorcell
wallassociatedenzymes. Both supernatants (si andsE)werefilter sterilised, 0.01%NaN3was
addedtopreventbacterial growth.Proteincontent ofthecrudeenzymeextractswas
determinedusingthemethod ofSedmak(SedmakandGrossberg, 1977)withbovine serum
albumineasastandard. B-Galactivitywasmeasuredbydetermining thehydrolysis ofp-NPB-D-galactopyranoside(PNPG) at40°C after 60minofincubation.Thereaction mixture(125
ul)contained 75 ul of50mMphosphate buffer (pH6),25 ulof0.1% PNPG solution,and25
ul ofcell extract.The increase inabsorbance (405nm)wasmeasured.Aunitofenzyme
activitywasdefined as 1umolofgalactose liberated permin in50mMphosphatebuffer (pH
6)at40°C.Themolarextinction coefficient undertheseassayconditions was 13700M'cm'1.
Thedegradation ofTOS,AGOS and galactanwerebyenzymespresent inthe various extracts
(si and sE) was determined from the amount of galactose released as determined by HPAEC
andHPSEC.Theincubation wasperformed at40°Cfor 4handthereaction mixture consisted
of200 ul of0.5%(w/v)substrate in 50mMphosphatebuffer (pH6,5).
Analytical methods
The oligosaccharide composition of substrates and reaction mixtures was established using
HPAEC. HPAEC was performed on a Dionex Bio-LC system (Sunnyvale, CA) as described
by Schols et al, 1994).The gradient was obtained by mixing solutions of 0.1MNaOH and 1
M sodium acetate in 0.1 M NaOH. For the determination of arabinogalactan oligomers, the
(4*250 mm) CarboPac PA100column (Dionex) was equilibrated with 0.1 MNaOH. Twenty
ul ofthesamplewas injected and alinear gradient to0.4 Msodium acetate in0.1 MNaOH in
40 min was applied. The column was washed for 5 min with 1M sodium acetate in 0.1M
NaOH andequilibrated again for 15minwith 0.1 MNaOH.
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Molecular weight distributions of the arabinogalactan treated by endo-galactanase were
determined byHigh-Performance Size-Exclusion Chromatography (HPSEC),using threeBioGelTSKcolumnsinseriesasdescribed elsewhere (Bergmans etal, 1996).
RESULTS

Composition oftheoligosaccharide mixtures
B-Galactooligosaccharides were derived from soy type I arabinogalactan by enzymatic
hydrolysis using an endo-l,4-galactanase. The mixture was partially purified using a
Sephadex G-10 column in order to remove the contaminating monomelic and polymeric
material. The degree of polymerisation of the groups of oligosaccharides making up the
oligosaccharide mixture was estimated using Bio-Gel P2 (data not shown). The composition
ofthearabinogalactooligosaccharide (AGOS)mixtures asobtained isgiveninTable 1.
Table1:Molecularweightdistributionofthevariousmixtures(%)
degreeofpolymerisation
1
2
3
4
5
6
7
8
9
10-15
>15

AGOS
1
5
10
17
5
4
4
3
4
18
28

)S,
0
3
6
17
37
26
9
2
0
0
0

TOS 2

Fractions containing oligosaccharides with similar DP were further separated using HPAEC
(Fig2)werepartially identified using standards as described by Huisman et al (2000).Linear
B-D-(l-»4)-linked galactooligosaccharides (Gn)with n=2-7 could be identified, besides some
galactooligosaccharides containing arabinose (GnA) or galactose side chains (Gn'). The
HPAEC conditions used did not result in complete separation of all compounds present:
especially athigherDP(>7)oligomers havingdifferent structures coeluted (Fig2).
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Figure2:HPAECElutionprofile oftheAGOS-mixture:G=Galactopyranose,A=Arabinofuranose.

Characterisationofisolatesutilising AGOS
The utilisation of AGOS and TOS by intestinal bacteria in a more complex system using
faecal slurry was studied. After incubation of the faecal slurry with TOS or AGOS, the
samples were plated on semi-selective media to isolate predominant colonies. Several
morphologically different strains could be isolated from different plates and their
morphological structure was microscopically examined. These included Gram positive and
Gram negative straight rods and streptobacilli on FRCA, bifid shaped bacteria on RB and
FRCAandpleomorphic rodsonBBE.Theisolated strainswerecultured separately onTOSor
AGOS for 48h and the fermentative degradation of the substrates after fermentation was
monitored using HPAEC. After supplementation with TOS, bifidobacteria occurred in the
highest dilution on FRCA and in the lower dilutions also Bacteroides strains and oneE.coli
was isolated. Addition of AGOS to the faecal slurry resulted in the growth of Bacteroides
besidesbifidobacteria onthe FRCAplates. Streptobacilli were also present, however, noneof
the streptobacilli were capable of fermenting the two substrates, indicating growth on other
components in the medium. No growth was observed on the LAMVAB plates. The strains
fermenting AGOS were identified asBifidobacterium species andBacteroides species.When
TOS was supplemented tothe faecal slurries, anE.coli strain in addition to strains belonging
tothe generaBifidobacteriaandBacteroideswere identified asTOS-fermenting strains.Two
strains were chosen for further research asrepresentatives for both genera, onewas identified
asBifidobacterium adolescentisandoneasBacteroides vulgatus.

105

Chapter 7
GrowthofBi.adolescentis andB.vulgatus onTOSorAGOS
Bi. adolescentisand B. vulgatuswere grown separately on galactose, TOS and AGOS.Both
bacteria could utilise AGOS and TOS,and reached about the same optical density after 48h
ofgrowthasafter growth onthemonosaccharide galactose (Table2).
Table 2: Some characteristics of growth of Bi.adolescentis and B. vulgatus on different galactose
containingcarbohydrates(OD:opticaldensity,DG:degradation++complete,+partially; PC: protein
concentrationofsi(mg/ml)
Galactose
OD pH DG PC
Bi. adolescentis 0.84 4.2 ++ 0.40
B.vulgatus
0.76 5.0 + 1.12

TOS
OD pH DG PC
0.90 5.3 ++ 0.89
0.99 5.3 + 1.27

AGOS
OD pH DG PC
0.90 4.7 ++ 1.25
0.88 5.1 + 2.46

A clear drop in pH was observed compared to the blank (pH 6.5). The substrates were
completely degraded by Bi. adolescentis and partially by B. vulgatus as monitored by
HPAEC.
Glycosidase activities ofBi.adolescentisandB. vulgatus
From each cultures, two different enzyme-extracts (sE and si), were prepared to study the
enzymes involved in the degradation of TOS and AGOS in more detail: one (sE), containing
the extracellular enzymes and the other (si) containing both membrane- or cell wallassociated and intracellular enzymes. The protein concentration was higher in the si of B.
vulgatuscompared to the si of Bi. adolescentiswhen grown on the same substrate (Table 2).
13-galactosidase activity towards p-NP-Gal was determined in the sE and si of both Bi.
adolescentis andB. vulgatuscultured onthethreesubstrates (Table3).
Table3: B-galactosidaseactivitytowardsp-NP-B-galactosidepresentinthesEandsifrom thevarious
cultures.
Bacteria (substrate in growth
medium)

Total B-galactosidase activity

Total B-galactosidase activity

mU insE

mUin si

Bi. adolescentis(Galactose)

70

16

Bi.adolescentis (TOS)

290

1900

Bi. adolescentis(AGOS)

250

2880

B. vulgatus(Galactose)

16

228

B. vulgatus(TOS)

160

180

B. vulgatus(AGOS)

180

1380
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Growth on AGOS increased total 8-galactosidase activity for both Bi. adolescentis and B.
vulgatus compared to galactose, with the highest activity present in the si. The 13galactosidase inthesiandthe sEwasalsoincreased after growth ofBi.adolescentisonTOS.
After incubation of TOS, AGOS and polymeric galactan with the various si, degradation of
the substrates was monitored by HPAEC. Growth of Bi. adolescentis on TOS and AGOS
resulted in the regulation of galactose-releasing enzymes active towards TOS,
arabinogalactooligosaccharides and polymeric galactan (Table 4). The degradation of AGOS
byenzymespresent inthesi ofAGOSgrownBi.adolescentis cells isgiven inFig3.
Table 4: Degradability of TOS, the oligosaccharides intheAGOS-mixture and of polymeric BI—>4
galactan by the enzymes present in the si of Bi.adolescentis and B. vulgatus si as measured from
galactoserelease.+:degradation,+-{onlydisaccharidesweredegraded),-:nodegradation
Bacteria
(substrateingrowthmedium)

TOS

AGOS-mixture

Galactan

Bi.adolescentis(Galactose)
Bi.adolescentis(TOS)
Bi.adolescentis(AGOS)
B. vulgatus(Galactose)
B. vulgatus(TOS)
B. vulgatus(AGOS)

++
+
-

++
+
-

+
+
+

Also the sE of Bi. adolescentis grown on AGOS, contained a 13-galactosidase which was
active towards AGOS. However, it is not clear whether these glycosidases were secreted or
released bysenescent orlysedbacteria.
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Figure 3:HPAECelution profile ofAGOSbefore (A)and after incubation with the si from AGOS
grownBi. adolescentis (B).
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Growth of5. vulgatuson TOS didnot result in an increased B-galactosidaseactivity in the si
compared to growth on galactose. In the si of B. vulgatusgrown on AOOS and TOS, nofigalactosidase activity towards TOS and the oligosaccharides present in the AGOS-mixture
could be detected (Table 4). The sE of B. vulgatus cultured on AGOS contained a figalactosidase activetowardsgalactobiose,galactotriose and galactotetraose.
Incubation of AGOS with the si of AGOS grown B. vulgatus resulted in the release of
approximately 15% of the total galactose present. As the elution profile of the
oligosaccharides inthemixture remainedthe same,thereleased galactose mustoriginate from
thepolymericpartoftheAGOSmixture.Polysaccharide degrading activitywasconfirmed, as
in the si also galactose-releasing activity was observed towards polymeric galactan. This
increasedpolysaccharide degrading activity wasnot observed whenB. vulgatuswasgrownon
TOS.
DISCUSSION
Bifidogenic effects of different types of transgalactooligosaccharides have been reported (Ito
et al, 1993;Bouhnik et al, 1997; Tanaka et al, 1983). Often these oligosaccharide mixtures
contain small oligosaccharides (average DP 3-4) which are though to be rapidly fermented in
the proximal colon (Houdijk, 1998). This triggered us to look for other 6galactooligosaccharides with higher DP, which might be fermented further in the colon.
Therefore oligosaccharides were produced from soy arabinogalactan and their fermentation
behaviourwascompared tothat of transgalactooligosaccharides.
Both oligosaccharide mixtures contain galactosyl residues as dominant building blocks inthe
backbone and these galactosyl residues are mainly B-(l—»4) linked. The oligosaccharides
present in the AGOS-mixture may also contain arabinose residues (Huisman, 2000; Briill,
1999). The TOS mixture contains some glucosyl residues and in addition to the B-(l->4)
linkages the presence of also B-(l-»2), B-(l-»3), B-(l->6) and (1<-»1) linkages has been
reported (Fransen et al, 1998).The DP ofTOS-mixture ranges from 2-8,whereas 50%(w/w)
oftheAGOShasaDP>8.
These two substrates were compared with regard to their effect on growth of intestinal
bacteria in faecal suspensions. Furthermore their effect on the production of B-galactosidase
activitiesbyBi.adolescentisandB. vulgatuswas studied.
TOS an AGOS degrading strains belonging to the bifidobacteria were isolated from the
highest dilutions of the faecal slurry cultured on AGOS and TOS. This shows that these
strains havethe capability toutiliseboth TOS and AGOS and to grow on them. In addition to
the strains belonging to bifidobacteria, also some Bacteroides species were predominantly
found in cultures supplemented with AGOS. TOS degrading strains belonging to the genus
Bacteroides could also be isolated from the TOS-supplemented faecal slurry, however they
occurred in lower levels. The higher levels of the Bacteroides strains in addition to the
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bifidobacteria when AGOSwasused assubstrate compared toTOScouldbe explained bythe
presence ofpolymeric material inthe AGOS mixture.Polymeric arabinogalactans arethought
tobedepolymerizedbyarelatively restricted group of anaerobic bacteria, chief amongwhich
aretheBacteroides sppandbifidobacteria. Arabinogalactan polysaccharides from larchwood
(type II arabinogalactan) were utilised in vitroby Bifidobacteriumspp. and Bacteroidesspp.
(Imamura et al, 1992; Crociani et al, 1994; Bayliss and Houston, 1984; Salyers et al, 1977).
For TOS, on the other hand, bifidogenic effects have been demonstrated in vivo (Tanaka,
1983, Bouhnik, 1997). In studies with pure cultures it was shown that several bacteria
including bifidobacteria, Bacteroides and some E. coli strains can degrade this substrate
(Tanakaetal, 1983).
In more complex systems, factors such as competition for substrates between various strains,
metabolic rates,presence of inhibitory substrates will determine the selection of bacteria that
canfinally profit ofthesubstrate asenergysource.
The utilisation of substrates by bacteria must be mediated by the hydrolysing enzymes they
produce. B. vulgatus and Bi. adolescentis were chosen as model organisms for the
Bacteroides group and the Bifidobacterium group respectively. B. vulgatus belongs to the
Bacteroides fragilis group, and Bacteroides fragilis-type bacteria are among the most
numerous groups of microorganisms that inhabit the human large intestine (Macfarlane and
Gibson, 1991) They constitute between 20-30 %ofthe gutmicroflora (Holdeman et al, 1976;
Salyers, 1984) with cell populations density typically being in excess of 10" per gram (dry
weight) content. Bi. adolescentis has been reported to be predominantly present in adult
faeces (Matsukietal, 1999;MutaiandTanaka, 1987).Bifidobacteria account for upto25%of
thetotalcultivable gut flora ofadults(Mitsuoka, 1984).
The total 13-galactosidase levels were generally highest in the si, containing both cellassociated and intracellular enzymes, compared to the sE, containing the extracellular
enzymes. This was found for both B. vulgatus and Bi. adolescentis independently on the
substrate they were grown on. For species belonging to both genera it has been reported that
most of the glycosidases are cell-bound (Berg, 1981; Bezkorovainy and Miller-Catchpole,
1989) and also in vivo, in the colon, the highest B-galactosidase activity was cell-associated
(Macfarlane et al, 1991). It is conceivable that the oligosaccharide degrading activity is cell
wall or membrane attached, and not intracellular as it is thought that polysaccharides and
oligosaccharides are initially degraded to smaller molecules (mono- and disaccharides) which
can then be transported into the cell. Rarely, bacterial uptake systems are being reported for
sugarswithadegreeofpolymerisation >2(Russell etal, 1992).
Growth on TOS or AGOS did not increase the cell-bound oligosaccharide degrading activity
of B. vulgatus.Using the AGOS mixture containing both oligomeric and polymeric material
an increased polysaccharide degrading activity was observed for B. vulgatus. This is in
agreement to what was found for the polymeric arabinogalactan as growth substrate. Various
reports mentioned the increased cell-bound polysaccharide degrading activity when
Bacteroidesspparegrown onthe arabinogalactan polymer (Macfarlane etal, 1990).WhenB.
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vulgatus was grown on the pure oligomeric TOS no activity could be observed towards
oligomeric andpolymeric galactan. Onthe other hand growth ofBi. adolescentisonTOSand
AGOS increased the levels of cell-bound enzymes involved in the degradation of oligomeric
andpolymeric galactan ascompared togrowthongalactose.Inprevious studies(Van Laereet
al, 2000), it was shown that Bi. adolescentes only slightly degraded the arabinogalactan
enriched polysaccharide type I fraction. Crociani et al, (1994) showed that Bi.adolescentis
showed no activity towards type II arabinogalactan. Culturing Bi. adolescentis on a mixture
containing galactooligosaccharides (TOS and AGOS) might enhance the degradation of
polymeric galactan.
For B. vulgatus arabinogalactooligosaccharide degrading activity was observed in the
extracellularly fraction. It can however be speculated that in more complex systems the
presence of cell-bound glycosidases is advantageous for the bacteria, and allows them to
transporttheproducts ofenzymaticbreakdown immediately intothecells.
It canbe concluded that both AGOS and TOS can be used by bifidobacteria aspure cultures
but also in more complex systems. Both substrates seem to regulate the cell-associated
galacto-oligosaccharide degrading activity of Bi. adolescentis, but not that of B. vulgatus.
Both substrates alsoincreased thegalactan degrading activity ofBi.adolescentis,whereas this
increased activity for B. vulgatus was only reached after growth on AGOS. These results
suggest that growing Bi. adolescentison TOS and AGOS would also allow the bacteria to
more efficiently utilise polymeric substrates as galactans and thereby compete with other
polysaccharide degrading bacteria for the substrate. The increased activity towards polymeric
galactan after growth on TOS and AGOS might offer the bifidobacteria an additional
advantage to compete for this polymeric substrate in the colon. Combining rapidly
fermentable galactooligosaccharides with more complex galactose containing polymeric
substrates might result in the availability of substrate for bifidobacteria over a larger part of
thecolon.
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Fructooligosaccharides

and

transgalacto-

oligosaccharides affect the bacterial glycosidase
activityinhumansubjects
AllesMS,VanLaereKMJ,VoragenAGJ,Hautvast JGAJ
Non-digestible oligosaccharides have been claimed to benefit the health of
the colon by affecting composition and activity of the intestinal microflora.
Two human trials to test whether fructooligosaccharides (FOS-study) and
transgalactooligosaccharides (TOS-study) would change the bacterial
glycosidase (particularly the 13-galactosidase) activity in the colon. In the
FOS-study the fermentation of fructooligosaccharides in 24 healthy menby
using a placebo-controlled crossover design (with glucose as the placebo)
was investigated. Fructooligosaccharides significantly decreased a-Larabinofuranosidase activity by 35%. The TOS-study was a controlled
feeding trial inwhich the effects oftransgalactooligosaccharides weretested
in 25 healthy volunteers receiving either transgalactooligosaccharides or
placebo. Transgalactooligosaccharides significantly increased the activity of
fi-galactosidase by 123%. Neither fructooligosaccharides nor
transgalactooligosaccharides affected the activities of B-glucosidase or 13glucuronidase, which are enzymes involved in the generation of toxic
compounds.Itwasconcluded that TOSaffect glycosidase activity ofhuman
intestinal bacteria inasubstrate specific manner.
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INTRODUCTION
Non-digestible oligosaccharides naturally occur in various edible food plants (Loo et al,
1995)and inhumanbreast milk (Carlson, 1985;Coppa etal, 1993;Gronberg etal, 1989).As
they are not hydrolysed by the enzymes in the human small intestine, they reach the colon
intact. Bacterial fermentation of oligosaccharides in the colon has been claimed to benefit its
health by selectively stimulating the growth of bifidobacteria and by decreasing colon cancer
risk markers (Ito et al, 1990; Bouhnik et al, 1997; Gibson et al, 1995a; Buddington et al,
1996;Bouhnik etal, 1996ft).
Gut bacteria degrade non-digestible carbohydrates by using a wide range of depolymerizing
enzymes. Polysaccharidase and glycosidase activities are found extracellularly as well as
associated with bacterial cells (MacFarlane et al, 1991;Cummings and MacFarlane, 1991).
By inducing these enzymes, dietary components may affect the metabolic activity of the
microflora. Several studies were done tomeasure the end-products of bacterial breakdown of
non-digestible oligosaccharides and often no effects were found on their faecal excretion
(Alles et al, 1996; Alles et al, 1997ft; Gibson et al, 1995a). This might be due to a rapid
absorption and utilisation of fermentation products by the colonic mucosa (Hoverstad et al,
1982;Cummings etal, 1987).MacFarlane etal (1991)measured the glycosidase activities in
different regions of the human large intestine and conclude that activities were found
throughout the large intestine without significant regional differences. Therefore, the activity
of glycosidase in feces might be a more relevant measure to study the metabolic activity of
the intestinal microflora, then faecal end-products of bacterial fermentation. Little is known
about the glycosidase responses to consumption of non-digestible oligosaccharides by
humans, but in a rat experiment by Djouzi et al (1997) it was found that there are profound
differences between oligosaccharides.
We studied bacterial glycosidase activity induced by consumption of non-digestible
oligosaccharides compared with digestible carbohydrates in two human trials. The first
experiment was a free-living study done with fructooligosaccharides, which are short-chain
fructans. The second experiment was a controlled feeding trial, using
transgalactooligosaccharides, which are produced from lactose by enzymatic
transgalactosylation. This work is an extension of previous studies that describes the fate of
fructooligosaccharides in the human intestine (Alles et al, 1996) and the effects of
transgalactooligosaccharides on microbial composition and colon cancer risk markers (Alles
etal, 1999).
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METHODS
Fructooligosaccharides study
Experimental methods are described in detail in Alles et al (1997). Briefly, twenty-four
healthy men aged 19-28 years participated in a single-blind crossover trial with supplement
periods of 7d and a 7d wash-out period. The supplements where consumed in random order
and consisted of either 15 g of fructooligosaccharides (Raftilose P95®, ORAFTI, Tienen,
Belgium) or 4 g of glucose (Cerestar Pur 01934; Cerestar Benelux BV, Sas van Gent, The
Netherlands). Fructooligosaccharides had a degree of polymerisation of 2-7 monosaccharide
units.
At the end of each supplement period volunteers came to the Department twice to defecate.
Within 15min after defecation the feces were weighed and immediately deep-frozen on dry
icetostopfermentation, then storedat-20°C.
Transgatactooligosaccharidesstudy
This investigation formed part ofalarger study,details oftheexperimental design andresults
on composition of the intestinal microflora and colon cancer risk markers are presented in
Alles et al, 1999. The experiment was preceded by a screening procedure, comprising a
healthy questionnaire, blood and urine analyses, a transgalactooligosaccharides tolerance test
and a lactose breath test. Forty-one volunteers (19 women and 22 men) entered a strictly
controlled single-blind parallel experiment. The study was divided into two consecutive 3week periods during which each participant consumed a run-in diet in the first 3 weeks
followed by a 3-week intervention diet which differed only in the amount of
transgalactooligosaccharides: 0 g/d (placebo) or 15 g/d (Elix'or®, Borculo Whey Products,
Borculo, the Netherlands). Transgalactooligosaccharides were produced by
transgalactosylation of lactose and had a degree of polymerisation of 2-8 monosaccharide
units.Thedietsconsisted ofconventional foods, andthenutrient composition ofeachdietwas
similar. Approximately 90% of energy intake was from supplied food, the remaining 10%
was from products chosen by the subjects from a list of items. In the last week ofboth run-in
and intervention period, volunteers came to the Department twice to defecate. Within 10min
after defecation the feces was deep-frozen on dry ice to stop fermentation, then stored at 20°C. Inthe last weekend ofrun-in and intervention periods, subjects collected all stools and
storedthem immediately ondryice.
Both studies were approved by the Medical Ethics Committee of the Division of Human
Nutrition and Epidemiology. The protocol and aims of the study were fully explained to the
volunteers,whogavetheir informed written consent.
Preparation ofstool samples
Sampleswere thawedovernight at4 °C.Feces ofasingleperson ofoneperiod were weighted
and homogenised inabowl and mixer. Aportion wasused for thepreparation of the aqueous
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fraction ofstooland centrifuged at 26000g for 90min at4 °C (MSE, Scientific Instruments,
Crawley, Sussex,UK).Faecal water was carefully removed and stored at -20°C until analysis
ofglycosidase activity.
Bacterial glycosidase activities
Glycosidases areenzymes that can cleave off single units of sugarresidues from glycosylated
compounds including the non-reducing siteof oligomeric sugars.Thep-nitrophenyl glycoside
assay (p-NP-assay) was used to measure the rate of release of p-nitrophenol from pnitrophenylglycosides in faecal water. We tested the following bacterial glycosidase
activities: a-L-arabinofuranosidase, a-glucosidase, (3-glucosidase, a-galactosidase, pgalactosidase, (3-glucuronidase, (3-xylosidase, a-fucosidase. The reaction mixture contained
25 ja.1 substrate solution (0.1% w/v, Sigma, St-Louis,MI)and 15^1 ofthediluted faecal water
(1:11) in 75 ju.1 phosphate buffer (50mM,pH 6.5). Incubation was at 37 °C and the release of
p-nitrophenol from p-NP-glycosides was measured spectrophotometrically at 405 nm after
addition of 125 \x\of glycine (0.5 M glycine NaOH buffer, pH 9.0 + 2 mM EDTA). The
activity was calculated using a molar extinction coefficient of 13700 M"1 cm"1. Incubation
time changed between substrates. Enzyme activities were expressed as units, one unit
corresponds to the release of 1\s.mo\ glycoside min"1 under standard conditions. Absorbances
exceeding 1 after correction for theblankwerediluted further andmeasured again.
Statistical methods
Differences were checked for normality by visual inspection of the normal probability plots.
For the fructooligosaccharides study, paired t-tests were used to test the difference between
placebo and fructooligosaccharides supplementation. For the transgalactooligosaccharides
study,unpaired t-tests were used totest thedifferences between changes. Two-sided P-values
lessthen 0.05 were considered significant. The statistical analysispackage SAS,version 6.09
(Statistical Analysis Systems Institute, Inc.; Cary, NC, USA) was used to perform the
statistical analyses.
RESULTS
Fructooligosaccharides study
All volunteers completed the study successfully, were apparently healthy and had normal
body weight (BMI21.7 (SD 1.9) kg/m2).In4faecal samples,there was too little faecal water
extractable.Comparedwiththeplacebotreatment,therewasasignificant decrease (of34.8%)
in the arabinofuranosidase activity on the fructooligosaccharides supplement. There was a
non-significant increase in B-galactosidase activity of 45.3% (P = 0.0605) and a nonsignificant decrease in B-xylosidase of 18.8% (P = 0.075). There were no other changes in
glycosidaseactivity (table 1).
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Table l:Bacterialglycosidaseactivities(U/lfaecalwater)in20subjectsreceivingdietarysupplements
with4gramsofglucose(placebo)or15 gramsoffructooligosaccharides inacross-overdesign
withsupplementperiodsof1 week*
Fructooligosaccharides

Placebo

Difference (95% CI)*

Mean

SEM

Mean

SEM

a-L-Arabinofuranosidase

400

61

261

30

-139 (-256,-21)'

a-Glucosidase

221

23

189

16

-32(-81, 17)

P-Glucosidase

133

9

113

11

-21

(-49,7)

a-Galactosidase

328

86

244

65

-84

(-292, 125)

P-Galactosidase

373

42

542

94

169(-8,347)

P-Glucuronidase

166

28

152

46

-14 (-98,70)

P-Xylosidase

186

40

151

37

-35 (-75,4)

a-Fucosidase

22

4

19

4

-4(-11,4)

a-L-Arabinofuranosidase, EC3.2.1.55;
a-Glucosidase,EC3.2.1.20;
P-Glucosidase,EC3.2.1.21;
a-Galactosidase,EC3.2.1.22;
P-Galactosidase,EC3.2.1.23;
P-Glucuronidase,EC3.2.1.31;
P-Xylosidase,3.2.1.37;
a-Fucosidase,3.2.1.51.
'Fourobservationsweremissingbecausetherewastoolittlefaecalwaterextractablefrom feces.
'Fructooligosaccharidescomparedwithplacebo.
'Difference betweenfructooligosaccharides andplacebowassignificant,P=0.0229.
Transgalactooligosaccharides study
One female subject withdrew inthe first week oftheexperiment because ofpersonal reasons;
data from this subject were excluded from analyses. In four subjects, there was too little
faecal water extractable from feces. All other subjects completed the study successfully. They
werehealthy andhadnormalbodyweight (BMI22.8(SD2.3)kg/m2).
Transgalactooligosaccharides significantly increased the activity of B-galactosidase by
122.8%, after correction for placebo. There were no other changes in glycosidase activity
(table2).
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Table 2: Bacterial glycosidase activities (U/l faecal water) in 21 subjects receiving a run-in diet for 3
weeks, and a placebo diet (with no transgalactooligosaccharides) or a diet with 15 grams of
transgalactooligosaccharides for the subsequent 3weeks'
Placebo

Transgalacto

Difference

(n=ll)

oligosaccharides

(95% CI)f

(n=10)
Mean

SEM

Mean

SEM

Run-in

398

49

254

61

-

Intervention

438

57

187

31

-107 (-244,29)

Run-in

689

132

320

80

-

Intervention

657

140

486

264

198(-244, 640)

a-L-Arabinofuranosidase

a-Glucosidase

(3-Glucosidase
Run-in

45

12

35

8

-

Intervention

51

8

31

7

-11(-37, 16)

Run-in

513

134

205

43

-

Intervention

447

96

215

34

76(-136, 288)

Run-in

787

121

474

53

-

Intervention

709

126

978

222

582(141, 1022){

Run-in

87

20

57

12

-

Intervention

89

18

43

9

-16(-55,23)

Run-in

66

11

51

10

-

Intervention

69

9

47

9

-8(-30, 15)

a-Galactosidase

P-Galactosidase

P-Glucuronidase

P-Xylosidase

a-Fucosidase
Run-in

29

8

19

4

-

Intervention

32

9

18

5

-4 (-20, 11)

Arabinofuranosidase, EC 3.2.1.55; a-glucosidase, EC 3.2.1.20; P-glucosidase, EC 3.2.1.21; agalactosidase, EC 3.2.1.22; P-galactosidase, EC 3.2.1.23; p-glucuronidase, EC 3.2.1.31;P-xylosidase,
3.2.1.37; oc-fucosidase, 3.2.1.51.
* Four observations weremissing because therewastoo little fecal water extractable from feces.
transgalactooligosaccharides compared withplacebo.
'Difference between changes (intervention minusrun-in) was significant, P=0.0124.

120

Bacterialenzymesandnon-digestibleoligosaccharides
DISCUSSION
We found that transgalactooligosaccharides, affect the glycosidase activity of human
intestinal bacteria in a substrate specific manner, without increasing those enzymes that are
involved intheproduction oftoxicandcarcinogenic metabolites.
We measured the glycosidase activity aerobically in faecal water, which reflects the
extracellular enzyme activity. As the feces was frozen before we prepared the faecal water,
some intracellular enzymes might have been released due to lysis of bacteria. MacFarlane et
al (MacFarlane et al, 1991) found that cell-bound activities are between 11 and 19 fold
greater than those occurring extracellularly. Therelative distribution of the enzymes however
between extracellular andcell-bound enzymes didnotdiffer much intheir study.
Both the decrease of arabinofuranosidase on fructooligosaccharides and the increase of Bgalactosidase ontransgalactooligosaccharides werenot duetodifferences intheproportion of
faecal wetweight. Correction for faecal wetweightdidnotchangetheresults.
The availability of substrates to gut bacteria leads to the induction of substrate specific
hydrolysing enzymes. Fructooligosaccharides can be hydrolysed by B-fructosidase and
transgalactooligosaccharides can be hydrolyzed by B-galactosidase. Bouhnik et al (19966)
showed an increase in B-fructosidase activity after consumption of fructooligosaccharides. In
the TOS-study, we showed an enhanced activity of B-galactosidase by specific substrate
induction by transgalactooligosaccharides, which wasnot due to differences in faecal weight.
Thiswasalso found byDjouzi etal(1997) inrats.
Substrates can also affect the activity of non-specific glycosidases enzymes, due to either
changes in microflora composition or shifts in the metabolic activity of individual species or
strains(Djouzi and Andrieux, 1997;Buddington etal, 1996;Reddy etal, 1992).Weobserved
a decreasing effect of fructooligosaccharides on the activity of a-L-arabinofuranosidase,
which was also not due to differences in faecal weight. Arabinofuranosidase is the enzyme
that degrades arabinosyl linkages from various hemicelluloses such as arabinans,
(arabino)xylans, (arabino)galactans and arabinose-substituted xyloglycans (Kaji, 1984).
Fructooligosaccharides also increased the activity of B-galactosidase and decreased the
activity of B-xylosidase. Probably due to the small number of volunteers relative to the large
variation inenzymeactivities,these changeswerenot statistically significant.
Changing the glycosidase activity may affect human health. Some of the enzymes help to
generate energy for the colon mucosa in the form of butyrate. Increasing the activity ofBgalactosidase allows further degradation of lactose that escapes digestion and of
arabinogalactans, whichare importantnon-starch polysaccharides.
Other bacterial enzymes may have adverse effects in the colon. B-Glucuronidase is involved
in the hydrolysis of glucuronide conjugates in the gut, which lead to the generation of toxic
and carcinogenic metabolites (Rowland, 1988; Mallett and Rowland, 1987). The hydrolytic
activity of B-glucosidase is responsible for the generation of mutagenic aglycones (Mallett
and Rowland, 1987). We and others (Djouzi and Andrieux, 1997; Bouhnik et al, 1996a;
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Kleessen et al,

1997; Bouhnik et al, 1996ft) did not show any effects

of

fructooligosaccharides or transgalactooligosaccharides on the activity of B-glycosidase and 6glucuronidase. Buddington et al (1996) showed a decrease of 13-glucuronidase on
fructooligosaccharides but did not compare the effects with a placebo treatment and was thus
unable to exclude possible time effects.
This study shows that the glycosidase activity of human intestinal bacteria in feces can be
used as a biomarker of colonic metabolic activity, in dietary interventions with non-digestible
oligosaccharides. Although our study design was not ideally suited to test the differences
between fructooligosaccharides and transgalactooligosaccharides, we showed that TOS affect
the B-galactosidase activity in a substrate specific manner. Both substrates did not affect those
enzymes that generate toxic and carcinogenic metabolites.
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INTRODUCTION

Aimoftheresearch
The research described in this thesis was part of a multi-disciplinary research program at the
Wageningen University on therole of non-digestible oligosaccharides in food and feed. Four
groups were involved in the project: Human Nutrition, Animal Nutrition, Food Hygiene and
Microbiology andFood Chemistry. Themain objective oftheresearch done atthe Laboratory
of Food Chemistry was to establish the relation between the chemical structure of nondigestible oligosaccharides and their fermentability by intestinal bacteria. For this, several
structurally different oligosaccharides needed to be produced, isolated and characterised in
order to obtain an oligosaccharide bank consisting of well-defined oligosaccharides.
Secondly, the fermentation of the oligosaccharides by different intestinal bacteria was
evaluated. This provided information on the fermentation capability of various intestinal
speciesofbacteria.Thirdly,bacterial enzymesinvolved inthedegradation of oligosaccharides
were purified and characterised. This provided information on the regulation of their
production, the activity oftheseenzymes and their specificity. Finally, we hoped tobe ableto
design a tailor-made production of oligosaccharides using the knowledge obtained over the
wholeperiod.

STRUCTURALLY DIFFERENT OLIGOSACCHARIDES OBTAINED FROMFOODGRADE RAW MATERIALS
In order to study structure-related effects of oligosaccharides onthe fermentative degradation
by intestinal bacteria, different oligosaccharides were produced. Using different routes and
raw materials, oligosaccharides with different building blocks, degree of polymerisation,
linkages and degree of branching were obtained. Fructooligosaccharides,
xylooligosaccharides, transgalactooligosaccharides, and stachyose were obtained
commercially. a-Galactooligosaccharides were obtained by transgalactosylation using agalactosidase. Arabino-, (arabino)galacto-, (arabino)xylo-, galacturono-, and
rhamnogalacturono- oligosaccharides were derived by enzymatic hydrolysis of plant
polysaccharides. Intable 1 the structurally different oligosaccharides studied inthisthesis are
given. Although not studied in this thesis, other potential valuable types of oligosaccharides
are8-gluco-,(galacto)manno-, and cellooligosaccharides obtained byhydrolysis ofB-glucans,
galactomannans and celluloses, respectively.
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Chapter9

New oligosaccharide structures using nature's complexity of plant cell wall
polysaccharides

The complex architecture ofplant cell wall polysaccharides offers tremendous possibilities as
starting material for producing structurally different oligosaccharides by enzymatic
hydrolysis. The hydrolysis process can not only result in interesting potentially bifidogenic
oligosaccharides,butpartial hydrolysismightalsoresultinincreased solubility andchangesin
viscosity andmaythereby facilitate theuseorapplication ofcertain fibres.
Plant cell wallpolysaccharides arenatural components that arebeingused for years asdietary
fibre in food and feed. Inthe colon,bacterial enzymes degrade dietary fibre and this can lead
to the in vivo formation of oligosaccharides, disaccharides and monosaccharides. Plant cell
wall derived oligosaccharides might therefore be regarded as naturally formed
oligosaccharides. Furthermore, once they are formed they will be further degraded towards
mono- and disaccharides, which shows that in the colon fermentation of plant cell wall
derived oligosaccharide already occurs. However, it remains unknown which bacteria are
involved in the utilisation of these substrates and one might assume that the kinetics and
amount of oligosaccharides formed from fibre, andtheplace of fermentation inthe colon will
bedifferent when theseoligosaccharides aregivendirectly asfood supplements.
The oligosaccharides can be produced starting from pectins, hemicellulose and cellulose as
they occur inplants.Many ofthecurrently used fibres are insoluble orpartly insoluble dueto
the fact that in the cell wall they are interconnected with other structural polysaccharides,
proteins and possibly lignin. They often therefore, resist degradation and an initial extraction
could be performed to make them accessible to enzymatic degradation. Pectins can be
extracted using acid hydrolysis; however, these extraction processes are accompanied by
inevitable and uncontrolled removal of neutral sugar side-chains such as arabinans and
arabinogalactans (Voragen and Pilnik, 1995).Also,physical treatment (e.g.extrusion cooking
and autoclaving) may improve the solubility of polysaccharides (Ralet et al, 1991; Guillon et
al, 1992).Increasing the solubility of the polysaccharides will further improve the enzymatic
degradation to oligosaccharides and can result in higher production yields.
Galacturonooligosaccharides could be produced from the smooth regions of pectins.
Arabinooligosaccharides, (arabino)-galactooligosaccharides and rhamnogalacturonooligosaccharides were obtained from rhamnogalacturonan, apolysaccharide that is present in
the cell walls of various plants. Both the rhamnogalacturonan backbone and the side-chains
(galactan, arabinogalactans and arabinans) are rich in structurally different linkages and
building blocks. This diversity allows the production of different oligosaccharides using
specific endo-glycanases and debranching enzymes (Gruppen et al, 1992; Van Laere et al,
1994,Beldmanetal, 1996;Beldmanetal, 1997;Mutter, 1997).Thearabinosyl and galactosyl
side-chains described so far are relatively short, it would also be of interest to study the
activity of these polysaccharides in combination with oligosaccharides derived from them.
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Onemight assume that the intactpolysaccharides will be fermented laterinthe colon because
oftheirmorecomplex structure.
Oligosaccharides, which were mainly composed of the pentose sugars arabinose and xylose
wereobtained from hemicellulose extracted from cereals.(Arabino)xylooligosaccharides were
produced from wheat arabinoxylan but can also be produced from other cereals (corn, barley,
rye, rice). The raw material source, extraction procedure and enzymatic degradation will
influence the structure of the oligosaccharides produced. For the extraction of cereal
hemicellulose polymers,NaOH and KOH are themost commonly used extractants that leave
cellulose asresidue (Brillouet andMercier, 1981;Bergmans, 1996).
Production of oligosaccharides using transglycosidase activity of glycosidase

Another method to obtain oligosaccharides is by transglycosylation using retaining
glycosidases. Transglycosylation reaction can result in a complex mixture of structurally
almost identical oligosaccharides. A typical example is the formation of
transgalactooligosaccharides (TOS) from lactose using a bacterial 6-galactosidase (Figure 1).
This resulted in the formation of at least 30 different oligosaccharides with a degree of
polymerisation ranging from 2-8.

hexamers

pentamers

5

10

15

20

Retention time (min)

Figure1:HPAEC-profilesofthestartingTOSsample(upperpanel,asobtainedfromBorculoWhey
Products)andthedifferent Bio-GelP-2fractions (disaccharidesthroughhexasaccharides)(Fransenet
al,1998).
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The structures of some of these transgalactooligosaccharides are already known, however, if
complete characterisation isrequired, fractionation of the mixture is necessary. Separation on
size (e.g. size-exclusion chromatography) can be used as the first step. Pools obtained after
size-exclusion chromatography still contain mixtures of oligosaccharides having the same
size.InFig 1 theHPAECelutionprofiles ofthevariouspoolsaregiven.
Using HPAEC the oligosaccharides of the same size can be purified further. From this
mixture the oligosaccharides B-D-Gak>(l->2)-Glcp, B-D-Gah>(l-»3)-Glc/?, 13-D-Gal/?(l->6)- B-D-Gah>(l->4)- Glcp and (6-D-Gal/?-(l-»4))n-Glcp with n = 2-4 could be easily
recognised. Also,twelve novel nonreducing oligosaccharides could be identified in this way,
namely, (G-D-Galp-(l->4))n -a-Glcp-(l<->l)-B-D-Galp(-(4<-l)-f3-D-Gal/?)m w i t h n, m =
(0,1,2,3, or 4) and B-D-Galp-(1^2)-a-D-Glcp-(l^l)-B-D-Gah7. These non-reducing
oligosaccharides havetheadvantagethattheyarenotreactive intheMaillard reaction.
Some preliminary studies showed that also in the cell-extracts of Bi. adolescentis
transgalactosylation activity towards lactose ispresent. This activity could not be contributed
to the fi-Galactosidase II involved in the degradation of TOS. Upon reaction with lactose,
various galactooligosaccharides were formed. Some of the oligosaccharides were coeluting
using HPAEC with oligosaccharides formed by Bacillus circulans13-galactosidase, which is
used for the production of transgalactooligosaccharides. Mozaffar et al (1984) showed that
using 6-galactosidases derived from Bacillus circulans mainly Bl—>4 bonds between two
galactose units are formed. However, in our study the structures of the oligosaccharides
formed were not further elucidated. But it was clearly shown that various structures can be
formed starting from lactose using Bi. adolescentis 13-galactosidase. These two examples
clearly show that upon transferase reaction a multiplicity of structurally closely related
oligosaccharides canbe formed.
Gal/Glu Lact
Oligosaccharides
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Fig2:HPAECelutionprofile ofthetransferase product obtained after incubationfor2h(A)and24h
(B)oflactosewiththecell-extractsofBi. adolescentis. Gal:galactose;Glu:glucose,Lact:lactose.
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Thevariety of oligosaccharides obtained bytransglycosylation reactions using glycosidases is
limited by the availability of inexpensive starting material. Complex oligosaccharides can be
produced starting from UDP-sugars incombination with glycosyltransferases. However, these
UDP-sugars are expensive, and this approach is therefore limited for the preparation of
oligosaccharides thatareeffective atlowconcentrations.
Various glycosidases possess besides their glycosidase activity also transglycosidase activity
(McCarter and Wither, 1994).Recently, Pitson et al. (1996) showed that arabinofuranosidase
A from A. niger is a retaining enzyme and is thus potentially valuable for the production of
oligosaccharides by transglycosylation. A suitable substrate for this reaction (e.g.
arabinobiose) canbe obtained by extensive hydrolysis of arabinan using an endo-arabinanase.
Some preliminary experiments showed that incubation with arabinobiose and this
arabinofuranosidase A from Aspergillus niger, resulted in new types of
arabinooligosaccharides (Fig 3). The oligosaccharides Tl and T2 coeluted with the
arabinooligosaccharides derived from linear (al—>5) arabinan (Fig 3, line A) and could
therefore tentatively identified as a-L-Araf-(l-»5)-a-L-Araf-(l-»5)-L-Araf (Tl) and a-LAraf-(l->5)-a-L-Araf-(l->5)-a-L-Araf-(l-»5)-L-Araf (T2). Some unidentified structures
(T3, T4, T5) are probably representing arabinooligosaccharides having other linkage types.
The reaction conditions need to be further optimised to obtain higher yields and to establish
thepreferable acceptor glycosides oftheenzyme.
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Figure 3 : HPAEC-elution profile of arabinooligosaccharides produced by transglycosylation of
arabinobiose using A. nigerarabinofuronsidase A. Arabinobiose (10% w/v) was incubated with
Arabinofuranosidase A (333 mU/ml) for 20 min ( C) and lh ( D), respectively, at 40°C. A:endoarabinase digest of sugar beet arabinan. B: arabinobiose (control). Samples were diluted 100times
priortoanalysisonHPAEC.Tl-5areproductsformedduringthetransferasereaction.
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These types of reactions offer tremendous possibilities for broadening the diversity of
oligosaccharide structures. Although so far only applied to arabinooligosaccharides,
comparable transglycosylation reaction could result in the production of
mannooligosaccharides,
xylooligosaccharides,
cellooligosaccharides
and
galacturonooligosaccharides, starting from hydrolysed mannan, xylan, cellulose and pectin
respectively in combination with the appropriate glycosidase. Whether these new-formed
oligosaccharides behave physiological different remains to be studied. One could speculate
that for intestinal degradation other bacterial glycosidases are necessary which could result in
adifferent fermentation asfrom the starting oligosaccharide.
From this thesis it became clear that using enzymes and food-grade starting material a
diversity of structures can be produced. However, the availability of reliable in vitroassays,
predicting the physiological effects of these novel oligosaccharides, is essential to understand
theirstructure-function relationshipandwilldeterminetheirtailoredproductioninthe future.
UTILISATION OFOLIGOSACCHARIDES BYINTESTINAL BACTERIA
In this thesis, we describe the fermentative degradation of structurally different
oligosaccharides by various intestinal bacteria. Our experiments provide information on the
capability of pure cultures of intestinal species of bacteria to utilise the polysaccharides and
oligosaccharides in vitro. Our study does not permit predictions about fermentation in vivo,
since this will depend on various factors such as the availability of other substrates, growth
factors, intestinal pH, actual number of bacteria and the interactions between the different
speciesofbacteria present.
Bifidobacteria utilise various types of oligosaccharides in vitro.To do this, they need a wide
range of glycosidases and a system to transport the small glycosyl moieties formed into the
cell.Also, other bacteria are able to ferment oligosaccharides and in vivocompetition for the
substrate will occur. Totest whether newtypes of oligosaccharides could be valuable sources,
these oligosaccharides shouldbeutilised ~ atleast invitro- by important beneficial bacteria.
If these substrates are also utilised in vitroby other bacteria gives not prediction about thein
vivo fermentation. However, oligosaccharides on which pathogenic bacteria flourish invitro
mightalreadybeavoided.
Species belonging to Bifidobacteria were able to ferment a wide range of oligosaccharides
(Van Laere et al, 2000; Kontula et al, 1998; Jaskari et al, 1998): fructooligosaccharides, Bgalactooligosaccharides,
a-galactooligosaccharides,
(arabino)-galactooligosaccharides,
(arabino)-xylooligosaccharides, arabinooligosaccharides, xylooligosaccharides and 13glucooligosaccharides. The highly branched xyloglucooligosaccharides and the acidic
galacturonooligosaccharides and rhamnogalacturonooligosaccharides which is both hghly
branched and acidic,were not fermented bythebifidobacteria tested. Some individual species
of bifidobacteria were also able to ferment polymeric material to some extent. Monitoring the
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degradation revealed that it proceeds by an exo-mechanism (data not shown). This is in
agreement withthe literature.Thepresence ofendo-glycanasein speciesofbifidobacteria was
only mentioned in a few reports (e.g. amylase of Bi. adolescentis (Lee et al, 1997)). The
fermentation of these different types of oligosaccharides by bifidobacteria shows that these
bacteria produce different glycosylhydrolases. The purification and characterisation of the
enzymescanprovide interesting information ontheirspecificity andmodeofaction.

GLYCOSYLHYDROLASESOFBI.ADOLESCENTIS
High glycosidase levels measured with synthetic substrates such as /?-NP- and 4methylumbelliferyl conjugated substrates in enzyme assays have been reported for
bifidobacteria. Thepatterns oftheseglycosidases havebeen suggested for useasa criteria for
identification ofbifidobacteria (Roy etal, 1994;O'Brien and Mitsuoka, 1991; Chevalier etal,
1992). Glycosidase activity to these synthetic substrates does not automatically mean
oligosaccharide-degrading activity. Tostudy whether glycosylhydrolases of intestinal bacteria
are active towards oligosaccharides, the mode of action towards these substrates should be
tested.
Using both classical culture methods and also molecular techniques it was shown that
Bifidobacterium adolescentis is a major bifidobacterial species in the adult intestinal
microflora (Matsuki et al, 1999; Mutai and Tanaka, 1987). Therefore this species of
bifidobacteria was chosen as representative for the Genus Bifidobacterium and some of the
glycosylhydrolases ofBi.adolescentis were studiedinmoredetail.
Arabinoxylan arabinofuranohydrolase

In this thesis, two novel glycosyl hydrolases of Bi. adolescentis (AXH-d3 and AXH-m2,3)
are described. Both enzymes are specifically involved in the degradation of
arabinoxylooligosaccharides and were called arabinoxylan arabinofuranohydrolases. These
enzymes, in combination with a B-xylosidase, allowed Bi. adolescentis to utilise
arabinoxylooligosaccharides completely. The arabinose side-chains of xylooligosaccharides
clearly influenced the fermentability by intestinal bacteria: linear xylooligosaccharides could
be fermented by various species of intestinal bacteria, whereas double-substituted
arabinoxylooligosaccharides could only be fermented by Bacteroides vulgatus and Bi.
adolescentis. Whether similar enzymes are involved in the degradation of the doublesubstituted arabinoxylooligosaccharide by B. vulgatus remains unclear and needs further
investigation. One of the enzymes, AXH-d3 was also active towards polymeric arabinoxylan
and improved debranching of arabinoxylan in combination with other
arabinofuranohydrolases. However, for complete debranching of highly substituted
arabinoxylan such asarabinoxylan isolated from wheatbran,additional debranching enzymes
arerequired (Van Laere etal, 1999).
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The high specificity of both enzymes was remarkable, as these enzymes were only active
towards arabinoxylan-derived structures. As Bi. adolescentis was also active towards
arabinogalactan oligosaccharides, arabinooligosaccharides and p-NP-a-L-arabinofuranoside,
otherarabinofuranosidases should alsobepresent intheenzyme extract.
a-Galactosidase

Bifidobacteria contain high a-galactosidase activity and B-galactosidase activity. Both agalactooligosaccharides and B-galactooligosaccharides are currently commercially available
as prebiotics. These types of oligosaccharides can also be formed using glycosidases from
intestinal bifidobacteria. Bi.adolescentis wasfound toproduce high levels of a-galactosidase.
This enzyme was purified, characterised and used in transglycosylation reactions. The agalactosidase acted with retention of configuration releasing a-galactose from p-NP-Galp.
This hydrolysis probably operates using a double displacement mechanism, and is consistent
with the observed glycosyl transferase activity. From this action, the trisaccharide a-D-Gah>
(l->6)-a-D-Galp-(l->6)-D-Glc/7 and the tetrasaccharide a-D-Gal/>-(l->6)-a-D-Galp-(l-»6)a-D-Galp-(l—>6)-D-Glcp could be identified. The purified a-galactosidase was cloned and
showed alsotransferase activitytowardsmelibiose (VandenBroek etal, 1999).
The structure of the oligosaccharide production the Bi. adolescentis glycosidases give
information on the type of oligosaccharides formed. Whether this is linked to the
oligosaccharides they preferentially use, remains to be studied. Leder et al (1999) reported
that Bi. adolescentis a-galactosidase was most active towards a-1—»3 galactosyl linkages,
whileduringtransferase reactions,predominately a-1—>6 linkagetypes accumulated.
B-Galactosidase

Bi. adolescentis produced at least two (3-galactosidase upon growth on TOS. Besides a 13galactosidase that was active towards lactose, a novel B-galactosidase (8-Gal II) was formed.
The enzyme was active towards various galactooligosaccharides, but showed no activity
towards lactose. Remarkably, the purified B-Gal II showed no activity at pH 5 and below,
which may affect the action of the enzyme in environments such as the colon where the pH
may decrease below pH 6 due to microbial production of short chain fatty acids. Our study
clearly shows that Bi. adolescentisproduces at least two different B-galactosidases. Both13galactosidase showed activity towards p-NP-B-galactoside, although, they had a different
specificity. Increased 13-galactosidase levels in cell-extracts can be the result of various
enzymes, and should therefore not automatically indicate increased i3-galactooligosaccharide
degrading activity. To monitor this, the activity to the substrates of interest (e.g.
galactooligosaccharides andpolysaccharides) needstobe studied.

134

Generaldiscussion
REGULATION OFB-GALACTOSIDASE ACTIVITY
Microbial cells have a diversity of mechanisms by which they can regulate their activities in
response to changes in their external environment. Regulation of the B-galactosidase
production was observed for Bi. adolescentis,when TOS was used as a carbon source. The
exact mechanism involved in the regulation remains unknown. It was observed that the
regulation wasnon-specific asalso other glycosidases increased inthe cell-associated enzyme
fraction of Bi. adolescentis. It was shown that Bi. adolescentis is able to utilise glucose,
galactose en lactose independently of the previous nutritional history of the culture (Van
Laereetal,2000).Whenthe organismwasgrowninthepresence ofglucose and subsequently
transferred toamedium containing TOS,itwas observed thatthebacteria initiallyutilised the
monomeric and dimeric material The large oligosaccharides were only used when the
monomers and dimers were no longer available. This result manifested as diauxic growth. It
was also shown that a new B-galactosidase (13-galII) was formed when cultured on TOS and
theenzymeshowed activity againstTOSbutnottolactose.
In human volunteers a regulation of B-galactosidase activity was also observed by
supplementation of TOS (chapter 8). The glycosidase activity was measured aerobically in
faecal water as a reflection of the extracellular enzyme activity, and not in the enzymefraction representing the cell-associated enzymes. However, as the faeces was frozen before
preparation of faecal water, cell-associated and intracellular enzymes might have been
released asaresult of lysis of thebacteria. Itwouldbe interesting to establish what the origin
is oftheincreased B-galactosidase activity. Inthe future, monoclonal antibodies of B-GalI or
B-GalIIofBi. adolescentiscould beused to visualise ifthe increased B-galactosidase activity
couldbe linkedtoB-galactosidase activity from Bi.adolescentis.
Whether higher levels of B-galactosidase activities are beneficial remains unknown. The fact
that these glycosidases are still higher in the faeces indicates that the enzymes could also be
active in the colon and even in the distal colon. Although the mode of action of the Bgalactosidase found in the faecal water isnot known, this B-galactosidase might be helpful in
the fermentative degradation of oligosaccharides and polysaccharides and thereby providing
butyrate as energy source for the colon mucosa. Some publications also mention a decreased
faecal B-galactosidase activity in patients with active Crohn's disease (Favier et al, 1997)
compared to healthy volunteers. Whether this difference in B-galactosidase activity is
physiologically relevant remains to be established. It would be interesting to study if
supplementation of TOS to these patients would lead to increased levels of B-galactosidase
and to establish the consequences of increased levels of B-galactosidase on the symptoms of
thedisease.
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SUPPLEMENTATION WITH POLYMERIC ANDOLIGOMERIC GALACTANS
TOS and FOS were already fermented in the cecum (beginning of the large intestine) of
piglets and it was suggested that larger and more complex oligosaccharides might result in
stimulation ofthegrowthofbifidobacteria overalargerpartofthecolon (Houdijk, 1998).
A mixture containing both oligomeric and polymeric material (DP>10) was produced by
hydrolysis of soybean arabinogalactan (AGOS). Fermentation of this substrate in an invitro
fermentation model using faecal slurry resulted in the predominance of strains belonging to
Bifidobacterium and Bacteroides. The strains belonging to Bifidobacterium fermented the
oligosaccharides present inthemixture completely whiletheBacteroidesstrains onlypartially
fermented the galactooligosaccharides.
Galacto-oligosaccharide and -polysaccharide degrading enzymes werepresent in theenzymeextract when Bi. adolescentis, as representive for the genus Bifidobacterium, was grown on
AGOS These enzymes were also observed ifBi. adolescentiswas grown on TOS, containing
only oligosaccharides. When B. vulgatus as representatives for the genus Bacteroides, was
grown on AGOS, only enzymes involved in the degradation of the polymeric part were
present in the cell-extract. These enzymes were not produced byB. vulgatuswhen grown on
TOS. Theenzymes involved in the degradation of the galactooligosaccharides were produced
extracellularly by B. vulgatus. This information suggests that Bi. adolescentis produced
enzymes to degrade both polymeric and oligomeric galactan when grown on pure
galactooligosaccharides and on a combination of galacto-oligosaccharides and polysaccharides.B. vulgatusonlyproduces these enzymes when grown onthecombination of
both polymeric and oligomeric galactan. How these substrates will be fermented in vivo
remainsunknown, however, onemightpresume thatthe location of the enzymes is important.
Itisprobably advantageous for thebacteria tohavetheseenzyme closely associated tothecell
so that theproducts of enzymatic breakdown of oligosaccharides and polysaccharides can be
transported immediately. Whether the combination of both 13-galactooligosaccharides and
polymeric galactan will result in fermentation through the whole colon remains to be
investigated. Other approaches might alsobeused toproduce a shift of fermentation from the
proximal to the distal part of the colon. Combination with other substrates can influence the
site of fermentation. Govers et al, (1999), showed that wheat bran can influence the
fermentation siteofresistant starch.Possibly otherfibrescouldproduce a similar effect onthe
fermentation sitesofthe oligosaccharides.

VIEW ONTHE FUTURAL USEOFOLIGOSACCHARIDES INFOODAND FEED
Oligosaccharides with varying degree of polymerisation and branching can be obtained
by enzymatic modification of plant polysaccharides. Using different polysaccharides,
oligosaccharides having different building blocks can also beproduced. The availability
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of the oligosaccharides will depend onthe susceptibility oftheparent polysaccharide to
enzymatic hydrolysis
During transglycosylation reactions, complex mixtures of oligosaccharides having
different degree of polymerisation and linkage can be formed. Especially the variation
in linkages between building blocks is an important feature in the production of new
oligosaccharides. Extensivehydrolysis ofpolysaccharides may result innewacceptoror
donorsubstrates,whichcanbeusedasstartingmaterial for further transferase reactions.
Information about the fermentation of the different oligosaccharides provides insight
about the capability of different species of bacteria to utilise the substrate as a pure
culture. Our studies showed that in addition to bifidobacteria, Bacteroides and other
bacteria alsopossessenzymeswhichareactivetowardsthetested oligosaccharides.
Using enzymes and food-grade starting material a diversity of structures can be
produced. However, the availability of reliable in vitro assays, predicting the
physiological effects of these novel oligosaccharides, is essential to understand their
structure-function relationship andwilldetermine theirtailoredproduction inthe future.
Monoclonal antibodies towards glycosylhydrolasees of intestinal bacteria (e.g. 6galactosidase IIofBi. adolescentis) mightbe ofuseasbiomarkers for theactivity levels
oftheintestinal bacteria.
Upon fermentation of (arabino)-xylooligosaccharides, two novel arabinoxylan
arabinofuranohydrolases were produced. These enzymes in combination with a 13xylosidase permitted Bi. adolescentis to utilise arabinoxylooligosaccharides in vitro.
Therefore these arabinoxylooligosaccharides, which could be produced from various
cereals,are interestingaspotentially bifidogenic factors.
a-Galactooligosaccharides having various linkages and polymerisation degree,
produced bytransgalactosylation ofmelibiose or raffinose using a-galactosidase,might
be new bifidogenic oligosaccharides, as bifidobacteria have high a-galactosidase
activity.
CulturingBi.adolescentisonTOSleadstoanincreased 13-galactosidaseactivity towards
TOS. Administration of TOS in combination with probiotics (bifidobacteria and
lactobacilli) precultured on TOS might result in a better survival or implantation of the
probiotics inthegastrointestinal tract (synbiotic).
Various oligosaccharides could be used by probiotic strains and might support the
viability oftheprobiotic strains inthe gastrointestinal tract.
Strains from bifidobacteria andbacteroideswereabletogrow onamixture consisting of
both polymeric and oligomeric material. Bi. adolescentis produced cell-associated
enzymes which were active towards both polymeric and oligomeric galactan while B.
vulgatusonly had cell-associated activity towards thepolymeric fraction. Combinations
of oligomeric withpolymeric material (e.g.galactans),consisting ofthesimilar building
blocks and linkage types, might stimulate the utilisation of both substrates by
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bifidobacteria. Whether this will result in a stimulation of bifidobacteria over a larger
part of the colon remains to be studied.
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Summary
SUMMARY
The research described in this thesis was part of amulti-disciplinary research program at the
Wageningen University on the role of non-digestible oligosaccharides (NDOs) in food and
feed. Four departments were involved in the project: Human Nutrition and Epidemiology,
AnimalNutrition, FoodMicrobiology andFood Chemistry. Theaimoftheresearch described
in this thesis was to investigate the influences of the chemical structure of NDOs on their
fermentation by intestinal bacteria and study the glycosylhydrolases involved in the
degradation ofNDOs.
Toestablish this,initially structurally different oligosaccharides were produced, using various
production methods and raw materials. Secondly the fermentative degradation of the NDOs
by various intestinal bacteria was studied and finally the glycosylhydrolases involved in the
degradation oftheNDOswerepurified encharacterised.
Inchapter 2new types ofNDOs obtained from plant cell wall polysaccharides are described.
Oligosaccharides were produced from soy arabinogalactan, sugar beet arabinan, wheat flour
arabinoxylan, polygalacturonan, and arhamnogalacturonan fraction from apple.This resulted
in the production of arabino-, (arabino-)galacto-, (arabino-)xylo-, galacturono-, and
rhamnogalacturono-oligosaccharides. The different NDOswereutilised completely after 48h
by the intestinal bacteria using an in vitro fermentation-model. To obtain more information,
onwhich strainspossessthe capability toutilisetheseNDOs,the fermentative degradation by
relevant individual species of intestinal bacteria was studied in vitro. All of the tested
substrates were fermented to some extent by one or more of the individual species of bacteria
tested. Bacteroides spp. were able to utilise plant cell wall derived oligosaccharides in
addition to their reported activity towards plant polysaccharides. Bifidobacterium spp. were
able to utilise the rather complex plant cell wall derived oligosaccharides. Clostridiumspp.,
Klebsiellaspp. and Escherichiacolifermented some of the selected substrates. These studies
give valuable information onthe fermentative capability of the tested intestinal strains,butdo
not allow prediction of the fermentation in vivo.Bifidobacteriumadolescentis could utilise a
wide range of NDOs and the utilisation of these substrates by the bacteria must be mediated
bythe glycosylhydrolases theyproduce.AsBi. adolescentisisrecognised asoneofthe major
Bifidobacteriumspp.of the adult intestinal microflora, the glycosylhydrolases involved inthe
degradation ofNDOsofthetypestrain ofBi.adolescentiswere further studied.
In chapter 3 the purification of an arabinoxylan arabinofuranohydrolase (AXH-d3) from a
cell-free extract of Bi. adolescentisDSM 20083 is described. Using an arabinoxylan derived
oligosaccharide containing double-substituted xylopyranosyl residues, it was established that
the enzyme specifically released terminal arabinofuranosyl residues linked to C-3 of doublesubstituted xylopyranosyl residues. For the complete degradation of the
arabinoxylooligosaccharides by Bi. adolescentis, a 13-xylosidase and another
arabinofuranohydrolase (AXH-m23) were involved. InChapter 4the purification ofthisother
AXH-m23 from Bi. adolescentis is described and the mode of action of both new
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arabinofiiranohydrolases was studied in more detail. The production of both enzymes was
induced upon growth of Bi. adolescentis on xylose and arabinoxylan-derived
oligosaccharides. They were only active towards arabinoxylans and therefore denoted as
arabinoxylan arabinofuranohydrolases. AXH-m23 released only arabinosyl groups which
were linked to the C-2 or C-3 position of single-substituted xylose residues in arabinoxylan
oligomers. AXH-d3 hydrolysed C-3 linked arabinofuranosyl residues of double-substituted
xylopyranosyl residues of arabinoxylans and arabinoxylan-derived oligosaccharides. No
activity was observed towards C-2 linked arabinofuranosyl residues of double-substituted
xylopyranosyl residues, or against C-2 and C-3 linked arabinofuranosyl residues of singlesubstituted xylopyranosyl residues. Arabinoxylan from wheat flour was debranched almost
completely by AXH-d3 in combination with AXH-m from Aspergillus awamori. The
arabinoxylan arabinofuranohydrolases from Bi. adolescentis showed no activity towards pnitrophenyl-a-L-arabinofuranoside or towards sugar beet arabinan, soy arabinogalactan,
arabinooligosaccharides and arabinogalactooligosaccharides. In addition to the two arabinose
releasing enzymes described in this thesis, other arabinofuranosidase(s), active towards the
arabino- and arabinogalactooligosaccharides, are produced by Bi. adolescentis. This shows
that Bi. adolescentisproduces various specific enzymes which are active towards plant cell
wall derived substrates, and only by using specific substrates these enzymes can be
discovered.
Bifidobacteria are also known tohave ahigh a-galactosidase activity, which enables them to
utilise theNDOs raffinose and stachyose. This enzyme waspurified from the cell-free extract
of Bi. adolescentis DSM 20083. The a-galactosidase was found to act with retention of
configuration (a—>a), releasing a-galactose from /?-nitrophenyl galactoside. This hydrolysis
probably operateswith adoubledisplacement mechanism, and isconsistent withthe observed
transglycosylation activity used for the production of new types of a-galactosides. Starting
from melibiose, raffinose and stachyose, oligosaccharides could be formed. The
oligosaccharides formed from melibiose could be identified as a-D-Gah> (l->6)- a-D-Gal/7(l->6)-D-Glcp and a-D-Gal/?- (l->6)- ct-D-Galp-(l->6)- a-D-Gah>(l->6)-D-Glcp. This
indicated that the transgalactosylation to melibiose occurred selectively at the C-6 hydroxyl
group of the galactosyl residue. The trisaccharide cc-D-Galp- (l->6)- a-D-Galp- (l-»6)-DGlcpformed could beutilised by various intestinal bacteria, including various bifidobacteria,
andmighttherefore beaninterestingpre-andsynbiotic substrate.
Bi. adolescentis also produces a wide range of glycosidases upon growth on
transgalactooligosaccharides (TOS) among them a novel B-galactosidase. In chapter 6 the
effect of both reducing and non-reducing transgalactooligosaccharides on growth of Bi.
adolescentis DSM 20083 and on the production of this novel (3-galactosidase ((3-gal II) is
described. In cells grown on TOS, in addition to the lactose degrading B-galactosidase (fi-gal
I),another B-galactosidase(13-galII)wasdetected which showed activity towards TOSbutnot
towards lactose. 13-gal II activity was at least 20-fold higher in TOS grown cells than when
cells were grown on galactose, glucose or lactose. It was speculated that 13-galII was located
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membrane or cell wall associated. B-galII has an optimal activity at pH 6 and was not active
below pH 5. Its optimum temperature is 35°C. The enzyme showed highest Vmax towards
galactooligosaccharides with low DP. This is in agreement with the observation that during
fermentation of TOS the di- and trisaccharides were fermented first. B-Gal II was active
towards B-galactosyl residues being l-»4; l->6; l-»3 and 1<->1linked, signifying its role in
the metabolism of galactooligosaccharides by Bi. adolescentis. Also upon growth on a
arabinogalactan hydrolysate containing both oligomeric and polymeric fragments, regulation
oftheB-galactosidase activity inthe cell-extracts ofBi. adolescentiswas observed. In chapter
7 the effect ofAGOSand TOS on growth of bacteria in faecal suspensions is described. TOS
and AGOS degrading strains belonging to the genera Bifidobacteriumand Bacteroidescould
be isolated from faecal slurry after incubation of faecal inocula with these substrates. Bi.
adolescentisandBacteroidesvulgatuswerechosen asrepresentatives for both generato study
the effect of TOS and AGOS on the regulation of the B-galactosidase activity. The highest
levels of B-galactosidase were present in the cell-extract containing the cell-associated and
intracellular enzymes. Both substrates regulated the cell-bound oligosaccharide degrading
activity of Bi. adolescentis but not of B. vulgatus. The B-galactooligosaccharide degrading
activity ofB. vulgatuswas found tobepresent extracellularly. TOS and AGOSboth increased
the galactan degrading activity of Bi. adolescentis, whereas this increased activity towards
polymeric galactan for B. vulgatus was only reached after growth on AGOS. These results
suggest that growing Bi. adolescentis on TOS and AGOS results in the regulation of
galactose-releasing enzymes which allow the bacteria to use both polymeric and oligomeric
galactans.
Whether TOSalso effected theglycosidase regulation invivowas studied further. Inchapter8
of this thesis, results from two human trials aimed at establishing whether
fructooligosaccharides and transgalactooligosaccharides would change the bacterial
glycosidase activity in the colon are given. Transgalactooligosaccharides significantly
increased the activity of the B-galactosidase activity in the faecal water by 123%.
Fructooligosaccharides did not have a significant regulatory effect on the B-galactosidase
production but significantly decreased a-L-arabinofuranosidase activity by 35%. Neither
fructooligosaccharides nor transgalactooligosaccharides affected the activities of Bglucosidase or B-glucuronidase, which are enzymes involved in the generation of toxic
compounds. It could be concluded from this study that specific regulation of B-galactosidase
activity occurs upon growth on transgalactooligosaccharides. Although the origin and
specificity of the increased B-galactosidases is not yet known, it can be concluded that
glycosidase activity of the intestinal bacteria might be a useful biomarker of the colonic
metabolic activity.
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SAMENVATTING
Oligosacchariden komen van nature voor inveel gewassen die worden gebruikt als grondstof
bij de productie van voedingsmiddelen. Ze worden vaak, net als voedingsvezel, niet
afgebroken worden door de spijsverteringsenzymen en worden daarom niet-verteerbare
oligosacchariden (NDOs) genoemd. In de dikke darm kunnen ze dan vervolgens
gefermenteerd worden door de darmbacterien. Wanneer deze NDOs selectief de groei en/of
activiteit van gunstige darmbacterien, waaronder bifidobacterien en lactobacillen, stimuleren
worden gunstige gezondheidseffecten aan deze NDOs toegeschreven. Niet-verteerbare
voedingscomponenten welke over deze eigenschappen beschikken worden prebiotica
genoemd. Van diverse structureel verschillende oligosacchariden (waaronder
fructooligosacchariden en transgalactooligosacchariden) wordt geclaimd dat ze prebiotisch
werken.
Oligosacchariden zijn koolhydraten opgebouwd uit ongeveer drie tot tien suikereenheden. Ze
verschillen onderling in de aanwezige bouwstenen, bindingstypes en de vertakkingsgraad. Ze
kunnen geproduceerd worden door (enzymatische) hydrolyse van polysacchariden en door
transglycosylering van disacchariden. Omdat vanuit verschillende bronnen nieuwe typen
oligosacchariden gevormd kunnen worden, was een belangrijke vraagstelling van dit
onderzoek inwelkematedechemische structuur deafbraak doordarmbacterien bei'nvloedt en
wat de invloed van deze NDOs is op de regulatie van de glycosidase activiteit van de
darmbacterien.
Om dit te onderzoeken werden in eerste instantie vanuit diverse grondstoffen structureel
verschillende oligosacchariden geproduceerd. In hoofdstuk 2 wordt productie van
oligosaccharide vanuit planten celwand polysacchariden beschreven. Arabino-, (arabino)galacto-, (arabino-)xylo-, galacturono- en rhamnogalacturonooligosacchariden werden
gevormd vanuit respectievelijk suikerbiet arabaan, soja arabinogalactaan, arabinoxylaan van
tarwe bloem, polygalacturonaan en een rhamnogalacturonaan fractie van appel. Planten
celwand polysacchariden zijn door hun diverse structuur een interessante grondstof voor de
productie van oligosacchariden.
Oligosacchariden kunnen ook geproduceerd worden via transglycosylering reacties. In
hoofdstuk 5 staat de productie van a-galactooligosacchariden met een a-galactosidase van
Bifidobacterium adolescentis beschreven. a-Galactooligosacchariden worden gefermenteerd
door verschillende stammen behorend tot de bifidobacterien en zijn daarom potentieel
interessante prebiotica. Nieuwe types a-galactooligosacchariden konden gevormd worden
vanuit melibiose, De transgalactosylering van melibiose gebeurde selectief aan de C-6
hydroxylgroep van het galactose-eenheid. Transglycosylering reacties hebben het voordeel
dat verschillend nieuwe bindingen gevormd kunnen worden, en dat verschillende donoren en
acceptoren kunnen worden gebruikt. Een beperking is echter dat naast sucrose, maltose en
lactose, weinig goedkope grondstoffen voorhanden zijn waardoor weinig variatie in
bouwstenen mogelijk is.
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Het tweede belangrijke doel van het onderzoek was om te bestuderen of structured
verschillende oligosacchariden selectief konden worden gefermenteerd door gunstige
darmbacterien. Deverschillende typen oligosacchariden werden volledig afgebroken ineenin
vitrofermentatiemodel waarbij gebruik gemaaktwerdvaneenfecale slurrie.Aangezien hierin
meerdan400verschillende soortendarmbacterien aanwezigzijn, washetniet duidelijk welke
bacterien de oligosacchariden konden afbreken. Om meer inzicht te verkrijgen werd
onderzocht in welke mate oligosacchariden worden afgebroken door een selectie van
darmbacterien (hoofdstuk 2 en 5).Dit gaf ons de mogelijkheid om de fermentatie capaciteit
vaneenaantalbacterien inkaarttebrengen. Deoligosacchariden werden echter inhet invitro
systeem niet alleen door bifidobacterien gefermenteerd. Ook stammen behorende tot de
Bacteroides konden niet alleen verschillende planten celwandpolysacchariden fermenteren
maar ook de daaruit bereide oligosacchariden. De bifidobacterien waren ook in staat de vaak
complexe oligosacchariden afkomstig van plantencelwanden af te breken. Daartoe dienen ze
enzymen te produceren welke de oligosacchariden afbreken tot mono- en disacchariden die
verder benut kunnen worden door de darmbacterien. Bi. adolescentis brak verschillende
oligosacchariden volledig of gedeeltelijk af. Een van de meest voorkomende bifidobacterien
voorkomend in volwassenen is Bi. adolescentis. Een aantal glycosylhydrolases welke
geproduceerd wordendoorBi.adolescentiswerdeverderopgezuiverd en gekarakteriseerd.
In hoofdstuk 3 en 4 wordt de zuivering en karakterisering van 2 arabinoxylaan
arabinofuranohydrolases die betrokken bij de afbraak van arabinoxylooligosacchariden
beschreven. Door gebruik te maken van een model-substraat werd het werkingsmechanisme
vandeverschillende enzymen opgehelderd. AXH-d3was in staat om arabinose eenheden van
dubbel vertakte xylose eenheden te splitsen. Dit enzym isnog nooit eerder beschreven enzou
toegepast kunnen worden bij de modificatie van verschillende arabinoxylanen in de
levensmiddelenindustrie. Voor de volledige benutting van de arabinoxylooligosacchariden
produceert Bi. adolescentiseen tweede arabinoxylaan arabinofuranohydrolase welke in staat
is arabinose eenheden te verwijderen van enkel vertakte xylose eenheden van het
oligosaccharide. De productie van beide enzymen door Bi. adolescentis werd gestimuleerd
door groei op xylose en arabinoxylooligosacchariden. Beide enzymen hadden geen activiteit
op p-NP-arabinofuranoside, een synthetisch substraat en ook niet op andere arabinose
houdende substraten zoals arabinogalactaan en arabanen en oligosacchariden welke daarvan
afgeleid worden. Aangezien ze alleen actief waren op arabinoxylanen werden ze
arabinoxylaan arabinofuranohydrolases genoemd.
In hoofdstuk 6 worden de B-galactosidases beschreven welke betrokken zijn bij de afbraak
van transgalactooligosacchariden (TOS) door Bi. adolescentis. Wanneer Bi. adolescentis
gekweekt werd opTOSwerdnaast eenlactose afbrekend B-galactosidase(13-galI)een tweede
B-galactosidase (B-gal II) gevormd. B-gal II heeft wel activiteit op TOS maar is niet actief op
lactose.De B-gal II activiteit in de enzym-extracten was minimaal 20-keer hoger wanneer Bi.
adolescentisgekweekt werd op TOS in plaats van op lactose, galactose of glucose. B-gal II
was niet extracellulair aanwezig en er zijn aanwijzingen dat het enzym cel-gebonden is. Het
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enzym kan galactose afsplitsen van fi-l-»4, B-l—»6; B-l—>3 en 1<-»1 gebonden galactose
eenheden enwordt alsbelangrijk beschouwd inhet metaboliseren van TOS.Regulatie vande
B-galactosidase activiteit in de enzym-extracten vanBi. adolescentiswerd ook waargenomen
wanneer Bi. adolescentis gekweekt werd op een hydrolysaat van soja arabinogalactaan
(AGOS)welkezoweloligomeer alspolymeergalactaanbevat.
Inhoofdstuk 7worden deeffecten vanTOSenAGOS opde groei van bacterien in een fecale
suspensie beschreven. TOS en AGOS afbrekende bifidobacterien en Bacteroides bacterien
konden geisoleerd uit de faecal slurrie. Bi. adolescentis en Bacteroides vulgatus werden
gekozen als model-organisme voor de beide genera. Groei op AGOS resulteerde in een
toename van de B-galactosidase activiteit in de enzym-extracten van B. vulgatus. TOS en
AGOS stimuleerden beiden de B-galactosidase en galactaan afbrekende activiteit van Bi.
adolescentis.Dit suggereert dat na groei van Bi. adolescentisop TOS of AGOS de bacterie
ook instaatishetpolymeergalactaan aftebreken.
In hoofdstuk 8 werden de gegevens gecombineerd verkregen uit twee voedingsproeven met
gezonde vrijwilligers. Beide studies waren placebo gecontroleerde interventie studieswaar de
effecten van respectievelijk 15 gram fructooligosacchariden (FOS) en 15 gram TOS op de
glycosidase activiteit in fecaal water bestudeerd werden. TOS verhoogde de activiteit vanfigalactosidase met 123%. FOS, daarentegen had geen significante effecten op de figalactosidase activiteit maar verlaagde de activiteit van arabinofuranosidase met 35%. De
conclusie diehieruit getrokken kanworden is dat een specifieke regulatie van B-galactosidase
activiteit optreedt wanneer TOS als niet-verteerbare oligosacchariden worden gebruikt. De
glycosidase activiteit zou een interessante biomarker kunnen zijn voor metabole activiteit in
dedikkedarm.

147

CURRICULUMVITAE
Katrien VanLaere werd geboren op4mei 1969 inDeinze (Belgie) Nahetbehalen vanhaar
Gymnasium diploma in 1988aanhetKatholieke Gymnasium St-Bavo inGent (Belgie) begon
zij inoktober vandatzelfdejaar metdestudie Landbouwkundig ingenieur aandeLandbouw
Universiteit Gent. Nahetbehalen vanhaar kandidaats-examen vervolgde zij haar studiemet
als hoofdrichting Humane Voeding. Haar afstudeervak voerde zij uit bij
Levensmiddelenchemie (prof.dr.irHyghebaert) waarzij onderzoekdeedaanderetrogradatie
van zetmeel. Na het behalen van haar universitaire bul in September 1992,werkte zeaan
pectine afbrekende enzymen aan de Landbouwuniversiteit Wageningen bij de vakgroep
Levensmiddelenchemie. Van September 1993 tot April 1998 werkte zij als assistent in
opleidingbijdesectie Levensmiddelenchemie en-microbiologic vande landbouwuniversiteit
Wageningen. Hetonderzoek uitgevoerd in deze periode staat beschreven in dit proefschrift,
en werd begeleid door prof. dr. ir. AGJ Voragen, dr. G Beldman en dr. ing. HA Schols.
Tijdens deAlO-periodewerd haar zoon David geboren, enindeaansluitende periode waarin
het proefschrift werd afgerond, werd haar tweede zoon Arnaud geboren. Sinds September
1997iszealsonderzoeker indienstbijNumicoResearch.

149

Listofpublication
Fullpapers
Alles MS,Hautvast JG,Nagengast FM,Hartemink R, Van Laere KMJ, Jansen JB 1996Fate
offructo-oligosaccharides inthe human intestine.BrJNutr 76:211-221
Beldman G, Broek LAM van den, Schols HA, Searle Van Leeuwen MJF, Van Laere KMJ,
Voragen AGJ (1996) An exogalacturonase from Aspergillus aculeatus able to degrade
xylogalacturonan. BiotechnolLett 18:707-712.
Hartemink R, Van Laere KMJ, Mertens AKC and Rombouts FM (1996) Fermentation of
xyloglucanbyintestinal bacteria Anaerobe 2:223-230
Alles MS, Katan MB, Salemans JM, Van Laere KMJ, Gerichhausen MJ, Rozendaal MJ,
Nagengast FM (1997) Bacterial fermentation of fructooligosaccharides and resistant
starchinpatientswith anileal pouch-anal anastomosis.AmJClinNutr 66: 1286-1292
Van Laere KMJ, Beldman G, Voragen AGJ (1997) A new arabinofuranohydrolase from
Bifidobacteriumadolescentisable to remove arabinosyl residues form double-substituted
xylose unitsinarabinoxylan. ApplMicrobiol Biotechnol 47:231-235
Hartemink R, Van Laere KMJ, Peeters CCKM, Nout MJR, Rombouts FM (1997) In vitro
cariogenicity oftransgalactosyl oligosaccharides. LettApplBact 25: 38-42
Hartemink R, Van Laere KMJ, Rombouts FM (1997) Growth of enterobacteria on
fructooligosaccharides. JApplMicr 83: 367-374
Fransen CTM, Van Laere KMJ, Wijk AAC van, Brull LP, Dignum M, Thomas Oates JE,
Haverkamp J, Schols HA, Voragen AGJ, Kamerling JP, Vliegenthart JFG (1998) Alpha-DGlcp-(1 a l)-beta-Galp-containing oligosaccharides, novel products from lactose by the
actionofbeta-galactosidase.CarbohydrRes 314: 101-114
Alles MS, Hartemink R, Meyboom S, Harryvan JL, Van Laere KMJ, Nagengast FM,
Hautvast JGAJ, (1999) Effect of transgalactooligosaccharides on the composition of the
human intestinal microflora and on putative risk markers for colon cancer. Am J Clin
Nutr69: 980-991
Van Laere KMJ, Voragen CHL, Kroef T, Van den Broek LAM, Beldman G, Voragen AGJ
(1999) Purification and mode of action of two different arabinoxylan
arabinofuranohydrolases from BifidobacteriumadolescentisDSM 20083 Appl Microbiol
Biotechnol 51: 606-613

151

ListofPublications
Van Laere KMJ, Hartemink R, Beldman G, Pitson S, Dijkema C, Schols HA, Voragen AGJ
(1999) Transglycosidase activity of Bifidobacterium adolescentis DSM 20083 alphagalactosidase ApplMicrobiol Biotechnol. 52:681-688
Van den Broek LAM,TonJ, Verdoes JC,Van Laere KMJ, Voragen AGJ, Beldman G(1999)
Synthesis of alpha-galacto-oligosaccharides by a cloned alpha-galactosidase from
Bifidobacterium adolescentis. BiotechnolLett21:441-445
Van Laere KMJ, Abee T, Schols HA, Beldman G, Voragen AGJ (2000) Characterisation of
a novel B-galactosidase from Bifidobacterium adolescentis DSM 20083 active towards
transgalactooligosaccharides. ApplEnvirMicrobiol 66: 1379-1384
Van Laere KMJ, Hartemink R, Bosveld M, Schols HA, Voragen AGJ (2000) Fermentation
of plant cell wall derived polysaccharides and their corresponding oligosaccharides by
intestinal bacteria.JAgricFood Sci:InPress
Otherpapers
ScholsHA,Van LaereKMJ,Voragen AGJ (1994)Determination ofoligosaccharides. Cost
92, metabolic and physiological aspects of dietary fibre in food, Copenhagen (DK), 1994,
Recent progress in the analysis of dietary fibre, European Commision, Luxembourg, 1995,
53-59
Van Laere KMJ, Schols HA, Voragen AGJ (1994) Tailor-made production of
oligosaccharides. VMT 27:33-35
Van Laere KMJ (1996) Kleine, onverteerbare koolhydraten stimuleren de darmflora
Chemisch Magazine 385-388
Van Laere KMJ, Schols HA, Beldman G, AGJ Voragen (1997) The influence of the
chemical structure of oligosaccharides on the fermentability by intestinal bacteria Med
FacLandbouwwUnivGent62/4a
Houdijk JGN, Hartemink R, Van Laere KMJ, Bosch MW, Tamminga S, Verstegen MWA
(1997) Fructooligosaccharides and transgalactooligosaccharides in weaner pigs'diet. In:
Proceeding of the symposium 'Non-digestible oligosaccharides: healthy food for the colon?'
hartemink R(Compiler):pp69-79Drukkerij ModernBV,Bennekom, TheNetherlands
Van Laere KMJ, Bosveld M, Schols HA, Beldman G, Voragen AGJ (1997) Fermentative
degradation of plant cell wall derived oligosaccharides by intestinal bacteria. In:
Proceeding of the symposium 'Non-digestible oligosaccharides: healthy food for the colon?'
Hartemink R(Compiler):pp37-46Drukkerij Modern BV,Bennekom,TheNetherlands

152

