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1.

Voor een beter begrip van de regulering van de xylanasevorming is het nodig
fysiologische studiestecombinerenmetinvivogenetischwerk.

2.

Het is te simplistisch om te beweren dat de hemicellulolytische enzymen van
Fibrobactersuccinogenes constitutief geproduceerd worden.
Malburg et al. 1992 In:Microbial degradation ofnatural products (Winkelmann ed.) pp127

3.

Het taalgebruik van Britse wetenschappers bevordert het begrip van de
Engelstalige wetenschappelijke literatuurniet.

4.

Het lijkt erop dat de hervormingen die nodig zijn om te voldoen aan de
voorwaarden voordeEuro,Europaeerderverdelendanverenigen.

5.

De conclusie dat de cellulose depolymeriserende activiteit van de SFGFpeptidevanniet-enzymatische aard is,isvoorbarig.
LiuandGao,1996,ACS symp. 655:166

6.

Literatuurwaarden voor glycanase-activiteiten, bepaald door de vorming van
reducerende suikerstemeten,zijn niet vergelijkbaar.

7.

Het getuigt niet van emancipatie, dat trouwen voor een vrouw in Duitsland al
voldoende kanzijn ommetFrauDoktoraangesproken teworden.

8.

Eenkind komt snellerter wereld daneen proefschrift.

9.

Het isvoor eenAmerikaans bedrijf moeilijk tebegrijpen dat de Europese Unie
slechtseenverzameling vanlandenis,iedermetafzonderlijke voorschriften en
regels.

10.

De schaakwedstrijd tussen Deep Blue en Kasparov had beter uitgezonden
kunnen worden inhet reclameblok.

11.

De beslissing om 250.000 gezonde pasgeboren biggen te vernietigen, doet
vermoeden daterinDenHaagteveelrundvleeswordt gegeten.

12.

Beterlaatdannooit.

Stellingen behorende bij het proefschrift "Xylan degradation by the anaerobic
bacterium Bacteroidesxylanolyticus".
Philippe Schyns

Wageningen, 9Juni 1997
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Chapter 1

General Introduction

Chapter 1

THEBACTERIALDEGRADATIONOFXYLAN
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. n interest in transforming vast reserves of renewable plant biomass to fuel

and chemical feedstock wasgenerated bytheoilcrisis ofthemid seventies.
Lignocellulose represents an important renewable energy source. Forestry,
agricultural and food residues represent an immense resource for the production of a
variety of feedstock chemicals (85).Theconversion ofwood,municipal wastes or agricultural residues to fermentable sugars is accomplished by hydrolysing the polysaccharide
components inthe lignocellulosic fractions. This canbe done by either thermochemical or
biological means. The soluble sugars can than be fermented to desired end products, like
ethanol. Some type of pretreatment is generally required to render the carbohydrate
fraction accessible to enzymatic and microbial attack, because such materials are only
partially degradable in their native form. The annual production of cellulose, the major
component of biomass, is estimated at around 8.5 x 10 tons (35). After cellulose,
hemicellulose is the second most abundant source of renewable organic material available
innature.
Animportant part ofthemicrobial carbon cycling isthe biodégradation ofplant polymers.
In nature, a large number of organisms cooperate in the efficient recycling of carbon of
lignocellulose. Lignocellulose, because of its complex structure, is relatively slowly
degraded biologically. Therefore, extensive research activities have focused on the
biochemistry andthe genetics ofenzyme systemswhich are involved inthe degradation of
lignin, cellulose and hemicellulose. The combination of approaches based on molecular
genetics, biochemistry and structural biology has led to a fast accumulation of data about
thestructure and function ofxylanolytic enzymes inthepast 5years.
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Hemicelliilose:Composition and structure
Plant cell walls isthe major reservoir offixedcarbon innature. The cell wall of terrestrial
plants isa composite material, called lignocellulose, in which cellulose, hemicellulose and
lignin are in tight association. The close association of hemicellulose with cellulose and
lignins contributes to cell wall rigidity and flexibility. The name hemicellulose was first
introduced by Schulze in 1891 for the fractions extracted from plant materials with dilute
alkali (116). It isacollective term for agroup of polysaccharide found inhigher terrestrial
plants.Hemicelluloses cangenerally bedefined asnon-cellulosiccell wall polysaccharide.
Cellulose is a homopolymer of up to 14000^-1,4-linked glucosyl residues and occurs
naturally mainly in crystalline form. Lignin is a complex aromatic polymer consisting of
different phenylpropane units connected to each other by both ether and carbon linkages

Lumen
Secondary wall, innerlayer (S3)
^Secondarywall, middlelayer (S2)
Secondary wall, outer layer (S1)
Primarywalls
"*"Middle Lamella

Figure 1.Schematic representation ofaplant cell wall (adapted from réf.T3).Each
layer hasadifferent fiber orientation

(69). It is now generally accepted that a part of the lignin is chemically linked to the cell
wall hemicelluloses (140). It was shown that in softwood acetylglucomannan and /M,4galactan were bound to lignin through their primary hydroxyl group, while arabinoglucuronoxylan waslinkedthroughtheC-2and C-3positionsofthexylanmain chain. Ferulic
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acid residues of lignin were shown to be bound to the 0-5 position of L-arabinofuranosyl
of hemicellulose of grasses (57,73). The interactions between cellulose and hemicellulose
inplant cell walls arebelieved to be of non covalent nature (137).Hemicellulose interacts
with cellulose as well as to itself by hydrogen bonds. This is thought to stabilize the cell
wall matrix and renders the structure insoluble to water. Hemicelluloses compared with
cellulose are low molecular weight polymers (approximately 20 kDa) (2). Hemicellulose
can be classified in four major groups: xylans; mannans; arabinogalactans and arabinans
(Table 1).

Table 1. Polysaccharidesinfourdifferent lignocellulosicmaterials.
Cottonwood

Pine

Straw

Bagasse

(Percentage based on dry raw material)
Glucan

43.4

42.4

31.9

38.8
21.4

Xylan

13.0

5.9

19.0

Mannan

2.0

11.0

0.2

0.2

Arabinan

0.3

1.3

2.1

1.4

Galactan

0.3

2.3

0.6

0.3

Total

58.3

62.9

53.8

62.5

(Data from ref. 108)

Hemicellulose can represent up to 48% of the dry matter of plant cell walls (25).
Hardwoods are composed of about 50% cellulose, 23% hemicellulose and 22% lignin.
Herbaceous materials and agricultural residues generally contain a higher proportion of
hemicellulose (upto33%).Mosthemicelluloses occurasheteropolysaccharides containing
different carbohydrate residues (D-xylose, L-arabinose, D-mannose, D-glucose,
D-galactose, D-glucuronic acid, D-galacturonic acid) in the backbone chain and/or side
chains, thus generating extremely variable polysaccharides (105). The predominantly
alkali-soluble polysaccharide of primary (young) monocot cell walls are composed of
(4-0-methyl)glucuronoarabinoxylans and to a lesser extent of mixed-linked glucan (144).
Xyloglucans form the major hemicellulosic polymer of primary dicot cell wall (22).
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Substantial amountsofadditional hemicellulose arelaiddownduringsecondary thickening
of plant cell walls (Fig. 1). In both monocots and dicots these are predominantly
glucuronoarabinoxylans. These contain a lower level of substitution with glucuronic acid
andarabinose residuescomparedtothepolymer formed bytheprimary monocot wall(24).
Glucuronoarabinoxylans from bothprimary andsecondarywalls aresubstituted with esterlinked non-carbohydrate compounds, notably with acetyl groups and phenolic acid
residues.
Thechemicalstructure ofxylans.
Xylan, one of the major components of hemicellulose, occurs widely in nature and is
probably present in all higher land plants (40). It is a^-l,4-linked polymer of xylose
substituted with side chains of other pentoses, hexoses, some short oligosaccharides,
uronicacids,cinnamate-based esters,andacetylesters(Fig.2andTable2)(2,127,128).

Table2.Composition ofxylans isolated from threedifferent planttypes.
Polysaccharide

Source

Percentage of Composition
dryweight

Arabinoxylan

Grasses

20-40

O-acetyl-4-Omethyl-glucuronoxylan

Hardwoods 10-35

Xyl:mGlc:Ac

10:1:7

Arabino-4-Omethylglucuronoxylan

Softwoods

Xyl.mGlc:Araf

10:2:1.3

10-15

Ratio

Xyl:Araf:
varying depenGlc:fer:pCou:Ac dingontissue

Xyl=xylose,Araf=arabinofuranose, mGIc=4-methyl-glucuronic acid,fer=ferulicacid,
pCou=p-coumaricacid,Ac=aceticacid.
(Datafrom ref. 108)

Xylan structure varies according to the botanical origin. However, the composition can
alsovary within asingleplant,depending onitsoriginoftissueand cell,withageand state
of growth and with the conditions under which the plant grows (2,23,127,128,144). The
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glucuronoxylans whicharefound inhardwoods and graminaceousplants,arecomposed of
^-1,4-linked^-D-xylopyranosylunitsforming thebackboneofthepolymer.

Figure2:Structureofdifferent typesofxylan.
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About 10%of the xylosyl residues are substituted by 1,2-linked a-D-glucuronic acid or 4methyl-a-D-glucuronic acid. About 60% to 70% of the xylose residues in the
glucuronoxylans of hardwoods are acetylated. Grass xylans are also acetylated. TheOacetylated groups are located at the C-3 or C-2 of the xylopyranosyl residue. Softwood
xylans and xylans from most graminaceous plants have single L-arabinofuranosyl units
attachedthrough a linkagestosome0-3 positionsofthemainchain(144).
The amounts of feruoyl and p-coumaric acids linked via L-arabinose residues in xylan is
relatively small. In barley straw arabinoxylan every 15' arabinose unit is estimated to be
esterified with ferulic acid, and every 31 stwith p-coumaric acid (100). The coumaryl and
feruloyl moieties are thought to anchor the xylan chains to the lignin matrix by crosslinking the two polymers (40,100). The degree of substitution of xylose-backbone chains
varies greatly and has a major influence on the solubility, functionality and degradability
of the xylan. The more substituted xylan cannot form hydrogen bonds with itself and
becomesmoresolubleinwater.

Xylanolytic Bacteria
Hemicellulosic compounds are subject to degradation by various fungal and bacterial
populations. The presence of microorganisms that are able to degrade xylan, was reported
over 100 years ago by Hoppe-Seyler (63), who described a gas production by river mud
microbesusingwoodxylan suspensions.Bacteriaplay aroleinbothaerobic and anaerobic
degradation of hemicelluloses. Bacteria degrading xylan have been frequently isolated
from compost, litter,soils,and sludges,therumen systemand othergastro-intestinal tracts.
Some plant pathogenic Pseudomonas sp., Xanthomonas alfalfae, and Achromobacter
species have been isolated that also produce hemicellulases as a part of their enzyme
system (89,109).Alargenumber ofactinomycetes andBacillusspecies isolated from soils
and compost can degrade xylans (95,146).Herbivorous higher animals and insects depend
on microbial activity in some part of their gut for the conversion of polysaccharide of
plants to substances which the animal can metabolize (62). Hemicellulolytic Aerobacter,

Chapter 1

Aeromonas, Bacteroides,Butyrivibrio,Ruminococcusand Clostridiumspecies have been
isolated from human and animal intestine (110,114,155). Anaerobic Clostridia species
havebeen isolatedfrommesophilic andthermophilic methanesludges(126).
Plant cell walls are particular resistant to microbial degradation. Physical access to the
polymercanberestricted bythe surrounding lignocellulosic components.Most xylanolytic
microorganisms grown under natural conditions produce both cellulolytic and xylanolytic
enzymes to efficiently degrade plant cell walls. However, some of them, likeFibrobacter
and Ruminococcus,are not able to grow on xylose, the degradation end-product of xylan
(31). This means that growth of these organisms on xylan is poor. It has been shown
recently that some of these bacteria are able to utilize short xylo-oligomeric substrates
(26).Despitethefact thatxylanneveroccursinnatureintheabsenceofcellulose,there are
microorganisms that produce only xylanolytic enzymes. Some of these organisms are endo^l,4)-,/?-glucanase positive but they are unable to grow on cellulose or its soluble
derivatives. It is also possible that some xylanases show cellulase activity (5,46). In
general, non-cellulolytic micro-organisms, possessing some glucanase activity, are unable
tohydrolyse crystalline cellusoses.

Anaerobic bacterial hemicellulose degradation.
Anaerobic cellulolytic and hemicellulolytic bacteria are responsible for the initial stage in
the overall conversion of lignocellulosic material tomethane and carbon dioxide (52).The
anaerobic digestion process maybethought insimpletermstobecomposed ofthreesteps,
which include hydrolysis ofpolymeric substrates tomonomers, fermentation of monomers
to organic acids,hydrogen and carbon dioxide and conversion of organic acids, hydrogen,
and carbon dioxide to methane. For highly polymeric feedstocks the rate limiting step in
theoverall anaerobic digestion hasbeen identified asthehydrolysis ofpolymers to soluble
monomers (16,101). For a thorough comprehension of anaerobic digestion it is therefore
importantto obtain abetter insight intothemicrobiology ofhydrolytic bacteria. Anaerobic
degradation of hemicellulose occurs in a variety of anaerobic biota, such as manure,
compost, sludges of waste water treatment plants and marine or freshwater sediments. In
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addition, the hydrolysis of xylan by anaerobic microorganisms present in the rumen and
gastro-intestinal tract plays an essential role in the nutrition of herbivorous animals. Most
of our knowledge with respect to anaerobic digestion of plant material originates from
studiesofrumen fermentation (90).Therumen flora harborsavariety ofanaerobic bacteria
utilizing plant cell wall polysaccharide. Their xylanolytic activities play an important role
inthe overall rate of degradation ofplant cell wall material inthe rumen system.Ruminococcus,Butyhvibrio, Bacteroides,Prevotellaand Fibrobacter species are rumen bacteria
withxylanolytic activities (90). Several xylanolytic enzymesproduced bythese organisms
have been identified and characterized and the genes of some xylanolytic enzymes from
Fibrobactersuccinogenes,Prevotella (Bacteroides) ruminicola,Butyrivibrio fibrisolvens,
Ruminococcus albus, and Ruminococcus flavefaciens were recently cloned
(38,43,82,83,90,92,93,104, 135,152,153). Xylanolytic enzymes of microorganisms have
received much attention overthe lastten yearsmainly duetotheirpotential biotechnologicalapplication.Thebest studiedanaerobicxylanolytic bacteriaarepresentedbelow.
Fibrobactersuccinogenesis apredominant rumen cellulolytic, gram-negative, rod-shaped
bacterium. It grows optimally between pH 6 and 7 and a temperature between 37°C and
40°C. It can ferment cellulose, cellobiose, starch, glucose, dextrin, pectin, maltose, and
trehalose to succinate, acetate formate and C0 2 as the main products. It cannot grow on
xylose. Cellulosome type of structures have been detected (4). The organism produces
several endoglucanases, cell bound exoglucanase and cellobiase, periplasmic
cellodextrinase and at least four xylanases as well as an acetylxylan esterase (90,91).
Furthermore glucuronidase-, arabinofuranosidase- and ferulic acid esterase activities were
detected (90,96,124).
Ruminococcus albus and Ruminicoccus flavefaciens are strictly anaerobic, cellulolytic,
gram-positive/variable cocci that are important in the degradation of plant cell wall
material in the rumen of cattle and sheep. Most isolated strains ferment cellulose, xylan
andpectin and all ferment cellobiose.Themainfermentation products areacetate, formate,
ethanol (R. albus), succinate (R. flavefaciens), C0 2 and H2 (90). R. flavefaciens can
degradethehighly ordered crystalline cellulosic materials,R. albuscannot. R.flavefaciens
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cells produce both xylanases and cellulases. Both Ruminococci produce structures
resembling cellulosomes(4).
Butyrivibriofibrisolvensare strictly anaerobic, curved rod-shaped bacteria. It has a grampositive cell wall structure, which stains gram-negative, because ofitsthin cell wall. Most
strains ferment xylan,pectin,arabinose, glucose,fructose, and galactose. Some strainsalso
ferment cellulose, cellobiose, starch, maltose and/or xylose. The main fermentation
products are acetate,butyrate, formate, lactate, ethanol, C0 2 and H2 (90). Genes encoding
for an endoglucanase, cellodextrinase, ß-glucosidase, two xylanases and a dual
ß-xylosidase/a-L-arabinofuranosidase werecloned(83,93,135).
Prevotella (Bacteroides) ruminicola are strictly anaerobic, gram-negative, rod-shaped
bacteria found in large amounts in the rumen. Depending on the strain they can ferment
starch, xylan, pectin, maltose, cellobiose, xylose and arabinose. All ferment glucose,
fructose, galactose and lactose. The main fermentation products are acetate, propionate,
succinate and formate (90). Endoglucanase, ß-xylosidase, oc-L-arabinofuranosidase and
xylanase geneswerecloned(43,90).
Thermophilicanaerobicxylandegradingbacteriainclude:
ClostridiumthermocellumSeveral related clostridial species are thermophilic, cellulolytic
bacteria which grow atpH 7and 60°C. They are able to ferment cellulose, cellobiose and
several other monomeric sugars. Although C. thermocellumdegrades xylan, the resulting
xylose and xylobiose are not fermented (143). The organism produces a complex of
cellulolytic enzymesorganized insocalledcellulosomes (4,5).Thesearecellbound during
growth.Thesecomplexes alsomaycontainoneorseveralxylanases(4).
ClostridiumstercorariumandClostridium thermolacticumarecloselyrelatedtoeach other
and belong to one cluster of Clostridia together with C. thermocellum(28). C.thermolacticumferments xylan, starch, cellobiose,glucose andxylose,but not arabinose. Depending
on the strain cellulose is fermented as well. One xylanase of this organism is well
characterized (29,30). Several xylanolytic enzymes and cellulolytic were isolated from
cultures of the cellulolytic thermophilic anaerobe C. stercorarium.Three xylanases from
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C.stercorariumwere purified and characterized (6). Two xylanase, six ß-xylosidase and
oc-L-arabinofuranosidase genesweresequenced and/orcloned(41,113,117).
Thermoanaerobacterium saccharolyticum is a thermophilic anaerobic bacterium growing
inthepHrangeof4to 6.5 anduptotemperaturesof 66°C.From one Thermoanaerobacterium strain a xylanase, two xylosidases, two acetyl xylan esterases and a a-glucuronidase
wereidentified recently (120,121).

Biochemical properties ofxylanolyticenzyme systems
Because of the complex nature of the polymer, complete hydrolysis of xylan requires the
action of several hydrolytic enzymes. Not only enzymes that attack the internal
^-1,4-xylosidic bond, called endo-/?-(l,4)-xylanases (EC 3.2.1.8) are required. Enzymes
that hydrolyse the substituents and ^-xylosidases (EC 3.2.1.37) that convert the small
xylooligosaccharides produced by the endo-xylanases into xylose, are equally essential
(Fig.3).Not all xylosidic linkages inthe hemicellulose areequally accessible tothe endoxylanases. The substituents on the xylose backbone, can prevent the hydrolysis of
particular xylose-linkages. During xylan hydrolysis, the accessibility of some linkages
change due to the action of enzymes involved in the removal of the substituents (105).
Enzymes involved inthe hydrolysis ofxylan substituents areacetyl esterases (EC 3.1.1.6),
a-L-arabinofuranosidases (EC 3.2.1.55) and «-glucuronidases (EC 3.2.1). Furthermore,
esterases can be involved in hydrolyzing the bond between xylan and lignin, such as
feruloyl esterases andcoumarylesterases.
The enzymes are classified according to the substrates they act upon, by the bonds they
cleave andtheirpatternsofproduct formation. Thexylanolytic enzymesaremostly characterized by their action on defined substrates. It has to be kept in mind that their natural
substrate can differ considerably from the commercially available substrates. For example,
xylans are often acetylated or otherwise esterified. The most common method for xylan
recovery - solubilization in alkali -readily cleaves ester linkages.Deacetylation makes the
xylans much less soluble in water, but generally makes the substrate more susceptible to
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enzymatic attack. Because ofthe heterogeneous properties ofthe xylans innature, the
different xylanolytic enzymes will exhibit the ability to hydrolyse the different substrates
to varying extents. Combined with the difficulties encountered inisolating and characterizing defined homogeneous substrates,the substrate specificities ofxylanolytic enzymes
are often very difficult to define. Many xylanolytic organisms produce awhole arrayof
xylanolytic enzymes involving several debranching enzymes and multiple xylanases each
withtheir own specificity. The degree of substitution of a particular type of xylanand the
natureofthe substituents mayfavor theactionofspecific hydrolasesoverothers(43,60,61,

N / N / b .• I w ./MG" y N G " JT".)^J. j/Nsg
•OH

.A"Xg" 1/°X°" i/foKf-«"1/"'Nf 1/"Xj" | / " •
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/
HOHjC^

OH
lO-fl^p-CH-CHCOOH^

r
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~^^^

endo-1,4*xylanaBe(EC3.2.1.8)

<^

a-L.erabinofuranostdase(EC3.2.1.55)

• ^ - ^ a-glucuronidase(EC32.1)

^Q

OH

OH

N ^ I B-xytoskJasa(EC3.2.1.37)
™

acetylesterase(EC3.1.1.6)

/ fenJkVp-coumaric acidesterase

Figure 3. Schematic representation ofthe sites ofaction ofthe enzymes involvedin
xylandegradation (redrawnfrom ref.8).
82,83,84,90,91,93,94,96,117,124, 135,146,154). With afew exceptions xylan- degrading
micro-organisms are cellulolytic and often produce complex mixtures ofcellulolytic and
xylanolytic enzymes.
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Xylanases
The most important enzymes in the xylan degradation are the endo-l,4-ß-xylanases
(1,4-ß-D-xylan xylanohydrolases, EC3.2.1.8), which hydrolysej8-l,4-glycosidic linkages
betweenxylopyranoseunits.Fromallthexylanolytic enzymes,byfar mostisknown about
endo-l,4-ß-xylanases. A very large number of reports on the production, properties and
applications of these enzymes has been published in the last 25 years. The characteristics
of xylanases from plant, bacterial and fungal sources have been described in detail in
several books and review articles (27,33,111,139,146).Xylanases from different microbial
origin have been purified and they are almost exclusively single subunit proteins with
molecularweight valuesranging from 10to90kDa(146).Thesmallest endoxylanase(5.56.0 kDa)was isolated from Chaniasp.(3).Larger xylanases with molecular weight of 130
to 180 kDa were isolated from thermophilic anaerobic Thermoanaerobacteriumspecies
(80,120).Wong and coworkers noted that many endoxylanases canbeclassified according
totheir pi and molecular weight. A distinction canbe made between those with Mr values
of less than 30 kDa which are usually basic proteins, while those with Mr values higher
than 30 kDa areusually acidic.There are,however, exceptions tothis pattern. Xylanolytic
microorganisms often produce more than one xylanase (146). In order to attack the
different linkages in xylan efficiently, microorganisms have different xylanases with
different specificities. However, these different specificities are not easily distinguished at
biochemical level.The xylanases areusually theproduct ofmultiple genes (table 5and6).
In some cases different xylanases can be recovered from microbial cultures that are the
result of degradation products of a single major xylanase (30,146). The extent of multiplicity of xylanases in microorganisms is obscured by the fact that some xylanases have
minor roles and are not produced in quantities large enough to allow purification and
characterization. Recently it has been shown that some bacteria possess at least 3 to 5
different genes producing active distinct xylanases (1,37,43,91). Some of these enzymes
could only be studied by over-expressing their corresponding genes, in order to obtain
them in large enough quantities. An other difficulty in the biochemical analysis of xylanases is the fact that cleavage of/-l,4-glycosidic bonds within the xylan backbone can
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also be affected by afunctional endoglucanases that are able to hydrolyse both the
1,4-linkages in cellulose and xylan. The recent advances in genetical analysis made it
possible to classify these enzymes as either xylanases or cellulases. Table 4 lists the
xylanases isolated andpurified from anumberofanaerobicbacteria.
Arabinose-liberating endoxylanases.
In the past 20 years a number of xylanases have been reported not only to cleave the
xylose-backbone, but also to liberate the a-arabinose residues on the side chain of
arabinoxylan as free arabinose (table 3)(146).Thus,endoxylanases have been classified as
debranching or non-debranching (33,111). This activity, although well reported in
literature,isstill controversial. Someresearchersbelievethatthisactivity isduetoacontaTable3.Characterized debranchingxylanases.
Organism
Aspergillus niger

Ceratocytis
paradoxa
Fibrobacter
succinogenes
Trichodermareesei
QM9414

Trichodermaviride
Trichoderma
koningii
*
n.d.

M.W. (kDa)
33
31*
50*
?

Pi
4.2
n.d.
n.d.
9.2

Ref
146

53.7

8.9

94

8.5*
11.7*
14.4*
40.7
17.8*
53
29

10.3
8.6
6.6
8.5
9.2
5.3
7.2

146

32

146
146

molecular weight not estimated by SDS-PAGE, but gel
filtration, ornot specified method,
not determined.

mination of the xylanase preparation with a-L-arabinofuranosidase. Whether this dual
activity istheresultofabroad substrate specificity ofoneactive siteortheactionoftwo
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different active sites is not yet known. The xylanase I from Fibrobactersuccinogenes
would suggest the second, because this enzyme releases the arabinose residues directly
from the xylanbackbone priortohydrolysis ofthexylanbackbone to xylooligosaccharides
(94). Since the xylanases classified so far on the basis of their primary structure have not
been shown to release arabinose residues from xylan these debranching xylanases may
belong to a distinct family. They may also be part of one of the existing families and the
debranching activity could be a result of a less specific active centre within the enzyme,
allowing therelease of arabinose from xylooligomers. Theultimate answer whether or not
debranching xylanases are the result of one single enzyme or of contamination, will be
obtained when cloned xylanases turn out to possess the debranching activity. To my
knowledge suchresearchhasnotyetbeenreported.

Structural elements in xylanases
Many cellulases and xylanases have been characterized at both the biochemical and
molecular level. The amino acid sequences of a great number of ß-l,4-glycanases have
been determined (46,58,59). Analysis and comparison of the primary sequences and
comparison ofputative secondary structure bymeans ofhydrophobic cluster analysis have
revealed conserved stretches which arecommon toboth cellulases and xylanases. Many of
theputativepolypeptides encoded bythe genesarecomprised oftwoormoredomains,one
of which is the catalytic domain. The glycanases can be grouped in families of related
catalytic-domain sequences on the basis of amino acid sequence similarities (5,46,58,59).
Until now 45 different families of structurally related glycosyl hydrolases were identified
(59). Common structural features frequently found in such enzymes can be related to the
fact that they all have general catalytic activities as glycosyl hydrolases. The variations
may be related to the individual specificities ofthe enzymes. Almost all known xylanases
were classified into two different families denoted G and F by Gilkes and coworkers (46)
or 10and 11accordingtoHenrissat (58)based ontheircatalytic domain.Theutility ofthis
classification isthe ability topredict the general threedimensional structure and active site
topology ofall family members,ifthisisknown for oneorafew representatives.
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Although the catalytic domains of xylanases and many cellulases exhibit little homology,
suggesting that cellulases and xylanases have evolved from distinct ancestral genes, some
families can be grouped into superfamilies with conserved folds and similar cleaving
mechanism. It was reported recently that families 1(ß-glucosidases), 2 (ß-galactosidases),
5 (family A cellulases), 10 (family f xylanases) and 17 (ß-glucanases) form such a
superfamily (70). Distant but significant relationship between family G xylanases and
family Hcellulases was also demonstrated recently by hydrophobic cluster analysis (131).
In addition to a catalytic domain, the enzymes may contain a discrete, independently
functioning substrate-binding domain, like the cellulose-binding domain separated from
thecatalytic domain bya short linkerregion richinproline andhydroxyaminoacids (5,46).
These inter-domain linker regions may be important in rendering the enzyme flexible
enough to attack the native insoluble substrate. Although xylanases generally cannot
hydrolyse insoluble cellulose, some xylanases have cellulose binding domains, which
enables them to specifically adsorb to cellulose (98). It seems that cellulose binding
xylanases play arole inthe synergistic cooperation ofvarious glycanases necessary for the
complete degradation of complex cellulosic materials. Recently, a xylan-specific binding
domain was reported (15). Xylanase D of Cellulomonasfimicontains a cellulose binding
domain and aspecific xylan binding domain,with negligible affinity for other polysaccharides. Other conserved domains may be non-catalytic thermostabilizing domains (39,81),
and domains comprised of two or three tandem repeats (5,97) which may participate in
protein-protein interactions (129). In some bacterial species, notably species from the
genus Clostridium,the principal parts ofthe cellulolytic system (containing xylanases) are
secreted and organized into amulticomponent high molecular mass multienzyme complex
called cellulosome (4,77). Ruminococcus flavefaciens FD-1 secretes two multiprotein
complexes in which all the endoglucanases have xylanase activity (see also below)(34).
The cellulosomes are generally associated with the cell surface. A central polypeptide
component is responsible for integrating the catalytic subunits into a cohesive enzyme
complex (112). This non-catalytic subunit also contains a cellulose binding domain which
mediates the attachment of the cellulosome and bacterial cell to the substrate. This is in
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contrast to normal cellulolytic systems where the cellulose binding domain is part of a
catalytic subunit (47).Butyrivibriofibrisolvenswasreported toproduce two multi-enzyme
complexes, one having cellulase activity and the other predominantly xylanase activity.
This secreted enzyme complex was called a xylanosome, in analogy with the cellulosome
(83).
A classification on the structural properties of enzymes gives a good reflection of the
relationship and molecular evolution of the enzymes. It is now obvious that xylanases
evolved bydomain shuffling, with subsequent modification ofthedomains.
Table 5and 6 lists the xylanase genes that have been classified so far. Some bifunctional
xylanases belong however tofamilies containing mainly cellulases. CelD(44631 Da) from
R. flavefaciensFD-1encodes for endoglucanase activity and xylanase activity and belongs
to family E cellulases (138). The Prevotella ruminicola strain 23 xylanase belongs to
family A (142). This family contains mainly cellulases. Wong and coworkers (146) have
divided xylanases on other grounds into two categories: the low molecular weight basic
xylanases and the high molecular weight acid xylanases. Many organisms produce both
alkaline and acid xylanases. The low molecular weight basic xylanases are usually endo1,4-yj-xylanases with specific activity on xylan only, whereas the other group seems to
contain endo-xylanases with cellulase activity. These groups roughly correspond to the
families Gand F,respectively. Family Gxylanases areusually very specific towards xylan
and do not have any activity on carboxymethyl cellulose. With few exceptions, the family
G acid-xylanases are all of fungal origin. Xylanase C of Fibrobacter succinogenes, an
enzyme with two catalytic domains, showing high homology to each other, belongs to
family G and has an isoelectric point of 6.2 (154). The acid xylanase A of thermophilic
bacteria Clostridiumstercorarium and the related Clostridium thermolacticumalso belong
tofamily G.
The molecular architecture of xylanases varies between microorganisms. Many
filamentous fungi and several bacteria synthesize single-domain xylanases (46). In
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contrast, the anaerobic fungus Neocallimastix pathciarum and the rumen bacteria
Ruminococcusflavefaciensand Fibrobactersuccinogenes synthesize xylanases which are
comprised ofmultiple catalyticdomains(38,45,104,152).
Table5.FamilyFxylanasecatalyticdomains:
Enzyme

Origin

total Nr of
genes

XYND

Bacillus polymyxa

1

XYNA

Bacillus sp.C-125

XYNA

Butyrivibrio fibrisolvens 49

XYNB

Butyrivibrio fibrisolvens
H17c

XYNAb

Ruminococcus flavefaciens

XYNY

Catalytic
domain*

No. of
amino acids

Reference
48

396

55

N

378

93

N

635

82

4

C

925

152

Clostridium thermocellum

2-3

N

1030

39

XYNZ

Clostridium thermocellum

2-3

C

809

50

XYNB

Clostridium stercorarium

3

387

41

XYNA

Thermoanaerobacterium
saccharolyticum B6A-RI

1157

80

XYNA

Caldocellum saccharolyticum

1

312

84

XYNB

Fibrobacter succinogenes

4-5

586

92

XYNA

Streptomyces lividans

3

436

122

XYNI

Streptomyces thermoviolaceus

2

XYNA/B

Pseudomonas fluorescens
subsp. cellulosa

2

XYN

Thermoascus aurantiacus

XYN

Cryptococcus albidus

XYNA

Aspergillus kawachii

67

XYN

Pénicillium chrysogenum'

53

1

N

134
C

585 555

74/54

269

125

311

19

C or N denotes the location of the catalytic domain at the C- or N-terminal of the
gene respectively.
A second catalytic domain belongs to family G.
Based on experimentally determined partial or full amino acid sequences.
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Table 6. Family G xylanase catalytic domains:
Enzyme

Origin

Total Nr.
of genes

XYNA

Bacillus circulons

XYNA

Bacillus pumilus

XYNA

Bacillus subtilis

XYNB

Streptomyces lividans

XYNC

Streptomyces lividans

XYNII

Streptomyces thermoviolaceus

2

XYNB

Clostridium acetobutylicum

2

XYNAb

Ruminococcus flavefaciens

4

XYNB

Ruminococcus flavefaciens

Catalytic
domain3

No. of
amino acids

Reference

2

185

150

1

201

42

182

103

3

293

122

3

191

122
134

234

151

N

925

152

4

N

781

153

Ruminococcus flavefaciens

4

N

802

38

XYNC

Fibrobacter succinogenes

4-5

two

608

104

XYNA

Clostridium stercorarium

2

N

511

113

XYNA

Clostridiumthermolacticum"

1

N

340O570

30

XYND

Cellulomonas fimi

4

N

644

98

XYN

Neocallismastix patriciarum

XYNA

Neocallismastix patriciarum

XYNA

Thermomonosporafusca

XYNA

Schizophyllum commune'

XYNA

Chania sp.c

XYN1/2

Trichoderma reesei

XYN

Trichodermaharzianum"

XYND

d

N
1

C
N

45
338

66
102
3

c

2

130
149

XYN

Trichoderma viride

148

XYNA

Aspergillus niger var awamori

86

XYNA

Aspergillus tubigensis

49

XYNC

Aspergillus kawachii

68

C orN denotesthe location ofthe catalytic domain atthe C- orN-terminal of the gene respectively.
A second catalytic domain belongs to family F.
Based on experimentally determined partial or full amino acid sequences.
The enzyme contains asecond catalytic domain atthe C-terminalwith ß(l,3-l,4)-glucanase activity.
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Modeofaction ofxylanases
In general, endo-l,4-/-xylanases degrade xylans by attacking the internal ^-xylosidic
linkages of the xylan backbone chain resulting in multiple scission. The sites attacked
along the xylan chain and the frequency of bond cleavage is governed by the structure of
the heteroxylan, and by the number of subsites in the active site of the enzyme which
affects thefree energy ofbinding totheglycosyl residues.Thedegradation products during
early course of hydrolysis are xylooligosaccharides, usually containing arabinose and/or
uronic acid and acetic acid substituents. As hydrolysis proceeds these oligosaccharides are
usually progressively converted to xylose and xylobiose and/or xylotriose (33,111,146).
The ultimate size of the final end-product is determined by the specificity of the enzyme,
and this in turn, may be affected by the frequency and spacing of the side-chain
substituents on the xylan chain. Family G xylanases, at high substrate concentration, also
possess transglycosylation activities which leads to products larger than the starting
substrate (7).Itwas shown for the xylasase from Cryptococcus albidusthat the active site
is comprised of four subsites and that the catalytic site is located in the middle (7). In
contrast, the active site ofPseudomonasfluorescensincludes at least five subsites,and the
cleavage occurs between the first and second subsite from the non-reducing end of the
substrate (Fig.4)(56).
All glycosyl hydrolases arethought tocatalyzethetransfer ofaglycosyl grouptowater by
a general acid catalysis mechanism in which two amino acid residues participate in a
single-displacement or double-displacement reaction. This enzymatic breakdown of a
glycosidic bond is a stereoselective process, in which the conformation of the anomeric
centre (C-l carbon) can either be inverted or retained (123). The hydrolysis reaction
catalyzed by family Fand Gxylanases has recently been shown to proceed with retention
ofanomeric configuration atthenewly formed reducing end(44).Thecatalytic mechanism
proposed resembles that of henn-egg white lysozyme. This acid catalytic mechanism
involves most probably two glutamate residues that seem to be 100% conserved in these
protein families (56,88,99,132). One glutamate acts as the nucleophile the other as the
acid/base catalyst (Fig.5).
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Amino acid sequence analysis suggested thatthe structure ofthetwo xylanase families are
different (46). Recently several three-dimensional structures of bacterial and fungal
xylanases, with representatives from both families, have been resolved (56,132). The
family G enzymes are low-molecular weight xylanases with highly conserved amino acid
sequences, indicating similar structural folds (131). These enzymes are single-domain ßsheet proteins. The active site is in a cleft at the intersection of two sheets. The two
glutamate catalytic residues are located in the middle of the cleft. The family F xylanase
catalytic domain has a 8-fold ß/cc-barrel architecture (56). The substrate binding cleft is
formed by long loops at the carboxy-terminal end of ß-strands 4 and 7 and short loops at
thecarboxy-terminal ofß-strands 5and 6.Thetwocatalytic glutamate residues are located
atthe carboxy-terminal end ofß-strands 4 and 7and have been identified as the acid/base
catalyst andnucleophile, respectively.

Xylanase activecentre
Family Fxylanases
Catalyticcleftwiththeconservedaminoacids
formingthexylosyl-bindingsites

Xylosyl-binding sites
xylosyl-bindingsites
conservedaminoacids involvedinthebindingsite
conservative substitutionswithinthefam.F(except*)

Figure4.Active siteofPseudomonasfluorescein xylanase Ashowingthetwo
catalytic glutamate residues and the proposed substrate binding sites for the
xylosylunits(basedondatafrom ref. 51).
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Because of strong hydrogen-bonding properties ofthephenolic hydroxyl oftyrosine (Tyr)
and the capacity of tyrosine and tryptophan residues to act as docking residues for the
hydrophobic part of a sugar residue, these amino acids are thought to play an important
role in carbohydrate binding proteins. By alignment of the sugar residues, these amino
acidscontribute toselectivity offit ofthe substratetothebinding siteofthe enzyme.

Figure5.Hydrolysisofxylanbyxylanaseswithretentionoftheanomericconfiguration.Theroleofthetwocatalyticglutamateresidues(basedondatafrom ref. 56).

Tryptophan and tyrosine have been shown tobe essential for substrate binding inmost of
theglycoside hydrolases (21,56,132).Atleast 5binding siteswere identified inxylanaseA
(Fam. F) ofPseudomonasfluorescens(56) (Fig.4).Xylanase II (Farn. G) ofTrichoderma
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reeseihas putative binding sites for five xylose residues insidethe catalytic cleft, whereas
the closely related xylanase I has only three subsites (133). The binding site cleft of
xylanase A(Fam.G)from Schizophyllum commune spansabout sevenxyloseunitsandthe
catalytic site is located asymmetrically within it (20). It seems that this xylanase uses
mainly tyrosyl residues as docking site for the xylosyl units. This in contrast with the
family F xylanase of Pseudomonas fluorescens, which has tryptophan and other amino
acids involved in substrate binding (Fig. 4) (21,56). If this difference holds true for other
members inthese families, this may explainthe difference in substrate selectivity between
these two families. Family Gxylanases normally only hydrolyze xylan, whereas family F
xylanases often have some endo-glucanase side activity. The only difference in substrate
being the environment around the C-5 atom, one could expect an important role for the
docking siteaminoacidsoftheenzymes.

J?-Xylosidases
j3-Xylosidases

(1,4-ß-D-xylan

xylohydrolases,

EC

3.2.1.37)

hydrolyse

xylooligosaccharides and xylobiose to xylose. They attack short chain xylooligosaccharides by liberating xylose from the non-reducing end of the substrates. The
activity normally increaseswithdecreasing chain length, and ishighest towards xylobiose.
jS-Xylosidases generally exhibit little or no action against polymeric xylans. Most
^-xylosidases

catalyse the

cleavage

of artificial

substrates

such

as p-

nitrophenolxylopyranoside.^-Xylosidases are less common than endo-xylanases, because
they are only necessary in order to produce xylose. This allows xylanolytic organisms to
grow efficiently on xylan. Xylanases on the other hand are also produced by a range of
cellulolytic organisms in order to make the cellulose more accessible. These cellulolytic
organisms donotgrowonxylananddonotproduce^-xylosidases.
Most y?-xylosidases are large relatively to the endo-xylanases. These enzymes may be
monomeric, dimeric or tetrameric, with Mr values ranging from 26000 to 360000. They
are produced by a variety of bacteria and fungi and may be found in the culture fluid,
associated with the cell or both (36,146). Some organisms produce bifunctional
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y?-xylosidases that also possess or-L-arabinofuranosidase activity (135). Many have
transferase activity in addition to direct hydrolase action, and they can produce transfer
products with higher molecular weight than that of the substrate (65). Some^-xylosidases
havealsobeenreported topossessß-glucosidaseactivity(136).

Debranching enzymes:
Arabinofuranosidases, glucuronidases andesterases.
Oneoftheproblems inthedegradation ofhemicellulosesisthehighdegreeof substitution
found on the hemicellulose backbone. These substituents interfere with the enzymatic
degradation of the polymer through steric hindrance. Removal of these side-chain groups
generally facilitates thedecompositionofhemicellulose(105).
a-irArabinofuranosidases
or-L-Arabinofuranosidases (EC 3.2.1.55) hydrolyse terminal non-reducing a-L-arabinofuranoside groups of arabinoxylans or arabinose substituted xylo-oligomers. Some
a-L-arabinofuranosidases areonly activeonshortoligomeric substrates,whileothers have
the ability to cleave arabinosyl residues not only from arabinoxylan but also from
arabinans and arabinogalactans. The enzyme activity is routinely assayed using the
p-nitrophenyl- or methylumbelliferyl-a-L-arabinofuranosides as artificial substrates. The
enzymes are found both intracellularly and extracellularly, depending on the organism.
The ar-L-arabinofuranosidases are produced by many anaerobic bacteria (145), and have
been purified from Ruminococcusalbus 8, Clostridiumacetobutylicumand Butyrivibrio
flbrisolvens (51,61,78). These enzymes may be monomeric, dimeric, tetrameric or even
octameric, with Mr values ranging from 54,000 to 495,000 depending on the microbial
source(72,76).
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«-Glucuronidases
a-Glucuronidases are required for hydrolysis of the a-l,2-glycosidic linkage between
xylose and D-glucuronic acid or its 4-O-methyl ether. This enzyme has been purified to
homogeneity and characterized only from a few sources (75,107,121). The «-Glucuronidase from Agrariern bisporus is a large protein (450 kDa) with an acidic isoelectric
point and a pH optimum of about 3.3. The enzyme has no activity towards 4-O-methylglucuronic acid-xylan but cleaves 4-O-methylglucurono-substituted xylo-oligomers with
degree of polymerization (DP) values ranging from 2 to 6, with highest activity towards
thedimer(107). Theenzymewasinhibitedbythepresenceofacetylsubstituents onxylan.
Itseemsthatacetylxylan esterase-removingthe acetylgroups -,endoxylanase -producing
short 4-0-methylglucurono-substituted xylo-oligomers -, and a-glucuronidase interact
synergistically to effectively hydrolyse the polymeric xylan. In contrast, the a-D-glucuronidase from a thermophilic fungus Thermoascusaurantiacus is a single polypeptide
chain with a MTof 118 kDa. It hydrolyzed 4-O-methylglucurono-substituted xylooligomers with DP 1to 7and also had activity towards 4-O-methylglucuronic acid-xylan.
The a-glucuronidase from Fibrobacter succinogenes is inactive towards the polymeric
substrate, but also towards the 4-0-methylglucurono-substituted xylobiose. However,
when xylan was pretreated with xylanase, activity was enhanced, suggesting that
substituted xylo-oligomersmustbegenerated withaDP>2(124).Very recently,the purification of a a-D-glucuronidasefrom athermophilic anaerobic Thermoanaerobacterium sp.
was reported (121). The dimeric enzyme had aMrof 130kDa. The enzyme was active on
the polymeric xylan and acted synergistically with a ß-xylosidase to hydrolyze
4-0-metylglucurono-substitutedxylo-oligomers.
Esterases
In addition to enzymes hydrolyzing the glycosidic linkages inxylans,esterases are needed
toremove esterified acidsfrom xylan.
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Acetyl Esterases
Acetyl esterase is a general term for an enzyme that cleaves an esterified acetic acid
residue from a compound. In this case acetyl esterase refers to the enzyme that cleaves
acetic acid from a short acetylated xylan oligomer and is inactive against acetylated longchain xylan polymers. This enzyme acts on the short acetylated end-products of xylan
degradation, removing anyremaining acetyl groupsand allowing access ofß-xylosidaseto
the xylose oligomer. The enzymes are normally active against small degradation products
such as acetylated xylose, xylobiose, and xylotriose. In contrast to acetyl esterases,
acetylxylan esterasesareactive against long-chain intactacetylated xylan
Acetylxylan esterases
Acetyl xylan esterases remove O-acetyl groups from the C-2 and C-3 positions of xylose
residues in both xylan and xylooligomers. The production of acetyl xylan esterases by
various fungi was first reported by Biely and co-workers (9). Acetyl xylan esterases have
been detected in several bacteria, like Fibrobacter succinogenes, Butyrivibrio fibrsolvens,
and severalStreptomyces strains(60,71,87,96,106)
Coumaryl andferuloyl Esterases.
Coumaric acid and ferulic acid are cinnamate-based acids that occur in an ester linkage to
a-L-arabinofuranose units attached to thexylan backbone (100). They form the cross-links
to the lignin matrix, giving structural support to the cell wall and protect the xylan chain
from degradation by preventing access of xylanase to the polymer. Coumaryl and feruloyl
esterases remove these moieties, opening up the cell wall structure and allowing xylanase
easier access tothe xylan polymer. Ferulic acid andp-coumaric acid appendices have been
found toreducethe digestibility of graminaceous plants,eitherbecause of inhibition ofthe
growth of rumen bacteria by the hydroxycinnamic acids (17), or because of limitations in
the hydrolysis dueto lack ofhydroxycinnamic acid-cleaving esterases.Anesterase capable
of hydrolysing ester-linked ferulic acid from wheat bran hemicelluloses was first detected
in culture filtrates of Streptomyces olivochromogenes (87). These enzymes were also
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shown to be produced by anaerobic fungi (18). In the culture fluid of the anaerobic
bacterium Fibrobacter succinogenes low activities of both ferulic acid esterase and
cinnamic acid esteraseweredetected(124)

Regulation of xylanolytic enzyme synthesis
Although a considerable amount of work has been done about the molecular structure,
function andapplication ofxylanases,comparatively little isknownabouttheregulationof
their formation. The study of the regulation of the synthesis of xylanolytic enzymes is
particularly difficult to elucidate: First of all, most xylanolytic microorganisms are also
cellulolytic. This signifies that these organisms not only produce a whole array of
xylanolytic enzymes but also a complex mixture ofcellulolytic enzymes. This complicates
the study of regulation of xylanases synthesis. Both cellulases and xylanases cleave
^-1,4-glycosidic bonds and are closely related at the functional and structural level (46).
Some xylanases have multi domain catalytic activities, and some of these enzymes are
bifunctional, in that they not only possess cellulase activity but also xylanase activity.
Many microorganisms produce asmentioned earlier anarray of xylanases with only minor
differences in catalytic activity or specificity. Some of these enzymes are produced in
amountstoo littletoallow agood biochemical characterization. Inaddition, because ofthe
complex structure of the substrate, enzymatic degradation products,whichmay play arole
as inducer, are very difficult to determine. This is even more complicated because some
xylanases also possess transglycosylating activities enabling them to form hetero-oligosaccharides which are believed to play a role in induction (64). All these factors together
make it almost impossible to determine a general mechanism describing the regulation of
xylanolytic enzymes.Therecentdevelopments ingenetical characterization ofthe different
xylanase genes and the possibility to study the genes in the xylanolytic organism, have
given apotenttooltoeliminate someofthedifficulties mentioned above (1).Expression of
the xylanolytic enzymes of several bacteria in E. coli has given very little information on
themechanisms ofregulation ofthe individual genes and corresponding enzymes,because
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the host promoter was used. Furthermore, the sugar uptake mechanisms of the
microorganism may play an important role in delivering thepossible inducers. A xylanase
gene ofPrevotellaruminicolawas cloned into similar organisms,Bacteroidesfragilisand
Bacteroides uniformis, but it seemed that the enzymes were produced constitutively in
theseorganisms(141).
Although there appears to be no single regulatory mechanism in bacteria, in general, the
xylanolytic enzyme production is repressed in the presence of easily metabolized carbon
sources, like for example the end-products of xylan degradation, xylose and arabinose. In
some bacteria, the xylanase synthesis seems to be constitutive, but in many bacteria the
xylan-degrading enzymes are inducible. Low activities, resulting from constitutively produced enzymes, are sometimes found. These low activities arebelieved tobe necessary to
generate low-molecular-weight inducers from the polymeric xylan. It is commonly
assumed that the polymeric substrate, due to its size, itself is not directly involved in the
induction mechanism. The low molecular weight inducers can be direct degradation
products from thepolymeric substrates orproductsgenerated throughtransglycosylation of
mono-oroligomeric-saccharides derived from thepolymer.

Application of cellulases and hemicellulases
The past 10 years there has been a growing interest in microbial enzyme systems that
degrade the major plant hemicellulose, xylan. Such enzymes have great biotechnological
potential. Traditionally, the application of xylanases was thought to be in the
bioconversion of lignocellulosic materials to produce products of higher value, such as
single cell protein, fuel and other chemicals (85). Research in this field was mainly
focussed on the use of cellulolytic enzymes in combination with hemicellulases. The
economical outlook for such processes is low and the bioconversion of massive accumulating agricultural, forestry and municipal solid waste residues isnowviewedmainly from
theperspective ofwaste management.
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Hemicelluloses tend to be hydrolysed easily by acid, which makes enzymic degradation a
less attractive alternative. However, hemicellulases will probably be more useful when
selective removal of hemicellulose is required for the production of certain materials that
have high value, or to replace environmentally harmful processes. Such applications may
be found in the food, feed, and pulp and paper industries. Cellulase-free xylanases can be
applied in pulp and paper industry for bleaching of kraft pulp, essentially removing lignin
from pulp.Inthefollowing tablesomeapplications ofxylanolytic enzymesare listed.
Table 7. Applications ofxylanolytic enzymes,aloneorincombination with
cellulolytic and pectinolytic enzymes.
Application
Extractionoffruitjuices,flavours,spices,oilsandpigments
Clarification offruitjuices,beerandwines
Production ofmodified xylansasbulkingagentsforfoodprocessing
Conversion of xylans into monomeric products for conversion into sweetener (xylitol)or
flavours
Modification ofcerealflourssoastoenhancevolume,texturalandstalingpropertiesofbread
Improvementoffeeddigestibilityforcattle,pigsandpoultry
Rettingofflax,hemp,jute,sisalandbast
Refining ofdissolving pulps forproduction ofviscose rayon, cellulose esters andcellulose
ethers
Saccharification ofagricultural andforestry wastesandresiduesforfermentation tofuels and
chemicalfeedstocks, likeaceton,butanol,ethanoletc.
Improvementoffibre quality,andchangingofwaterretentionpropertiesofpaperpulp.
Prebleachingofpulpsforpapermanufacture
(formoredetailsseeref 147)

BacteroidesxylanolyticusX5-1.
The organism used inthis study was Bacteroides xylanolyticus X5-1 (DSM 3808). As part
of a study on the production of biogas from agricultural waste, anaerobic xylanolytic
bacteria were isolated from fermenting cattle manure atthe Department ofMicrobiology of
the Wageningen Agricultural University (115). Bacteroides xylanolyticus is a strictly
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anaerobic non-spore forming, Gram-negative rod-shaped bacterium. This organism grows
rapidly on xylan and a wide range of soluble sugars like glucose, xylose, arabinose,
fructose, cellobiose and mannose. Cellulose, carboxymethyl cellulose and the
hemicelluloses, xanthan, laminaran, galactomannan, arabinogalactan and gum arabic are
not fermented by this organism. The optimal growth temperature is between 25 and 40°C
atpHvaluesbetween 6.5 and 7.5.TheGCcontentoftheDNAwasmeasured 34.8%,buta
GCcontent of45%hasalsobeenreported (119).
The main fermentation products when grown on xylan or xylose are acetate, ethanol,
formate. In addition, small amounts of 1,2-propanediol and lactate are produced (10). The
biochemistry and physiology of product formation from xylose by Bacteroides
xylanolyticuswasstudied indetailbyBiesterveld (10).Thexylosecatabolismpathway,the
xylose uptake system, the induction mechanism of key enzymes of the xylose catabolism,
the regulation of the xylose metabolism by interspecies electron transfer and the effect of
external electron acceptors on the physiology of the xylose metabolism were investigated
(10-14).

Scope and outline of this thesis.
Anaerobic bacteria have been shown to produce a range of cell wall-degrading enzymes.
The best studied mesophilic anaerobic bacteria have been isolated from the rumen.
Because of the complexity of plant cell wall polymers, most oftheseorganism are able to
degrade and grow on cellulose. Although during the last five years a great number of
studies have been devoted to the subject of xylan degradation, there is still little known
about the regulation of the individual enzymes responsible for xylan degradation by
anaerobic bacteria. Tobe ableto study the xylanolytic enzymes and theregulation of their
synthesis we chose a the mesophilic anaerobic bacterium Bacteroidesxylanolyticus X5-1,
as a model organism. B.xylanolyticus is together with B. ruminicolaan important xylan
dégrader (119). It grows rapidly on xylan and it is not able to grow on cellulose or other
hemicelluloses. This made it possible to study the xylanolytic enzymes and the regulation
of their synthesis without interference of cellulolytic enzymes. This bacterium produced a
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range of xylanolytic enzymes when grown on xylan, but no activities were found on
glucose (118).
The aim of this research was to understand the strategy used by Bacteroides xylanolyticus
X5-1todegradethe complex substrate xylan. Themost important enzymes involved inthe
degradation of xylan were identified and by purifying them, their properties and substrate
specificities could be resolved. Next, the regulation of the formation of these xylanolytic
enzymes was studied. Since many reports are published monthly on the subject of xylan
degradation, I attempted inthe general introduction to give an overview onthis subject. In
chapter2,thepurification andregulation ofthetwomostimportantxylanolyticenzymesof
B. xylanolyticus X5-1,xylanase I and II is presented. Although the substrate (xylan) for
both enzymes isthe same,theirproperties are quite different. This organism uses different
mechanisms to regulate the production of these distinct enzymes. Chapter 3 describes the
purification, characterisation and regulation of the ß-xylosidase. This enzyme transforms
the final products of the two xylanases into xylose, which the bacterium can use as a
growth substrate. The purification, properties and regulation of a cell-associated
oc-L-arabinofuranosidase are presented in chapter 4. Depending on the source from which
xylan is isolated, this polysaccharide can contain acetyl side chains. In chapter 5 the
purification and characterisation of an acetyl esterase, involved in the removal of acetyl
side chains from xylose units is reported. The next two chapters, 6 and 7, contain the
summary in English and Dutch with a schematic representation of the xylan degradation
andenzymeregulation byB.xylanolyticus X5-1.
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