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Abstract

Xylanases are hydrolytic enzymes which randomly cleave the B 1,4 backbone of the complex plant cell wall polysaccharide xylan.
Diverse forms of these enzymes exist, displaying varying folds, mechanisms of action, substrate specificities, hydrolytic activities
(vields, rates and products) and physicochemical characteristics. Research has mainly focused on only two of the xylanase contain-
ing glycoside hydrolase families, namely families 10 and 11, yet enzymes with xylanase activity belonging to families 5, 7, 8 and 43
have also been identified and studied, albeit to a lesser extent. Driven by industrial demands for enzymes that can operate under
process conditions, a number of extremophilic xylanases have been isolated, in particular those from thermophiles, alkaliphiles
and acidiphiles, while little attention has been paid to cold-adapted xylanases. Here, the diverse physicochemical and functional
characteristics, as well as the folds and mechanisms of action of all six xylanase containing families will be discussed. The adaptation
strategies of the extremophilic xylanases isolated to date and the potential industrial applications of these enzymes will also be pre-
sented.
© 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Xylanases are glycosidases (O-glycoside hydrolases,
EC 3.2.1.x) which catalyze the endohydrolysis of 1,4-f3-
D-xylosidic linkages in xylan. They are a widespread
group of enzymes, involved in the production of xylose,
a primary carbon source for cell metabolism and in
plant cell infection by plant pathogens, and are pro-
duced by a plethora of organisms including bacteria, al-
gae, fungi, protozoa, gastropods and anthropods [1].
First reported in 1955 [2], they were originally termed
pentosanases, and were recognized by the International
Union of Biochemistry and Molecular Biology
(IUBMB) in 1961 when they were assigned the enzyme
code EC 3.2.1.8. Their official name is endo-1,4--xylan-
ase, but commonly used synonymous terms include xy-
lanase, endoxylanase, 1,4-B-p-xylan-xylanohydrolase,
endo-1,4-B-p-xylanase, B-1,4-xylanase and B-xylanase.

In the present review, the diversity of xylanases, their
substrate, action and function, their importance in in-
dustry, classification into families and adaptation to var-
ious extreme environments are discussed. Special
emphasis is paid to the ‘new’ xylanase containing fami-
lies, highlighting their similarities and differences to the
better known family 10 and 11 members, as well as to
the peculiarities and interests of these hitherto scantily
reviewed enzymes. In addition, the adaptation strate-
gies, characteristics and industrial potential of extremo-
philic xylanases will be discussed.

2. The substrate: xylan

The substrate of xylanases, xylan, is a major structural
polysaccharide in plant cells, and is the second most
abundant polysaccharide in nature, accounting for ap-
proximately one-third of all renewable organic carbon
on earth [1]. Xylan constitutes the major component
of hemicellulose; a complex of polymeric carbohydrates
including xylan, xyloglucan (heteropolymer of D-xylose
and D-glucose), glucomannan (heteropolymer of D-glu-
cose and D-mannose), galactoglucomannan (heteropoly-
mer of D-galactose, D-glucose and D-mannose) and
arabinogalactan (heteropolymer of bD-galactose and
arabinose) [3]. This, together with cellulose (1,4-B-glu-
can) and lignin (a complex polyphenolic compound)
make up the major polymeric constituents of plant cell
walls [4]. Within the cell wall structure, all three constit-

uents interact via covalent and non-covalent linkages,
with the xylan being found at the interface between
the lignin and cellulose where it is believed to be impor-
tant for fiber cohesion and plant cell wall integrity [5].
Xylan is found in large quantities in hardwoods from
angiosperms (15-30% of the cell wall content) and soft-
woods from gymnosperms (7-10%), as well as in annual
plants (<30%) [6]. It is typically located in the secondary
cell wall of plants, but is also found in the primary cell
wall, in particular in monocots [7]. A complex, highly
branched heteropolysaccharide, it varies in structure
between different plant species, and the homopolymeric
backbone chain of 1,4-linked B-D-xylopyranosyl units
can be substituted to varying degrees with glucurono-
pyranosyl, 4-O-methyl-D-glucuronopyranosyl, o-L-ara-
binofuranosyl, acetyl, feruloyl and/or p-coumaroyl
side-chain groups [4,8] (Fig. 1). Wood xylan exists as
O-acetyl-4-O-methylglucuronoxylan in hardwoods and
as arabino-4-O-methylglucuronoxylan in softwoods,
while xylans in grasses and annual plants are typically
arabinoxylans [4]. Linear unsubstituted xylan has also
been reported, e.g., in esparto grass [9], tobacco [10]
and certain marine algae [11,12], with the latter contain-
ing xylopyranosyl residues linked by both 1,3-f and
1,4-B linkages [12,13]. The degree of polymerisation in
xylans is also variable, with, for example, hardwood
and softwood xylans generally consisting of 150-200
and 70-130 B-xylopyranose residues, respectively [4].
Due to its heterogeneity and complexity, the
complete hydrolysis of xylan requires a large variety of
cooperatively acting enzymes [14-16] (Fig. 1). Endo-
1,4-B-p-xylanases (EC 3.2.1.8) randomly cleave the
xylan backbone, B-p-xylosidases (EC 3.2.1.37) cleave
xylose monomers from the non-reducing end of xylo-ol-
igosaccharides and xylobiose while removal of the side
groups is catalysed by a-L-arabinofuranosidases (EC
3.2.1.55), a-p-glucuronidases (EC 3.2.1.139), acetylxy-
lan esterases (EC 3.1.1.72), ferulic acid esterases (EC
3.1.1.73) and p-coumaric acid esterases (EC 3.1.1.-). In-
deed, complete xylanolytic enzyme systems, including all
of these activities, have been found to be quite wide-
spread among fungi [17,18], actinomycetes [19] and bac-
teria [18], and some of the most important xylanolytic
enzyme producers include the Aspergilli, Trichodermi,
Streptomycetes, Phanerochactes, Chytridiomycetes,
Ruminococci, Fibrobacteres, Clostridia and Bacilli
[16,18,20,21]. The ecological niches of these micro-or-
ganisms are diverse and widespread and typically
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Fig. 1. (a) Structure of xylan and the sites of its attack by xylanolytic enzymes. The backbone of the substrate is composed of 1,4- B-linked xylose
residues. Ac., Acetyl group; a-araf., a-arabinofuranose; a-4-O-Me-GlcUA, a-4-O-methylglucuronic acid; pcou., p-coumaric acid; fer., ferulic acid. (b)
Hydrolysis of xylo-oligosaccharide by B-xylosidase. Adapted from [18]. Figures were prepared with CS Chemdraw Ultra version 6.0.

include environments where plant material accumulate
and deteriorate, as well as in the rumen of ruminants
[1,16,22].

3. Xylanases: multiplicity and multiple-domains

In addition to the production of a variety of xylano-
lytic enzymes, many micro-organisms produce multiple
xylanases [23-25]. These may have diverse physicochem-
ical properties, structures, specific activities and yields,
as well as overlapping but dissimilar specificities, there-
by increasing the efficiency and extent of hydrolysis,
but also the diversity and complexity of the enzymes.
Typical examples of micro-organisms which produce xy-
lanase isoenzymes include Aspergillus niger, which pro-
duces fifteen extracellular xylanases [26], and
Trichoderma viride, which secretes thirteen [26]. This
multiplicity may be the result of genetic redundancy
[7], but cases of differential post-translational processing
have also been reported [15]. The isoenzyme genes may
be found as polycistronic or non-polycistronic multiple
copies within the genome, and in some cases several xy-
lanases are expressed as a distinct gene product. For ex-
ample, the xylanase, B-xylosidase and acetyl esterase
genes of Caldocellum saccharolyticum (now known as
Caldocellulosiruptor saccharolyticus) are polycistronic
[27], while the XynC gene product from Fibrobacter suc-
cinogenes S85 encodes two different xylanase catalytic
domains [28]. Moreover, as well as multiple catalytic do-
mains, many xylanases are also characterized by the
presence of various supplementary domains. Examples

include xylan binding domains [29], cellulose binding
domains [30,31], dockerin domains (implicated in bind-
ing to multidomain complexes produced by certain mi-
cro-organism, e.g., Clostridium thermocellum) [32,33],
thermostabilising domains [34] and domains for which
the function has not as yet been elucidated. These do-
mains may fold and function in an independent manner
[35,36] and are typically separated by short junction seg-
ments enriched in hydroxyl amino acids [4].

The vast majority of xylanases are excreted into the
extracellular environment as the large size of the sub-
strate prevents its penetration into the cell. In fact, the
current belief is that xylanase production is induced by
means of the products of their own action [6,15,37]. It
is believed that small amounts of constitutively pro-
duced enzymes liberate xylo-oligomers which may be
transported into the cell where they are further degraded
by B-xylosidases, or indeed by intracellular xylanases
[38-40], and where they induce further xylanase synthe-
sis.

4. Classification of xylanases

The heterogeneity and complexity of xylan has result-
ed in an abundance of diverse xylanases with varying
specificities, primary sequences and folds, and hence
has lead to limitations with the classification of these en-
zymes by substrate specificity alone. Wong et al. [7] clas-
sified xylanases on the basis of their physicochemical
properties and proposed two groups: those with a low
molecular weight (<30 kDa) and basic p/, and those



6 T. Collins et al. | FEMS Microbiology Reviews 29 (2005) 3-23

with a high molecular weight (>30 kDa) and acidic p/.
However, several exceptions to this pattern have been
found [18,21] and approximately 30% of presently iden-
tified xylanases, in particular fungal xylanases, cannot
be classified by this system.

Later, a more complete classification system was in-
troduced [41] which allowed the classification of not on-
ly xylanases, but glycosidases in general (EC 3.2.1.x),
and which has now become the standard means for
the classification of these enzymes. This system is based
on primary structure comparisons of the catalytic do-
mains only and groups enzymes in families of related se-
quences [42]. The initial classification grouped cellulases
and xylanases into 6 families (A-F) [41], which was up-
dated to 77 families in 1999 (1-77) [42] and which con-
tinues to grow as new glycosidase sequences are
identified. At the time of writing, 96 glycoside hydrolase
families exist (see the carbohydrate—active enzyme
CAZY server at http://afmb.cnrs-mrs.fr/~cazy/CAZY/
[43]), with approximately one-third of these families be-
ing polyspecific, i.e., contain enzymes with diverse sub-
strate specificities. As the structure and molecular
mechanism of an enzyme are related to its primary
structure, this classification system reflects both struc-
tural and mechanistic features. Enzymes within a partic-
ular family have a similar three-dimensional structure
[42] and similar molecular mechanism [44] and it has al-
so been suggested that they may have a similar specific-
ity of action on small, soluble, synthetic substrates [45].
Furthermore, divergent evolution has resulted in some
of the families having related three-dimensional struc-
tures and thus the grouping of families into higher hier-
archical levels, known as clans, has been introduced [46].
Presently, 14 different clans have been proposed (GH-A
to GH-N), with most clans encompassing two to three
families, apart from clan GH-A which currently encom-
passes 17 families.

Within this classification system, xylanases are nor-
mally reported as being confined to families 10 (formerly
F) and 11 (formerly G) [6,16,18,47-49]. Interestingly, a
search of the appropriate databases (e.g., CAZY [43])
using the enzyme classification number EC 3.2.1.8 indi-

Table 1

cates that enzymes with xylanase activity are also found
in families 5, 7, 8, 16, 26, 43, 52 and 62. A closer look at
the available literature however, shows that only those
sequences classified in families 5, 7, 8, 10, 11 and 43
(Table 1) contain truly distinct catalytic domains with
a demonstrated endo-1,4-B-xylanase activity. Those se-
quences reported for families 16, 52 and 62 appear, in
fact, to be bifunctional enzymes containing two catalytic
domains; a family 10 or 11 xylanase domain as well as a
second glycosidase domain. For example, a Ruminococ-
cus flavefaciens enzyme contains an amino-terminal fam-
ily 11 xylanase and a carboxy-terminal family 16
lichenase and is thus classified in both families 11 and
16 [50]. In addition, those enzymes classified in family
26 appear not to be endo-1,4-B-xylanases, but endo-
1,3-B-xylanases. Thus, the current view that enzymes
with xylanase activity are solely restricted to families
10 and 11 is not entirely correct and should be expanded
to include families 5, 7, 8 and 43.

5. Glycoside hydrolase families 5, 7, 8, 10, 11 and 43
5.1. Catalytic mechanisms

Members of families 5, 7, 8, 10, 11 and 43 differ in
their physico-chemical properties, structure, mode of ac-
tion and substrate specificities. Similarities do however
exist, for example, families 5 and 10 are both classified
in clan GH-A, thus indicating a similar three-dimension-
al fold. Furthermore, families 5, 7, 10 and 11 contain en-
zymes which catalyse hydrolysis with retention of
anomeric configuration with two glutamate residues be-
ing implicated in the catalytic mechanism in all cases
[43]. This indicates a double-displacement mechanism,
in which a covalent glycosyl-enzyme intermediate is
formed and subsequently hydrolysed via oxocarbeni-
um-ion-like transition states [51-53] (Fig. 2(a)). Two
carboxylic acid residues suitably located in the active site
(approximately 5.5 A apart) are involved in the forma-
tion of the intermediate; one acts as a general acid cata-
lyst by protonating the substrate, while the second

Glycoside hydrolase families containing enzymes with a demonstrated activity on xylan. The fold, mechanism of action and catalytic residues

characteristic to each family are given

Glycoside Members with a Fold Clan Catalytic mechanism General acid/ Nucleophile/
hydrolase family demonstrated activity base residue general base
on xylan

5 8 (Blo)g GH-A Retaining Glutamate Glutamate

7 1 B-Jelly roll GH-B Retaining Glutamate Glutamate

8 4 (odr)g GH-M Inverting Glutamate® Aspartate®
10 127 (Blog GH-A Retaining Glutamate Glutamate
11 173 B-Jelly roll GH-C Retaining Glutamate Glutamate
43 1 5-Blade B-propeller GH-F Inverting Glutamate® Aspartate®

@ Putative catalytic residues only, these have not been conclusively confirmed.
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Fig. 2. General mechanisms for (a) retaining and (b) inverting glycosidases. Adapted from [51]. Figures were prepared with CS Chemdraw Ultra

version 6.0.

performs a nucleophilic attack which results in the de-
parture of the leaving group and the formation of the
a-glycosyl enzyme intermediate (inversion B to o). In
the second step, the first carboxylate group now func-
tions as a general base, abstracting a proton from a nu-
cleophilic water molecule which attacks the anomeric
carbon. This leads to a second substitution in which
the anomeric carbon again passes via an oxocarbeni-
um-ion-like transition state to give rise to a product with
the B configuration (inversion o to ). Thus the overall
result is a retention of the configuration at the anomeric
centre.

In contrast, enzymes in families 8 and 43 typically op-
erate with inversion of the anomeric centre and a gluta-
mate and aspartate are believed to be the catalytic
residues [43,54]. Inverting enzymes function by a single
displacement reaction (Fig. 2(b)) in which one carboxyl-
ate provides for a general acid-catalyzed leaving group
departure and the second functions as a general base, ac-
tivating a nucleophilic water molecule to attack the ano-
meric carbon, thereby cleaving the glycosidic bond and
leading to an inversion of the configuration at the ano-
meric carbon [51-53]. Typically the distance between the
two residues is around 9.5 A so as to allow for accom-

modation of the water molecule between the anomeric
carbon and the general base [51-53]. However, Alzari
et al. [55] and Guérin et al. [56] have shown that this dis-
tance is 7.5 A in the inverting endoglucanase CelA and
have suggested that the distance between the two cata-
lytic residues is less constrained in inverting than in re-
taining enzymes.

5.2. Glycoside hydrolase family 5

At the time of writing, family 5 (formerly family A) of
the glycoside hydrolases consists of 467 sequences with
varying activities, including: endoglycosylceramidase
(EC 3.2.1.123), cellulase (EC 3.2.1.4), licheninase (EC
3.2.1.73), B-mannosidase (EC 3.2.1.25), glucan 1,3-p-
glucosidase (EC 3.2.1.58), glucan endo-1,6-f-glucosi-
dase (EC 3.2.1.75), mannan endo-1,4-B-mannosidase
(EC 3.2.1.58), cellulose 1,4-B-cellobiosidase (EC
3.2.1.91), endo-1,6-B-galactanase (EC 3.2.1.-), 1,3-B-
mannanase (EC 3.2.1.-) and endo-1,4-B-xylanase (EC
3.2.1.8) [43]. This is the largest glycoside hydrolase fam-
ily and only seven amino acid residues, including the nu-
cleophile and the general acid/base residue, are strictly
conserved among all members. It is a rather diverse
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Table 2
Organisms producing family 5 enzymes with a demonstrated activity
on xylan

Organism Reference
Prevotella (Bacteroides) ruminocola 23 63]
Clostridium cellulovorans 64]
Fibrobacter succinogenes S85 65]
Ruminococcus albus SY3 66]

[
[
[
[
Trichoderma reesei (Hypocrea jecorina) [67,68]
[
[
[

Erwinia (Pectobacterium) chrysanthemi D1 57,70,71]
Erwinia (Pectobacterium) chrysanthemi SR120A 57,69,70]
Aeromonas puncata (caviae) ME-1 72]

group of enzymes, with structural alignments indicating
rms deviations of 1.25 + 0.12 A between equivalent res-
idues in its members [57] and a further classification of
this family into nine subfamilies has even been suggested
[58].

Eight enzymes with a demonstrated activity on xylan
have been reported in this family to date (Table 2) and a
number of other putative xylanases, identified by se-
quence similarity during genome sequencing programes,
have been identified in Clostridium acetobutylicum
ATCC 824 (2 putative xylanases) [59], Leptosphaeria
maculans [43], Xanthomonas axonopodis pv. citri str.
306 (2 putative xylanases) [60], Xanthomonas campestris
pv. campestris str. ATCC 33913 [60], Bacillus subtilis str.
168 [61] and Bacteroides thetaiotaomicron VPI-5482 [62].
Xylanase activity has also been apparently demonstrated
for enzymes from Aeromonas puncata (caviae) W-61,
Erwinia (Pectobacterium) chrysanthemi P860219, Meloi-
dogyne incognita and Ruminococcus albus 7 [43] but it
appears that no literature has been published in direct
relation to these. In total, 20 putative xylanolytic entries
can be proposed.

Although characterisation of these enzymes is incom-
plete, large variations in the catalytic properties are al-
ready evident, this being in keeping with the poor
sequence identity between some of these enzymes. Those
enzymes from Prevotella ruminicola 23 [63], Clostridium
cellulovorans [64], F. succinogenes S85 [65] and R. albus
SY3 [66] were all found to have carboxymethyl cellulase
as well as xylanase activities, while those from Tricho-
derma reesei (also known as Hypocrea jecorina) [67,68],
Erwinia chrysanthemi D1 [57,69-71] and E. chrysanthemi
SR120A [69] appear to be specific for xylan. XynD from
Aeromonas punctata ME-1 was found to be active on xy-
lan but was not apparently tested on other substrates
[72]. Furthermore, a search of the InterPRO database
(www.ebi.ac.uk/interpro, [73]) indicates that only the
four carboxymethyl cellulose active enzymes (i.e., those
from P. ruminicola 23, C. cellulovorans, F. succinogenes
S85 and R. albus SY3) give hits with family 5 signatures;
the remaining 16 sequences give hits with family 30 or
with other non-glycoside hydrolase family signatures.
Moreover, these four enzymes have relatively high ami-

(a) ) oy ®) o o
iy €F ul
8

Family 5 Family
(d) .
¥ -
ko
+
Family 11
®
ol W
Family 7 Family 43

Fig. 3. Representative structures of enzymes from various glycoside
hydrolase families. (a) Structure of the family 5 enzyme, XynA, from
Erwinia chrysanthemi. The (P/a)s barrel structure of the catalytic
domain and the Bo-barrel of the small domain are shown [57].
(b) Structure of the family 8 xylanase, pXyl, from Pseudoalteromonas
haloplanktis TAH3a. The (o/o)s barrel structure of the catalytic
domain is shown in two perpendicular views [82]. (c) Structure of the
Streptomyces lividans xylanase showing the typical family 10-fold [95].
(d) Structure of the Trichoderma reesei family 11 xylanase showing the
typical family 11-fold [127]. (e) Structure of the Trichoderma reesei
family 7 non-specific EGI [131]. (f) Structure of the Cellvibrio japonicus
family 43 a-L-arabinanase [54]. Figures were prepared with Swiss-Pdb
Viewer v3.7b2 [205].

no acid sequence similarity with family 5 members,
while the majority of the remaining sequences have ho-
mology with both family 5 and family 30 enzymes. This
has already been noted for the E. chrysanthemi and
A. punctata ME-1 enzymes where it was suggested that
these enzymes be classified into a new family (or sub-
family) situated between families 5 and 30 [70,72]. In ad-
dition, structural analysis of the family 5 xylanase,
XynA from E. chrysanthemi showed that, as would be
expected for a family 5 enzyme, the catalytic domain dis-
played a common (B/a)g barrel fold (Fig. 3(a)) [57].
However, while the B-barrels aligned well with those
of another family 5 enzyme, the a-helices and loops were
altered, showing differences in the positioning, orienta-
tion and length. Moreover, structural alignment with a
number of family 5 and 10 enzymes showed that this en-
zyme is nearly as structurally different to the family 5 en-
zymes as are the family 10 enzymes [57].

Of the four family 5 enzymes exhibiting carboxym-
ethyl cellulase and xylanase activities, only the P. rumin-
icola 23 xylanase was found to have highest activity on
xylan, with the carboxymethyl cellulase activity being
only 18% of this [63]. In contrast, EngB from C. cellu-
lovorans was found to be most active on lichenan, with
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approximately 15% activity on carboxymethylcellulose
and 14% on xylan. No activity was detected on micro-
crystalline cellulose, avicel, polygalacturonic acid,
mannan, laminaran, p-nitrophenyl B-cellobioside, p-
nitrophenyl B-p-glucoside or p-nitrophenyl B-p-xyloside
[64]. Unfortunately, as with the P. ruminicola 23 xylan-
ase, the endoglucanase isolated from Fibrobacter succin-
ogenes S85 was not tested with lichenan, this enzyme
was found to have highest activity on carboxymethyl
cellulose, as well as activity on oat spelt xylan (71% as
compared to CMC), p-nitrophenyl cellobioside (5.3%),
cellobiose (3.5%), p-nitrophenyl lactoside (2.27%) and
p-nitrophenyl glucoside (0.27%) [65].

The action patterns of the xylan specific family 5 en-
zymes with sequence similarities to family 30 enzymes
also appear to vary from one to another. Only those en-
zymes from A. punctata ME-1 [72], E. chrysanthemi D1
[57,70,71] and T. reesei [67,68] have been characterized
in this respect, and while the first does appear to be an
endoxylanase, producing xylotriose and higher xylo-oli-
gosaccharides from birchwood xylan, the second ap-
pears to be a type of ‘appendage-dependent xylanase’
or glucuronoxylanase [74] and the third an exoxylanase.
Substrate specificity studies showed that the xylanase
from E. chrysanthemi D1 requires D-glucuronic acid
(or its 4-O-methyl derivative) substituents on the xylan
backbone to enable cleavage of 1,4-B xylosidic bonds
and that it cleaves between the first and second xylose
residues on the non-reducing terminal side of the substi-
tuted residue [71]. On the other hand, XYN IV from
T. reesei is active on unsubstituted and substituted xy-
lans and attacks at the first glycosidic linkage from the
reducing end, producing mainly xylose, but also xylobi-
ose and low amount of higher xylo-oligosaccharides
[67,68]. Furthermore, the activity of this enzyme is af-
fected by substituents on the xylan main chain and it
is unable to cleave linkages next to substituted residues.
Hydrolysis studies have shown that the shortest substi-
tuted fragments formed from glucuronoxylan and ara-
binoxylan are substituted xylotrioses, with the
substitution being found on the internal xylose residue.
Indeed these products are shorter than those produced
by the family 7 EGI [75] produced by the same micro-or-
ganism as well as the family 11 enzymes, but, in agree-
ment with members of this latter family and with the
family 5 XynA from E. chrysanthemi D1 they contain
a single xylose at the non-reducing end.

Of the above mentioned enzymes, only the structure of
Xyn A from E. chrysanthemi has been determined (1.42 A
resolution) [57] while crystallisation and preliminary
X-ray analysis (at 2.2 A resolution) of the 7. reesei
XYN IV has also recently been reported [76]. Xyn A is
composed of two domains, the larger domain contains
the catalytic site and displays a (p/a)g barrel fold while
the small domain probably functions as a xylan binding
domain and has a Be-barrel fold (Fig. 3(a)). The two do-

mains are connected by two linker peptides as well as 11
hydrogen bonds and hydrophobic interactions [57]. The
B-barrel of the catalytic domain of Xyn A is elliptical in
shape and the active site is formed by an acidic cleft situ-
ated on the carboxy-terminal side of the B-strands near
the larger face of the molecule. This 8-fold o/f barrel
structure is indeed the most frequently encountered fold
and has also been described for members of families 1, 2,
10, 17, 26, 30, 35, 39, 42, 50, 51, 53, 59, 72, 79 and 86 [43].
This type of fold was originally described for triose-phos-
phate isomerase (TIM barrel) and as a common charac-
teristic of all these structures is the positioning of the
glutamate residues implicated in the catalysis on the car-
boxy-terminal of B-sheets 4 and 7, these were originally
termed the 4/7 superfamily. Nowadays they are better
known as clan GH-A.

5.3. Glycoside hydrolase family 8

Family 8 (formerly family D) is mainly composed of
cellulases (EC 3.2.1.4), but also contains chitosanases
(EC 3.2.1.132), lichenases (EC 3.2.1.73) and endo-
1,4-B-xylanases (EC 3.2.1.8) [43]. It is a rapidly expand-
ing family; from 18 members, including one xylanase, in
2001, to 61 members, including four xylanases, in 2004
(Table 3). Three of the xylanases have been isolated
from Bacillus sp. while the fourth is a cold-adapted en-
zyme isolated from the Antarctic bacterium Pseudoalte-
romonas haloplanktis TAH3a. Xylanase Y from the
alkaliphile Bacillus halodurans C-125 was identified as
part of the sequencing program of the whole genome
of this organism [77,78] and the sequence of the xylanase
from B. halodurans MIR32 is found to be identical to
that for this enzyme [43]. Information is minimal and
while we have demonstrated xylanase activity by these
enzymes [79], little literature has been published in direct
relation to these two xylanases. Indeed the means used
for their initial classification as xylanases is unclear
and was probably only based on their weak isology to
the cold-adapted xylanase and xylanase Y from Bacillus
sp. KK-1. In contrast, the biochemical properties and
substrate specificities of these latter two enzymes have
been investigated [80-84]. Both have a high molecular
weight (~46 and ~45 kDa, respectively) and while the
cold-adapted xylanase also has a high p/ (~pH 9.5), this
was not determined for the Bacillus sp. KK-1 xylanase.

Table 3
Organisms producing family 8 enzymes with a demonstrated xylanase
activity

Organism Reference
Bacillus halodurans C-125 [77,78]
Bacillus halodurans MIR32 [43]
Bacillus sp. KK-1 [84]
Pseudoalteromonas haloplanktis TAH3a [79-83]




10 T. Collins et al. | FEMS Microbiology Reviews 29 (2005) 3-23

In addition, both were found to be optimally active at
pH 6.5 and are solely active on xylan, being more active
on birchwood than oat spelt xylan and being inactive on
cellulose, carboxymethylcellulose, starch, lichenan and
chitosan (this latter substrate was only tested for the
cold-adapted xylanase). The cold-adapted xylanase
was found to hydrolyse xylan to principally xylotriose
and xylotetraose and was most active on long chain
xylo-oligsaccharides. Similar to family 11 xylanases, a
large substrate binding cleft containing at least six xy-
lose binding residues, with the catalytic site in the mid-
dle, was proposed [80]. However, unlike family 10 and
11 xylanases this enzyme was found to catalyse hydroly-
sis with inversion of the anomeric configuration and, un-
der the conditions used, was found to be inactive on
aryl-B-glycosides of xylose, xylobiose and xylotriose.

This cold-adapted xylanase folds into a distorted
(a/ar)g barrel (Fig. 3(b)) formed by six inner and six outer
o helices [82,83] and as such can be classified with family
48 in clan GH-M [43]. This topology has also been ob-
served for family 9 endoglucanases, family 15 glucoam-
ylases, family 48 cellobiohydrolases and a family 65
maltose phosphorylase [55,85,86]. However, in contrast
to the common (o/at)g barrel proteins, the cold-adapted
enzyme has an extra o-helix near the amino terminus.
The globular core has an overall distorted spherical
shape with a long acidic cleft running across the molec-
ular surface at the N-terminal end of the inner helices
while the proposed catalytic residues (glutamate and as-
partate) are located close to each other near the middle
of the cleft.

As the three-dimensional structure is believed to be
comparable for members of the same family, the (o/at)g
barrel fold described above can probably be extended
to the other family 8 xylanases. Furthermore, one would
expect these enzymes to operate with inversion of the
anomeric configuration [80,87], with an aspartic and
glutamic acid residue as proton acceptor and proton do-
nor, respectively [56,83].

5.4. Glycoside hydrolase family 10

This family consists of endo-1,4-B-xylanases (EC
3.2.1.8), endo-1,3-B-xylanases (EC 3.2.1.32) and cello-
biohydrolases (EC 3.2.1.91) [43]. The major enzymes
of this family are endo-1,4-B-xylanases, however, sub-
strate specificity studies have revealed that these may
not be entirely specific for xylan and may also be active
on low molecular mass cellulose substrates [88,89], in
particular on aryl-cellobiosides [90,91] and certain cel-
lo-oligosaccharides [45,88]. In effect, it has been found
that the replacement of one or two xylose residues by
glucose is normally tolerated by the xylanases of this
family, with this generally resulting in a lowered catalyt-
ic efficiency [90]. In consonance with family 11 xylanas-
es, but in contrast to the cold-adapted family 8 xylanase,

members of this family are also capable of hydrolyzing
aryl B-glycosides of xylobiose and xylotriose at the agly-
conic bond [90,92,93]. Furthermore, these enzymes are
highly active on short xylo-oligosaccharides, thereby in-
dicating small substrate binding sites [90]. In effect, crys-
tal structure analyses, kinetic analyses of activity on
xylo-oligosaccharides of various sizes and end product
analyses have indicated that family 10 xylanases typically
have four to five substrate binding sites [90,94,95]. Hy-
drolysis studies have also shown that most family 10 xy-
lanases can attack the xylosidic linkage on the non-
reducing end of a substituted residue or 1,3-f bond,
but can only cleave at the third xylosidic linkage after
a substituted residue and the second after a 1,3-B bond
[90]. This indicates that the subsites on the non-reducing
side (i.e., subsites —1, —2) are more specific than those
on the reducing side (subsite +1) of the cleavage site.

Members of this family typically have a high molecu-
lar mass, a low p/ and display an (o/f)g barrel fold
[40,43,58,95-105] (Fig. 3(c)) (Table 4). The structure
has been likened to a ‘salad bowl’, with one face of tlole
molecule having a large radius (approximately 45 A)
due to an elaborate loop architecture, while the opposite
face, which consists of simple o/ turns, has a radius of
approximately 30 A. This is similar to the fold described
for family 5 enzymes and both are members of clan GH-
A. Indeed, these two families are quite closely related
and in addition to sharing a common fold they have
the same type of catalytic mechanism and share several
common residues [57,106]. However, the family 10 xy-
lanases are a more closely related family and have a high
percentage of spatially equivalent and identical residues
as well as much smaller rms deviations between equiva-
lent residues (0.95 £ 0.11 A) in its members [57].

5.5. Glycoside hydrolase family 11

In contrast to all other families hitherto discussed,
this family is monospecific, it consists solely of xylanases.
Moreover, these xylanases are ‘true xylanases’ as they
are exclusively active on D-xylose containing substrates.
They have a lower catalytic versatility than family 10 xy-
lanases and indeed the products of their action can be
further hydrolyzed by the family 10 enzymes [90,92].
Like family 10 xylanases, these enzymes can hydrolyze
aryl B-glycosides of xylobiose and xylotriose at the agly-
conic bond, but in contrast to this family they are inac-
tive on aryl cellobiosides. Furthermore, substituents or 8
1,3 linkages represent a more serious hindrance to their
activity, resulting in the production of larger products
than family 10 xylanases [90]. Hydrolysis studies indi-
cate that aldopentauronic acid, with an unsubstituted
xylose residue at the non-reducing end [90,107], and an
isomeric xylotetraose, with the 1,3-p bond at the non-re-
ducing end [108], are the smallest acidic and mixed link-
age fragments liberated from heteroxylans and
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Table 4
Family 10 xylanases for which structural coordinates are available
Protein Organism PDB accession code(s) Ref.
Xylanase (Xyn 10A) Cellulomonas fimi 1EXP, 1FH7, 1FH8, 1FH9, 1FHD, 1J01, 2EXO, [96]
2HIS, 2XYL
Xylanase A (Xyn 10A) Cellvibrio japonicus 1CLX, 1E5N, 1XYS [97]
Xylanase F (Xyn 10C) Cellvibrio japonicus 1US2, 1US3 [99]
Xylanase C (Xyn 10B) Cellvibrio mixtus 1UQY, 1UQZ, 1UR1, 1UR2 [98]
Xylanase Z Clostridium thermocellum NCIB 10682 1XYZ [100]
Xylanase T-6 Geobacillus stearothermophilus T-6 1HIZ, 1R85, 1R86, 1R87 [43,101]
Xylanase (Xyn A2) Geobacillus stearothermophilus T-6 1N82 [40]
Xylanase A (Xyn A) Penicillium simplicissimum BT2246 1B30, 1B31, 1B3V, 1B3W, 1B3X, 1B3Y, 1B3Z, 1BG4 [102]
Xys 1 Streptomyces halstedii M8 INQ6 [103]
Xylanase A Streptomyces lividans 1E0V, 1EOW, 1E0X, 1XAS, 10D8 [95]
B-1,4-Xylanase Streptomyces olivaceoviridis E-86 1ISV, 1ISW, 1ISX, 11SY, 11SZ, 1ITO, 1XYF [104]
Xylanase Thermoascus aurantiacus 1FXM, 1GOK, 1GOM, 1GOO, 1GOQ, IGOR, 111W, [58,105]
111X, 1K6A, 1TAX, ITIX, ITUX
Xylanase B Thermotoga maritima 1VBR, 1VBU [43]
Table 5
Family 11 xylanases for which structural coordinates are available
Protein Organism PDB accession code(s) Ref.
Xylanase C Aspergillus kawachii 1BK1 [114]
Xylanase 1 Aspergillus niger 1UKR [115]
Xylanase Bacillus agaradhaerens AC13 1H4G, 1H4H, 1QH6, 1QH7 [116]
Xylanase A Bacillus circulans 1BCX, 1BVV, 1C5H, 1C5I, 1HVO, 1HV1, 1XNB, IXNC, 2BVV  [117]
Xylanase Bacillus subtilis B230 11GO [118]
Xylanase A Bacillus subtilis subsp. subtilis str. 168 1AXK [119]
Xyn 11A Chaetomium thermophilum IH1A [120]
Xylanase XynB  Dictyoglomus thermophilum Rt46B.1 1FSJ [121]
Xyn 11A Nonomuraea flexuosa IM4wW [120]
Xylanase Paecilomyces varioti Bainier IPVX [122]
Xylanase Streptomyces sp. S38 ITHIX [123]
Xylanase Thermomyces lanuginosus 1YNA [124]
Xylanase Trichoderma harzianum ES8 (Hypocrea lixii ES8)  1XND [125]
Xylanase 1 Trichoderma reesei (Hypocrea jecorina IXYN [126]
Xylanase 2 Trichoderma reesei (Hypocrea jecorina) 1ENX, 1RED, 1REE, IREF, IXYO, IXYP [127]

rhodymenan, respectively. Others have, however, sug-
gested that this isomeric xylotetraose may contain a
1,4-B bond at the non-reducing end, with the 1,3-p link-
age occurring subsequent to this bond [90,109]. In fur-
ther contrast to the family 10 xylanases, but in
common with the family 8 cold-adapted xylanase, these
enzymes are most active on long chain xylo-oligosaccha-
rides and indeed it has been found that they have larger
substrate binding clefts, e.g., family 11 xylanases from
Schizophyllum commune and A. niger have at least seven
subsites [110,111], while, as has already been stated,
family 10 enzymes are reported to have four to five sub-
sites [90,94,95]. Further differences between family 10
and 11 xylanases include their stereochemistry of pro-
tonation and the effect of w-epoxyalkyl glycosides of xy-
lose and xylo-oligosaccharides on their activity; family
10 xylanases are anti-protonators and are unaffected
by the w-epoxyalkyl glycosides while family 11 xylanas-
es are syn-protonators and are inactivated by the w-ep-
oxyalkyl glycosides [88,112,113].

Family 11 enzymes are generally characterized by a
high p/, a low molecular weight, a double displacement
catalytic mechanism, two glutamates acting as the cata-
lytic residues and a B-jelly roll fold structure [114-127]
(Table 5) (Fig. 3(d)). The structure consists principally
of B-pleated sheets formed into a two-layered trough
that surrounds the catalytic site. Two [48], or perhaps
three [128], B-sheets are present and the hydrophobic
faces of these are packed against each other to form
the hydrophobic core of the protein. Only one a-helix
is present and this is typically packed against the hydro-
phobic face of the second B-sheet. This type of structure
has also been described for family 12 endoglucanases
and thus both families have been grouped into the same
clan, clan GH-C.

5.6. Glycoside hydrolase families 7 and 43

To date, only one enzyme exhibiting xylanase activity
has been identified and studied in each of these families
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and thus their importance as xylanase containing fami-
lies is unclear. In addition, neither enzyme studied is a
true xylanase; the family 7 enzyme, EGI (Cel7B) from
T. reesei, is a non-specific endo-B-1,4-glucanase (EC
3.2.1.4) [75,129-131] and the family 43 XYND from Pa-
enibacillus polymyxa has both xylanase and a-L-arabin-
ofuranosidase activities [132].

The family 7 endoglucanase I (EGI) from 7. reesei is
not produced during growth on xylan [75] and while its
activity on cellulose (hydroxyethylcellulose) is only
slightly higher than that on xylan (beechwood and
grass), its activity on cello-oligosaccharides (Gs, Gs) is
10-fold higher than that on xylo-oligosaccharides (X3,
Xs) [130]. Hydrolyses of both these substrates takes
place in the same active site but a shift in the bond cleav-
age frequency appears to occur towards the non-reduc-
ing end linkages in xylo-oligosaccharides [75,130]. This
enzyme has characteristics in common with both family
10 and 11 xylanases. As for the former family, it has a
high molecular weight and low p/ as well as a small sub-
strate binding site, approximately four subsites, with the
catalytic site in the middle. On the other hand, like fam-
ily 11 xylanases, this enzyme displays a B-jelly roll fold
[131] (Fig. 3(e)) and produces aldopentauronic acid
and isomeric xylotetraose as the shortest acidic and
mixed linkage fragments from glucuronoxylan and rho-
dymenan, respectively [75]. However, even though the
core structures of this enzyme and the family 11 xylan-
ases are similar, differences, such as: variations in the lo-
cation, length and orientation of the structural elements
outside of this core, the presence of four short helical
segments as opposed to one in the family 11 xylanases
and differences in the type and conformation of the ami-
no acid residues lining the active site, results in family 7
enzymes being classified in clan GH-B with family 16 en-
zymes and not in clan GH-C with the family 11
enzymes.

The family 43 enzyme (XYND) has a molecular
weight of 64 kDa and was found clustered with a lichen-
ase gene, with only 155bp separating the two genes, in
Paenibacillus polymyxa. Unfortunately however, addi-
tional studies of the physicochemical or functional char-
acteristics of this enzyme have not been carried out.
Further putative family 43 xylanases in Caldicellulosi-
ruptor sp. [133,134], C. acetobutylicum [59], Bifidobacte-
rium longum [135] and Bacillus sp. [61] have also been
inferred on the basis of sequence homology to the above
enzyme but xylanase activity has apparently not been
confirmed by functional analysis. Indeed, members of
this family have not been as thoroughly studied as some
of the other glycoside hydrolase families and the struc-
ture of only one member has been determined, indicat-
ing that members of this family may display a
five-blade B-propeller fold (Fig. 3(f)). Furtherrmore, a
glutamate and aspartate in the centre of a long V-shaped
surface groove formed across the face of the propeller

have been suggested as the catalytic residues [54]. The
family is grouped with family 62 in clan GH-F [43,54]
and, as has also been demonstrated for family 8 en-
zymes, its members are believed to catalyze hydrolysis
via the single displacement mechanism.

6. Extremophilic xylanases

The preponderance of xylanases studied are of fungal
or bacterial origin and in the majority of cases are found
to be optimally active at, or near, mesophilic tempera-
tures (approximately 40-60 °C) [16,18] and neutral (in
particular for bacterial xylanases) or slightly acidic (in
particular for fungal xylanases) pHs. Nevertheless, xy-
lanases have also been reported which are not only sta-
ble, but active, at the extremes of pH and temperature.
Indeed, xylanases active at temperatures ranging from
5 to 105 °C [4,80,81], pH’s from 2 to 11 [4,114,136]
and NaCl concentrations as high as 30% [137,138] have
been reported. These are produced by micro-organisms
which have colonized environments that may be said
to be extreme from an anthropocentric point of view
and which produce enzymes adapted to these extreme
habitats. Of the extremophilic xylanases, the thermo-
philes, alkaliphiles and acidophiles have been the most
extensively studied while cold-adapted xylanases have
been much less investigated.

6.1. Thermophiles

A number of thermophilic (optimal growth at
50-80 °C) and hyperthermophilic (optimal growth at
>80 °C) xylanase producing micro-organisms have been
isolated from a variety of sources, including terrestrial
and marine solfataric fields, thermal springs, hot pools
and self-heating decaying organic debris [6,128,139—
142]. The majority of the xylanases produced have been
found to belong to families 10 and 11, with as yet, no
reported studies of thermophilic xylanases belonging
to any of the other glycoside hydrolase families. Inter-
estingly, the gene for the thermostable xylanase (half-
life of 8 minutes at 100 °C) from the extreme thermo-
philic archaeon Thermococcus zilligii [143] has thus
far proven refractory to cloning with family 10 and
11 consensus primers [141], suggesting that this enzyme
may belong to one of the other less well studied glyco-
side hydrolase families described in this paper (i.e.,
families 5, 7, 8 or 43) or indeed to another as yet un-
known xylanase family.

Family 10 xylanases have been isolated from various
thermophilic and hyperthermophilic organisms, includ-
ing Thermotoga sp. [34,144], Caldicellulosiruptor
sp. [145], Rhodothermus marinus [146], Bacillus stearo-
thermophilus [147], Thermoascus aurantiacus [58] and
C. thermocellum [58]. Indeed, a family 10 xylanase, XynA
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from Thermotoga sp. strain FjSS3-B.1 is one of the most
thermostable xylanases reported to date with an apparent
optimum temperature for activity of 105 °C and a half-
life of 90 minutes at 95 °C [148]. While less frequent, fam-
ily 11 thermophilic xylanases have also been isolated,
with those from Thermomyces lanuginosus [6,149], Paeci-
lomyces varioti [122], Caldicellulosiruptor sp Rt69B.1.
[133], Dictyoglomus thermophilum [121], Chaetomium
thermophilum [120], Nonomuraea flexuosa [120] and Ba-
cillus strain D3 [128,150] being the most thoroughly in-
vestigated. Those from Nonomuraea flexuosa and
Dictyoglomus thermophilum are among the most stable,
with apparent temperature optima of 80 and 85 °C,
respectively. In addition to the above mentioned xylanase
producing bacteria a number of xylanase producing
hyperthermophilic archaea have also been recently
reported: Thermococcus zilligii [143], Pyrococcus furiosus
[143], Sulfolobus solfataricus [140], Pyrodictium abyssi
[151,152] and a number of Thermofilum strains [153].
Crystal structure analyses, sequence alignments and
mutagenesis studies have indicated that mesophilic and
thermophilic xylanases are very similar and that en-
hanced stability is probably due to an array of minor
modifications, with many xylanases using unique strate-
gies to improve their thermostability. These modifica-
tions include: an increase in the number of salt bridges
and hydrogen bonds [120,124], an improved internal
packing [120], an increased number of charged surface
residues [154], the presence, often as tandem repeats,
of thermostabilising domains [34,144,155], and/or the in-
troduction of disulphide bridges, in particular at the
N- or C- termini or in the a-helix regions [122,156,157].
Recently, the thermostabilising role of calcium on a
modular family 10 xylanase was demonstrated [146]
while the Bacillus D3 xylanase was also shown to use
a very unique adaptation strategy. Here a series of sur-
face aromatic residues form clusters or “‘sticky patches”
between pairs of molecules and these intermolecular hy-
drophobic interactions are believed to contribute to the
thermostability of this enzyme [128,150]. Collectively, or
singly, all of the above mentioned modifications could
improve the network of interactions within the protein,
thereby leading to a more rigid and stable enzyme.
A number of comprehensive structural studies of
thermal adaptation for family 10 and 11 xylanases have
allowed identification of specific adaptation strategies
for each family. For example, a comparison of the ther-
mophilic xylanases from Thermoascus aurantiacus and
C.thermocellum with mesophilic family 10 xylanases in-
dicated that the thermostability in this family is a conse-
quence of an improved hydrophobic packing, a
favorable interaction of charged side chains with the he-
lix dipoles as well as an increased proline content in the
N-termini of helices [58]. In contrast, a recent compara-
tive structural analysis of 5 thermophilic and 7 meso-
philic family 11 enzymes suggested that a general

thermostabilising adaptation in this family is a higher
threonine to serine ratio (threonine has a high B-forming
propensity), an increased number of residues in the B-
strands and frequently an additional B-strand Bl at
the N-terminus [120]. It is evident that the structural dif-
ferences between the families are the basis for this differ-
ence in adaptation strategies; family 10 enzymes have a
high o-helix content (approximately 40%) [95] while
family 11 enzymes have a high B-sheet content (greater
than 50%) [120].

6.2. Psychrophiles

Even though cold-temperature environments are the
most abundant on earth [158], only a small number of
cold-adapted, or psychrophilic, xylanase producers have
been identified. These encompass a wide range of organ-
isms; two gram negative bacteria (Pseudoalteromonas
haloplanktis TAH3a [80-83] and Flavobacterium frigida-
rium sp. nov. [159]), a gram positive bacterium (Clostrid-
ium strain PXYLI1 [160]), a yeast isolate (Cryptococcus
adeliae [161]), krill (Euphasia superba [162]), a number
of fungi (Penicillium sp., Alternaria alternata and Phoma
sp. 2 [163]) and a number of basidiomycetes (e.g., Copri-
nus psychromorbidus [164]). All have been isolated from
the Antarctic environment, but, apart from the bacterial
family 8 xylanase from Pseudoalteromonas haloplanktis
TAH3a (pXyl) and the Cryptococcus adeliae family 10
xylanase (Xp), studies of the xylanases produced are
minimal. Indeed, only these two xylanases and two xy-
lanases, xylanases A and B, from Antarctic krill have
been purified and characterized.

In accordance with most other psychrophilic enzymes
investigated to date [165-167], the common features of
the psychrophilic xylanases studied are a low tempera-
ture optimum, high catalytic activities at low tempera-
tures and poor stability (Fig. 4). Indeed, comparative
studies of pXyl and X with mesophilic xylanases
showed that these enzymes have a higher catalytic activ-
ity at low and moderate temperatures, having, respec-
tively, 10 and 3 times higher activity at 5 °C and 3 and
2 times higher activity at 30 °C [80]. Moreover, all psy-
chrophilic enzymes studied display high catalytic activi-
ty at low temperatures. At 5 °C, activity of pXyl is 60%
of the maximum while xylanases A and B from Euphasia
superba display, respectively, approximately 30% and
40% of their maximum activity. In comparison, a meso-
philic xylanase showed less than 5% of its maximum ac-
tivity at this temperature [80]. Likewise, the apparent
optimal temperatures for activity of pXyl, Xz and the
microfungal xylanases, which are, respectively, approxi-
mately 25, 9 and 10-30 °C lower than that of the meso-
philic reference xylanases used, gives further evidence of
the adaptation to cold environments of these enzymes.
Poor thermal stability of the psychrophilic xylanases
studied is indicated by short half-lives (e.g., at 55 °C
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Fig. 4. (a) Unfolding as monitored by differential scanning calorimetry
at a scan rate of 1 K min~! and (b) thermodependence of activity of the
cold-adapted family 8 xylanase pXyl (circles, solid lines), the
mesophilic family 11 xylanase Xyll [206] (squares, dashed lines) and
the thermophilic family 8 endoglucanase CelA [55,207] (triangles, short
dashed lines). Baseline subtracted DSC data have been normalized for
protein concentration. The lower molecular weight of the mesophilic
enzyme gives rise to the observed low calorimetric enthalpy.

pXyl has a 12 times shorter half-life of inactivation than
a mesophilic xylanase) and low denaturation tempera-
tures (pXyl shows a 10 °C and Xg a 14 °C decrease in
melting temperature compared to mesophilic reference
xylanases) while a lower chemical stability of the cold-
adapted family 8 xylanase is demonstrated by short
half-lives of guanidine hydrochloride inactivation and
unfolding [81].

Fluorescence monitoring of acrylamide quenching in-
dicated that, in addition to a reduced stability and in-
creased low temperature activity, the family 8 cold-
adapted xylanase has an increased flexibility compared
to a thermophilic homologous enzyme (CelA from
C. thermocellum) [81]. Indeed, this supports the hypoth-
esis that efficient catalysis at low temperatures is
brought about by an increased flexibility of the molecu-
lar edifice, thereby allowing the molecular motions nec-
essary for activity in the low temperature, low energy
environment but also leading to the observed reduced
stability.

At the structural level, it was found that, when com-
pared to a thermophilic and mesophilic homolog, re-
spectively, the family 8 and yeast cold-adapted
xylanases are both distinguished by a number of discrete
modifications which could give rise to a decrease in the
stability, and hence an increase in the flexibility, of the
molecular structure. The Pseudoalteromonas haloplank-
tis TAH3a xylanase is characterised by a reduced
number of salt-bridges and an increased exposure of hy-
drophobic residues [82,83], while the family 10 yeast
xylanase is characterized by a less compact hydrophobic
packing, the loss of one salt bridge and a destabilization
of the helix macrodipoles [161]. Indeed it can be seen
that these modifications are an extension of those ob-
served between thermophilic and mesophilic xylanases,
however, further analysis of psychrophilic xylanases, es-
pecially comparative studies with more closely related
and better characterised homologs are necessary to bet-
ter understand temperature adaptation in these en-
zymes. In particular, further comparative studies of
family 10 and 11 psychrophilic xylanases would be most
beneficial.

6.3. Alkaliphiles and acidophiles

While the majority of natural environments on earth
are essentially neutral, with pH values of between 5
and 9, habitats with extreme pHs are also common, in
particular in geothermal regions, carbonate laden soils,
soda deserts and soda lakes such as found in Egypt (Wadi
Natrun), the African Rift valley (Lakes Magadi and
Nakuru in Kenya), Central Asia, Western USA (Yel-
lowstone National Park) and Southern Europe (Vulcan-
o Island, Italy), Indeed, xylanase producing alkaliphilic
micro-organisms, which typically grow optimally at pH
values above 9, and acidophiles, which grow optimally
between pH 1 and 5, have been isolated from these envi-
ronments [136,168,169] and also from such sources as
kraft pulp [170], pulp and paper industry wastes [171],
decomposing organic matter [172], faeces [168], plant
sources [173], soils [136,174] and even from neutral envi-
ronments where they are found coexisting with neutro-
philic micro-organisms [168].

The first report of a xylanase produced by an alkali-
philic micro-organism was as early as 1973 for a xylan-
ase from Bacillus sp. C-59-2 [175] and since this initial
finding a number of xylanases have been isolated from
various acidophilic and alkaliphilic micro-organisms.
These include family 10 and 11 xylanases from a number
of Bacillus sp. [116,147,174], Trichoderma sp.
[126,127,176], Aspergillus sp. [114,115], Penicillium sp.
[136], Acidobacterium sp. [177] and Cryptococcus
sp. [178]. In addition, family 8 xylanases have been iso-
lated from alkalophilic B. halodurans C-125 [77,78] and
B. halodurans MIR32 [43], however analysis of the ami-
no-acid sequences indicates that these may be intracellu-
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lar enzymes and thus may not be adapted to the envi-
ronment of their hosts.

Many of the alkaliphilic microorganisms studied
have been found to produce xylanases with pH optima
in the near neutral region but with relatively high activ-
ities being retained in alkaline conditions. In addition, a
number of xylanases with more alkaline pH optima have
also been isolated and one the most alkaliphilic xylanases
reported to date is XylB from Bacillus sp. AR-009,
which has a pH optimum of pH 9-10 [169]. Other highly
alkaliphilic xylanases include xylanase J from Bacillus
sp. strain 41M-1 [174] and a xylanase from Bacillus
pumilus 13, [172], both of which have a pH optimum
of 9. Much fewer acidophilic than alkaliphilic xylanases
have been studied and the most important of these are
the family 10 and 11 members from 7. reesei [126] A. ni-
ger [115], Aspergillus kawachii [114,179], Cryptococcus
sp. S-2 [178] and Penicillium sp. 40 [136]. The latter three
of these are among the most acidophilic of the studied
xylanases with a pH optimum of 2 and stability over a
broad pH range; the Penicillium sp. 40 xylanase is stable
from pH 2 to pH 5 [136] and the A. kawachii XynC is
stable at pH 1-9 [114,179].

The pH activity profiles of enzymes are highly de-
pendent on the pK,s of the catalytic residues which
are themselves dependent on the local environment
and hence on the nature of the amino-acids in the vicin-
ity of the catalytic residues. A recent study of a family
11 xylanase showed that, in general, residues that con-
tribute positive charges and hydrogen bonds serve to
lower the pK, values with shorter bonds having a more
pronounced effect. The chemical nature of the donor is
also important, with COOH being more effective than
OH and CONH, [180]. In contrast to this, neighbour-
ing carboxyl groups can either lower or raise the pK,
values of the catalytic glutamic acids depending upon
the electrostatic linkage of the residues involved in the
interaction [180]. In fact it has been noted that family
11 acidophilic xylanases have an aspartic acid residue
hydrogen bonded to the general acid/base catalyst
which is replaced by an asparagine in the xylanases ac-
tive under more alkaline conditions [114,126,181,182].
This residue influences the pH dependence of activity
and mutation of this aspartic acid to its amide deriva-
tive in the A. kawachii acidophilic xylanase resulted in
an upward shift of the pH optimum from pH 2 to a
pH of 5. Indeed, tertiary structure analysis of this en-
zyme [114] as well as of the family 11 xylanases from
T. reesei [126] and A. niger [115] indicated that adapta-
tion to low pH is brought about by an increase in neg-
ative charge and a substitution and reorientation of
residues, in particular aromatic residues, in the active
sites. In contrast, a random mutagenesis study of a
Neocallimastix patriciarum Xxylanase indicated that an
increased negative charge and increased hydrophobicity
increased the pH optimum of this enzyme [183].

Stability at the extremes of pH appears to be charac-
terized by a spatially biased distribution of charged res-
idues. The acidophilic and acid stable xylanase from
A. kawachii, for example, is characterized by a concen-
tration of acidic residues on its surface [114] which are
believed to reduce electrostatic repulsion of the positively
charged residues at low pHs. In contrast, enzymes stable
in alkaline conditions are typically characterized by a
decreased number of acidic residues and an increased
number of arginines. Furthermore, a recent comparative
structural study of family 11 enzymes suggests a correla-
tion between pH activity/stability and the number of salt
bridges, with acidophilic xylanases having much less of
these interactions than their alkaliphilic homologs
[120]. Indeed it was even suggested that adaptation to
high pH may occur via a similar mechanism to adapta-
tion to high temperatures [120].

7. Application of xylanases: extremophilic xylanases

Global markets for industrial enzymes grew from €1
billion in 1995 [184] to almost €2 billion in 2001 [185]
and continue to increase as new enzymes and applica-
tions are discovered. In the grain-processing enzymes
sector alone (which currently accounts for approximately
25-28% of total enzyme sales) an increase in market
value from €510 million in 2001 to €760 million in
2010 has been forecasted [185]. Presently the technical
industries, dominated by the detergent, starch, textile
and fuel alcohol industries, account for the majority of
the total enzymes market, with the feed and food en-
zymes together totaling only about 35%. Recently how-
ever, sales in some of the major technical industries has
stagnated (3% drop in 2001) while sales in both the food
and feed industries are increasing, with annual growth
rates of approximately 4-5% being forecasted [185].

Hydrolases constitute approximately 75% of the mar-
kets for industrial enzymes, with the glycosidases, in-
cluding cellulases, amylases and hemicellulases,
constituting the second largest group after proteases
[186]. Xylanases constitute the major commercial pro-
portion of hemicellulases but represent only a small per-
centage of the total enzyme sales. The sales figures are
expected to increase however, as these enzymes have at-
tracted increasing attention due to their potential for use
in several applications. In effect, the United States Pat-
ent and Trademark Office (http://www.uspto.gov/) lists
468 patents introduced since 2001 with reference to xy-
lanases (search field = all fields).

Xylanases have potential applications in a wide range
of industrial processes, covering all three sectors of in-
dustrial enzymes markets [186] and some of the most im-
portant of these are listed in Table 6. Other less well
documented putative applications include: in brewing,
to increase wort filterability and reduce haze in the final
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Table 6

Potential applications for xylanases

Market
Food

Reference

Function

Application

Industry

[186,196,197]

Improves maceration and juice clarification, reduces viscosity. Improves extraction

yield and filtration, process performance and product quality.

Fruit and vegetable juices,

Fruit and vegetable processing,
brewing, wine production.

nectars and purees, oils (e.g.,

olive oil, corn oil) and wines
Dough and bakery products

[79,186,198]

Improves elasticity and strength of the dough, thereby allowing easier handling,

larger loaf volumes and improved bread texture.

Baking

[186,199-201]

Decreases the content of non-starch polysaccharides, thereby reducing the

Monogastric (swine and poultry)

and ruminant feeds

Animal feeds.

Feed

intestinal viscosity and improving the utilization of proteins and starch. Improves

animal performance, increases digestability and nutritive value of poorly degradable

feeds, e.g., barley and wheat.

[5,192]
[186]

Reduces chlorine consumption and toxic discharges.

Biobleaching of kraft pulps
Bio-mechanical pulping

Paper and pulp

Technical
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Facilitates the pulping process and reduces the use of mechanical pulping methods,

hence reduces energy consumption.

[186]

Improves fibrillation and drainage properties of pulp, hence improving the process

efficiency and the paper strength.

Bio-modification of fibers

[186,202]

[203]

Facilitates the de-inking process and reduces the use of alkali.

Bio-de-inking

Reduces batter viscosity, improves gluten agglomeration and process efficiency.

Enzymatic retting, reduces/replaces chemical retting methods.

Starch-gluten separation

Starch
Textiles

[1,5,204]

Retting of flax, jute, ramie, hemp, etc.

[1,193,194]

Treatment/recycling of wastes. Production of fermentable products, renewable fuel

(bioethanol) and fine chemicals.

Treatment of agricultural, municipal

and food industry wastes

Bioremediation/Bioconversion

product [187]; in coffee extraction and in the preparation
of soluble coffee [7]; in detergents [188]; in the protoplas-
tation of plant cells [4]; in the production of pharmaco-
logically active polysaccharides for use as antimicrobial
agents [107] or antioxidants [189]; in the production of
alkyl glycosides for use as surfactants [190]; and in the
washing of precision devices and semiconductors [191].
The xylanases are frequently utilized alone, but are more
commonly used in conjunction with other enzymes and
in particular with other hydrolases, but also with prote-
ases, oxidases, isomerases etc.

Many of the xylanases used in industry today appear
to be of mesophilic and/or neutrophilic origin, yet en-
zymes from extremophilic sources may be of tremen-
dous utility in many biotechnological processes. In
particular, thermophilic enzymes could be used in appli-
cations where a cooling step would be uneconomical or
where high temperatures are required to increase the
bioavailability and/or solubility of substrates, to reduce
viscosity and/or to reduce the risk of contamination. Ac-
idophilic and alkaliphilic enzymes would obviously be
beneficial in processes where extreme pH conditions
are required or where adjustment of the pH to neutral
conditions is uneconomical. On the other hand, cold-
adapted xylanases would be beneficial to those processes
where heating is economically counterproductive or
where low temperatures are required to avoid alteration
of ingredient and/or product quality (e.g., flavour, col-
our etc.), to avoid microbial development and fermenta-
tion and/or to avoid product denaturation. In fact,
enzymes which combine a number of extremophilic
characteristics may be of the most use in industry.

The major current application of xylanases is in the
pulp and paper industries where the high temperature
(55-70 °C) and alkaline pH of the pulp substrate re-
quires thermo-alkaliphilic enzymes for efficient bioble-
aching [5,192]. Thermo-alkaliphilic or even thermo-
acidophilic xylanases may also be of use in bioconver-
sion processes where a variety of treatments, including
hot water and steam explosion, alkaline, solvent or acidic
pretreatments may be used prior to or simultaneous to
enzyme treatment [193,194]. Alkaliphilic xylanases
would also be required for detergent applications where
high pHs are typically used [188] while a thermostable
xylanase would be beneficial in animal feeds if added
to the feeds before the pelleting process (typically carried
out at 70-95 °C). In addition, for this latter application
the enzyme must be highly active at the temperature (ap-
proximately 40 °C) and pH (approximately pH 4.8) of
the digestive tract [195]. Cold adapted xylanases, which
are most active at low and intermediate temperatures,
could offer advantages over the currently used xylanases
in many of the low to moderate temperature processes,
in particular in the food industry. For example, they
would be most suited for use in the baking industry as
dough preparation and proofing is generally carried
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out at temperatures below 35 °C and indeed it has re-
cently been demonstrated that a cold-adapted family 8
xylanase is more efficient in baking than a commonly
used commercial enzyme [79].

8. Concluding remarks

A large variety of enzymes with xylanase activity
have been isolated and studied and can be classified in
glycoside hydrolase families 5, 7, 8, 10, 11 and 43, with
each of these families being characterized by a particular
fold and mechanism of action. While extensive studies of
family 10 and 11 xylanases have been carried out, lead-
ing to an enrichment in the understanding of these en-
zymes, studies of the xylanase members of the other
families are sparse. Only a small number of enzymes
with xylanase activity have been identified in families
5, 7, 8 and 43, however, the numbers will increase with
further studies and may indeed be extended to additional
families as novel enzymes from novel sources are discov-
ered. New approaches, such as genome sequencing pro-
grams, functional and/or consensus PCR screening of
environmental DNA libraries (known as metagenomics)
as well as the study of extremophilic enzymes will, with-
out doubt, further extend the current repertoire, under-
standing, and applications of xylanases and xylanase
families.

Acknowledgements

The authors thank N. Gerardin and R. Marchand for
their skillful technical assistance and Jean-Claude Marx
for his help with the figures. We also wish to thank the
French Institute for Polar Research for generously ac-
commodating our research fellows at the French Ant-
arctic station in J.S. Dumont d’Urville, Terre Adelie.
This work was supported by the ‘Région Wallonne’
(contracts FIRST Europe ‘objective 3° R0202/215266
and BIOVAL 981/3860), the European Union (network
contract CT970131) and the ‘Fonds National de la Re-
cherche  Scientifique’ (contracts 2.4515.00 and
2.4536.04).

References

[1] Prade, R.A. (1995) Xylanases: from biology to biotechnology.
Biotech. Genet. Eng. Rev. 13, 100-131.

[2] Whistler, R. and Masek, E. (1955) Enzymatic hydrolysis of
xylan. J. Am. Chem. Soc. 77, 1241-1243.

[3] Shallom, D. and Shoham, Y. (2003) Microbial hemicellulases.
Curr. Opin. Microbiol. 6, 219-228.

[4] Kulkarni, N., Shendye, A. and Rao, M. (1999) Molecular and
biotechnological aspects of xylanases. FEMS Microbiol. Rev.
23, 411-456.

[5] Beg, Q.K., Kapoor, M., Mahajan, L. and Hoondal, G.S. (2001)
Microbial xylanases and their industrial applications: a review.
Appl. Microbiol. Biotechnol. 56, 326-338.

[6] Singh, S., Madlala, A.M. and Prior, B.A. (2003) Thermomyces
lanuginosus: properties of strains and their hemicellulases. FEMS
Microbiol. Rev. 27, 3-16.

[71 Wong, K.K.Y., Tan, L.U.L. and Saddler, J.N. (1988) Multi-
plicity of beta-1,4-xylanases in microorganisms: functions and
applications. Microbiol. Rev. 52, 305-317.

[8] Li, K., Azadi, P., Collins, R., Tolan, J., Kim, J. and Eriksson, K.
(2000) Relationships between activities of xylanases and xylan
structures. Enzyme Microb. Technol. 27, 89-94.

[9] Chanda, S.K., Hirst, E.L., Jones, J.K.N. and Percival, E.G.V.
(1950) The constitution of xylan from esparto grass. J. Chem.
Soc., 12889-12897.

[10] Eda, S., Ohnishi, A. and Kato, K. (1976) Xylan isolated from the
stalk of Nicotiana tabacum. Agric. Biol. Chem. 40, 359-364.

[11] Barry, V. and Dillon, T. (1940) Occurence of xylans in marine
algae. Nature 146, 620.

[12] Nunn, J.R., Parolis, H. and Russel, 1. (1973) Polysaccharides of
the red algae Chaetangium erinaceum. Part I. Isolation and
characterization of the water-soluble xylan. Carbohydr. Res. 26,
169-180.

[13] Percival, E.G.V. and Chanda, S.K. (1950) The xylan of
Rhodymenia palmata. Nature 166, 787-788.

[14] Puls, J., Schmidt, O. and Granzow, C. (1987) Glucuronidase in
two microbial xylanolytic systems. Enzyme Microb. Technol. 9,
83-88.

[15] Biely, P. (1985) Microbial xylanolytic systems. Trends Biotech-
nol. 3, 286-290.

[16] Subramaniyan, S. and Prema, P. (2002) Biotechnology of
microbial xylanases: enzymology, molecular biology, and appli-
cation. Crit. Rev. Biotechnol. 22, 33-64.

[17] Belancic, A., Scarpa, J., Peirano, A., Diaz, R., Steiner, J. and
Eyzaguirre, J. (1995) Penicillium purpurogenum produces several
xylanases: purification and properties of two of the enzymes. J.
Biotechnol. 41, 71-79.

[18] Sunna, A. and Antranikian, G. (1997) Xylanolytic enzymes from
fungi and bacteria. Crit. Rev. Biotechnol. 17, 39-67.

[19] Elegir, G., Szakacs, M. and Jeffries, T.W. (1994) Purification,
characterization and substrate specificities of multiple xylanases
from Streptomyces sp. strain B-12-2. Appl. Environ. Microbiol.
60, 2609-2615.

[20] Wubah, D.A., Akin, D.E. and Borneman, W.S. (1993) Biology,
fiber-degradation, and enzymology of anaerobic zoosporic fungi.
Crit. Rev. Microbiol. 19, 99-115.

[21] Matte, A. and Forsberg, C.W. (1992) Purification, characteriza-
tion, and mode of action of endoxylanases 1 and 2 from
Fibrobacter succinogenes S85. Appl. Environ. Microbiol. 58,
157-168.

[22] Krause, D.O., Denman, S.E., Mackie, R.I., Morrison, M.,
Rae, A.L., Attwood, G.T. and McSweeney, C.S. (2003) Oppor-
tunities to improve fiber degradation in the rumen: microbiol-
ogy, ecology, and genomics. FEMS Microbiol. Rev. 27, 663-693.

[23] Gilbert, H.J. and Hazlewood, G.P. (1993) Bacterial cellulases
and xylanases. J. Gen. Microbiol. 139, 187-194.

[24] Gilbert, H.J., Sullivan, D.A., Jenkins, G., Kellett, L.E.,
Minton, N.P. and Hall, J. (1988) Molecular cloning of multiple
xylanase genes from Pseudomonas fluorescens subsp. cellulosa. J.
Gen. Microbiol. 134 (Pt 12), 3239-3247.

[25] Yang, R.C., MacKenzie, C.R., Bilous, D. and Narang, S.A.
(1989) Identification of two distinct Bacillus circulans xylanases
by molecular cloning of the genes and expression in Escherichia
coli. Appl. Environ. Microbiol. 55, 568-572.

[26] Biely, P., Markovic, O. and Mislovicova, D. (1985) Sensitive
detection of endo-1,4-beta-glucanases and endo-1,4-beta-xylan-
ases in gels. Anal. Biochem. 144, 147-151.



18 T. Collins et al. | FEMS Microbiology Reviews 29 (2005) 3-23

[27] Luthi, E., Love, D.R., McAnulty, J., Wallace, C., Caughey, P.A.,
Saul, D. and Bergquist, P.L. (1990) Cloning, sequence analysis,
and expression of genes encoding xylan-degrading enzymes from
the thermophile Caldocellum saccharolyticum. Appl. Environ.
Microbiol. 56, 1017-1024.

[28] Zhu, H., Paradis, F.W., Krell, P.J., Phillips, J.P. and Forsberg, C.W.
(1994) Enzymatic specificities and modes of action of the two
catalytic domains of the XynC xylanase from Fibrobacter succinog-
enes S85. J. Bacteriol. 176, 3885-3894.

[29] Irwin, D., Jung, E.D. and Wilson, D.B. (1994) Characterization
and sequence of a Thermomonospora fusca xylanase. Appl.
Environ. Microbiol. 60, 763-770.

[30] Black, G.W., Rixon, J.E., Clarke, J.H., Hazlewood, G.P.,
Ferreira, L.M., Bolam, D.N. and Gilbert, H.J. (1997) Cellulose
binding domains and linker sequences potentiate the activity of
hemicellulases against complex substrates. J. Biotechnol. 57, 59—
69.

[31] Millward-Sadler, S.J., Davidson, K., Hazlewood, G.P., Black, G.W.,
Gilbert, HJ. and Clarke, J.H. (1995) Novel cellulose-binding
domains, NodB homologues and conserved modular architecture
in xylanases from the aerobic soil bacteria Pseudomonas fluorescens
subsp. cellulosa and Cellvibrio mixtus. Biochem. J. 312 (Pt 1), 39-48.

[32] Hayashi, H., Takagi, K.I., Fukumura, M., Kimura, T., Karita, S.,
Sakka, K. and Ohmiya, K. (1997) Sequence of xynC and
properties of XynC, a major component of the Clostridium
thermocellum cellulosome. J. Bacteriol. 179, 4246-4253.

[33] Grepinet, O., Chebrou, M.C. and Beguin, P. (1988) Purification
of Clostridium thermocellum xylanase Z expressed in Escherichia
coli and identification of the corresponding product in the
culture medium of C. thermocellum. J. Bacteriol. 170, 4576-4581.

[34] Winterhalter, C., Heinrich, P., Candussio, A., Wich, G. and
Liebl, W. (1995) Identification of a novel cellulose-binding
domain within the multidomain 120 kDa xylanase XynA of the
hyperthermophilic bacterium Thermotoga maritima. Mol. Mi-
crobiol. 15, 431-444.

[35] Black, G.W., Rixon, J.E., Clarke, J.H., Hazlewood, G.P.,
Theodorou, M.K., Morris, P. and Gilbert, H.J. (1996) Evidence
that linker sequences and cellulose-binding domains enhance the
activity of hemicellulases against complex substrates. Biochem.
J. 319 (Pt 2), 515-520.

[36] Gilkes, N.R., Henrissat, B., Kilburn, D.G., Miller Jr., R.C. and
Warren, R.A. (1991) Domains in microbial 4-glycanases:
sequence conservation, function, and enzyme families. Micro-
biol. Rev. 55, 303-315.

[37] Defaye, J., Guillot, J.M., Biely, P. and Vrsanska, M. (1992)
Positional isomers of thioxylobiose, their synthesis and inducing
ability for p-xylan-degrading enzymes in the yeast Cryptococcus
albidus. Carbohydr. Res. 228, 47-64.

[38] Fontes, C.M., Gilbert, H.J., Hazlewood, G.P., Clarke, J.H.,
Prates, J.A., McKie, V.A., Nagy, T., Fernandes, T.H. and
Ferreira, L.M. (2000) A novel Cellvibrio mixtus family 10
xylanase that is both intracellular and expressed under non-
inducing conditions. Microbiology 146 (Pt 8), 1959-1967.

[39] Shulami, S., Gat, O., Sonenshein, A.L. and Shoham, Y. (1999)
The glucuronic acid utilization gene cluster from Bacillus
stearothermophilus T-6. J. Bacteriol. 181, 3695-3704.

[40] Teplitsky, A., Shulami, S., Moryles, S., Shoham, Y. and
Shoham, G. (2000) Crystallization and preliminary X-ray
analysis of an intracellular xylanase from Bacillus stearothermo-
philus T-6. Acta Crystallogr. D: Biol. Crystallogr. 56 (Pt 2), 181—
184.

[41] Henrissat, B., Claeyssens, M., Tomme, P., Lemesle, L. and
Mornon, J.P. (1989) Cellulase families revealed by hydrophobic
cluster analysis. Gene 81, 83-95.

[42] Henrissat, B. and Coutinho, P.M. (2001) Classification of
glycoside hydrolases and glycosyltransferases from hyperther-
mophiles. Methods Enzymol. 330, 183-201.

[43] Coutinho, P.M. and Henrissat, B. (1999) Carbohydrate-active
enzyme server (CAZY) at URL: http://afmb.cnrs-mrs.fr/~cazy/
CAZY/.

[44] Gebler, J., Gilkes, N.R., Claeyssens, M., Wilson, D.B., Beguin, P.,
Wakarchuk, W.W., Kilburn, D.G., Miller Jr., R.C., Warren, R.A.
and Withers, S.G. (1992) Stereoselective hydrolysis catalyzed by
related beta-1,4-glucanases and beta-1,4-xylanases. J. Biol. Chem.
267, 12559-12561.

[45] Claeyssens, M. and Henrissat, B. (1992) Specificity mapping of
cellulolytic enzymes: classification into families of structurally
related proteins confirmed by biochemical analysis. Protein Sci.
1, 1293-1297.

[46] Bourne, Y. and Henrissat, B. (2001) Glycoside hydrolases and
glycosyltransferases: families and functional modules. Curr.
Opin. Struct. Biol. 11, 593-600.

[47] Bergquist, P.L., Gibbs, M.D., Morris, D.D., Thompson, D.R.,
Uhl, A.M. and Daniel, R.M. (2001) Hyperthermophilic xylan-
ases. Methods Enzymol. 330, 301-319.

[48] Torronen, A. and Rouvinen, J. (1997) Structural and functional
properties of low molecular weight endo-1,4-beta-xylanases. J.
Biotechnol. 57, 137-149.

[49] Jeffries, T.W. (1996) Biochemistry and genetics of microbial
xylanases. Curr. Opin. Biotechnol. 7, 337-342.

[50] Flint, H.J., Martin, J., McPherson, C.A., Daniel, A.S. and
Zhang, J.X. (1993) A bifunctional enzyme, with separate
xylanase and beta(1,3-1,4)-glucanase domains, encoded by the
xynD gene of Ruminococcus flavefaciens. J. Bacteriol. 175, 2943—
2951.

[51] Rye, C.S. and Withers, S.G. (2000) Glycosidase mechanisms.
Curr. Opin. Chem. Biol. 4, 573-580.

[52] Zechel, D.L. and Withers, S.G. (2000) Glycosidase mechanisms:
anatomy of a finely tuned catalyst. Acc. Chem. Res. 33, 11-18.

[53] McCarter, J.D. and Withers, S.G. (1994) Mechanisms of
enzymatic glycoside hydrolysis. Curr. Opin. Struct. Biol. 4,
885-892.

[54] Nurizzo, D., Turkenburg, J.P., Charnock, S.J., Roberts, S.M.,
Dodson, E.J., McKie, V.A., Taylor, E.J., Gilbert, H.J. and
Davies, G.J. (2002) Cellvibrio japonicus alpha-L-arabinanase 43A
has a novel five-blade beta-propeller fold. Nat. Struct. Biol. 9,
665-668.

[55] Alzari, P.M., Souchon, H. and Dominguez, R. (1996) The crystal
structure of endoglucanase CelA, a family 8 glycosyl hydrolase
from Clostridium thermocellum. Structure 4, 265-275.

[56] Guerin, D.M., Lascombe, M.B., Costabel, M., Souchon, H.,
Lamzin, V., Beguin, P. and Alzari, P.M. (2002) Atomic (0.94 A)
resolution structure of an inverting glycosidase in complex with
substrate. J. Mol. Biol. 316, 1061-1069.

[57] Larson, S.B., Day, J., Barba de la Rosa, A.P., Keen, N.T. and
McPherson, A. (2003) First crystallographic structure of a
xylanase from glycoside hydrolase family 5: implications for
catalysis. Biochemistry 42, 8411-8422.

[58] Lo Leggio, L., Kalogiannis, S., Bhat, M.K. and Pickersgill, R.W.
(1999) High resolution structure and sequence of 7. aurantiacus
xylanase I: implications for the evolution of thermostability in
family 10 xylanases and enzymes with (beta)alpha-barrel archi-
tecture. Proteins 36, 295-306.

[59] Nolling, J., Breton, G., Omelchenko, M.V., Makarova, K.S.,
Zeng, Q., Gibson, R., Lee, H.M., Dubois, J., Qiu, D., Hitti, J.,
Wolf, Y.I., Tatusov, R.L., Sabathe, F., Doucette-Stamm, L.,
Soucaille, P., Daly, M.J., Bennett, G.N., Koonin, E.V. and
Smith, D.R. (2001) Genome sequence and comparative analysis
of the solvent-producing bacterium Clostridium acetobutylicum.
J. Bacteriol. 183, 4823-4838.

[60] daSilva, A.C., Ferro, J.A., Reinach, F.C., Farah, C.S., Furlan, L.R.,
Quaggio, R.B., Monteiro-Vitorello, C.B., Van Sluys, M.A.,
Almeida, N.F., Alves, L.M., do Amaral, A.M., Bertolini, M.C.,
Camargo, L.E., Camarotte, G., Cannavan, F., Cardozo, J.,


http://afmb.cnrs-mrs.fr/~cazy/CAZY/
http://afmb.cnrs-mrs.fr/~cazy/CAZY/

[61]

[62]

[63]

[64]

(6]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

T. Collins et al. | FEMS Microbiology Reviews 29 (2005) 3-23 19

Chambergo, J.R., Ciapina, L.P., Cicarelli, R.M., Coutinho, L.L.,
Cursino-Santos, J.R., El-Dorry, H., Faria, J.B., Ferreira, A.J.,
Ferreira, R.C., Ferro, M.I., Formighieri, E.F., Franco, M.C.,
Greggio, C.C., Gruber, A., Katsuyama, A.M., Kishi, L.T.,
Leite, R.P., Lemos, E.G., Lemos, M.V., Locali, E.C., Machado,
M.A., Madeira, A.M., Martinez-Rossi, N.M., Martins, E.C.,
Meidanis, J., Menck, C.F., Miyaki, C.Y., Moon, D.H., Moreira,
L.M., Novo, M.T., Okura, V.K., Oliveira, M.C., Oliveira, V.R.,
Pereira, H.A., Rossi, A., Sena, J.A., Silva, C., de Souza, R.F.,
Spinola, L.A., Takita, M.A., Tamura, R.E., Teixeira, E.C., Tezza,
R.I., Trindade dos Santos, M., Truffi, D., Tsai, S.M., White, F.F.,
Setubal, J.C. and Kitajima, J.P. (2002) Comparison of the
genomes of two Xanthomonas pathogens with differing host
specificities. Nature 417, 459-463.

Kunst, F., Ogasawara, N., Moszer, L., Albertini, A.M., Alloni, G.,
Azevedo, V., Bertero, M.G., Bessieres, P., Bolotin, A., Borchert,
S., Borriss, R., Boursier, L., Brans, A., Braun, M., Brignell, S.C.,
Bron, S., Brouillet, S., Bruschi, C.V., Caldwell, B., Capuano, V.,
Carter, N.M., Choi, S.K., Codani, J.J., Connerton, I.LF. and
Danchin, A., et al. (1997) The complete genome sequence of the
gram-positive bacterium Bacillus subtilis. Nature 390, 249-256.
Xu, J., Bjursell, M.K., Himrod, J., Deng, S., Carmichael, L.K.,
Chiang, H.C., Hooper, L.V. and Gordon, J.I. (2003) A genomic
view of the human-Bacteroides thetaiotaomicron symbiosis.
Science 299, 2074-2076.

Whitehead, T.R. (1993) Analyses of the gene and amino acid
sequence of the Prevotella (Bacteroides ) ruminicola 23 xylanase
reveals unexpected homology with endoglucanases from other
genera of bacteria. Curr. Microbiol. 27, 27-33.

Foong, F., Hamamoto, T., Shoseyov, O. and Doi, R.H. (1991)
Nucleotide sequence and characteristics of endoglucanase gene
engB from Clostridium cellulovorans. J. Gen. Microbiol. 137 (Pt
7), 1729-1736.

Cho, K.K., Kim, S.C., Woo, J.H., Bok, J.D. and Choi, Y.J.
(2000) Molecular cloning and expression of a novel family A
endoglucanase gene from Fibrobacter succinogenes S85 in Esch-
erichia coli. Enzyme Microb. Technol. 27, 475-481.

Poole, D.M., Hazlewood, G.P., Laurie, J.I., Barker, P.J. and
Gilbert, H.J. (1990) Nucleotide sequence of the Ruminococcus
albus SY 3 endoglucanase genes celA and celB. Mol. Gen. Genet.
223 (2), 217-230.

Saloheimo, M., Siika-aho, M., Tenkanen, M. and Penttila, M.E.
(2003) Novel xylanase from Trichoderma reesei, method for
production thereof, and methods employing this enzyme. In:
United States Patent Application 20030054518.

Tenkanen, M., Burgermeister, M., Vrsanska, M., Biely, P.,
Saloheimo, M. and Siika-aho, M. (2003) A novel xylanase
XYN 1V from Trichoderma reesei and its action on different
xylans In: Recent Advances in Enzymes in Grain Processing
(Courtin, C.M., Veraverbeke, W.S. and Delcour, J.A., Eds.), pp.
41-46. Kat. Univ. Leuven, Leuven.

Braun, E.J. and Rodrigues, C.A. (1993) Purification and
properties of an endoxylanase from a corn stalk rot strain of
Erwinia chrysanthemi. Phytopathology 83, 332-338.

Keen, N.T., Boyd, C. and Henrissat, B. (1996) Cloning and
characterization of a xylanase gene from corn strains of Erwinia
chrysanthemi. Mol. Plant Microbe Interact. 9, 651-657.
Hurlbert, J.C. and Preston 3rd, J.F. (2001) Functional charac-
terization of a novel xylanase from a corn strain of Erwinia
chrysanthemi. J. Bacteriol. 183, 2093-2100.

Suzuki, T., Ibata, K., Hatsu, M., Takamizawa, K. and Keiichi, K.
(1997) Cloning and expression of a 58-kDa xylanase VI gene
(xynD ) of Aeromonas caviae ME-1 in Escherichia coli which is not
categorized as a family F or family G xylanase. J. Fermen. Bioeng.
84, 86-89.

Mulder, N.J., Apweiler, R., Attwood, T.K., Bairoch, A., Barrell, D.,
Bateman, A., Binns, D., Biswas, M., Bradley, P., Bork, P., Bucher, P.,

74

(73]

[76]

7

[78]

(79

(30]

(81]

(82]

(83]

(34

[83]

(86]

(871

Copley, W., Courcelle, E., Das, U., Durbin, R., Falquet, L.,
Fleischmann, W., Griffiths-Jones, S., Haft, D., Harte, N., Hulo, N.,
Kahn, D., Kanapin, A., Krestyaninova, M., Lopez, R., Letunic, 1.,
Lonsdale, D., Silventoinen, V., Orchard, S.E., Pagni, M., Peyruc, D.,
Ponting, C.P., Selengut, J.D., Servant, F., Sigrist, C.J., Vaughan, R.
and Zdobnov, E.M. (2003) The InterPro Database, 2003 brings
increased coverage and new features. Nucleic Acids Res. 31, 315—
318.

Nishitani, K. and Nevins, D.J. (1991) Glucuronoxylan xylano-
hydrolase. A unique xylanase with the requirement for appen-
dant glucuronosyl units. J. Biol. Chem. 266, 6539-6543.

Biely, P., Vrsanska, M., Kremnicky, L., Tenkanen, M.,
Poutanen, K. and Hayn, M. (1993) Catalytic properties of
endo-b-1,4-xylanases of Trichoderma reesei In: Trichoderma
reesei Cellulases and Other Hydrolases (Suominen, P. and
Reinikainen, T., Eds.), pp. 125-135. Fagepaino Oy, Helsinki.
Parkkinen, T., Hakulinen, N., Tenkanen, M., Siika-aho, M. and
Rouvinen, J. (2004) Crystallization and preliminary X-ray
analysis of a novel Trichoderma reesei xylanase IV belonging
to glycoside hydrolase family 5. Acta Crystallogr. D: Biol.
Crystallogr. 60, 542-544.

Takami, H., Nakasone, K., Takaki, Y., Maeno, G., Sasaki, R.,
Masui, N., Fuji, F., Hirama, C., Nakamura, Y., Ogasawara, N.,
Kuhara, S. and Horikoshi, K. (2000) Complete genome sequence
of the alkaliphilic bacterium Bacillus halodurans and genomic
sequence comparison with Bacillus subtilis. Nucleic Acids Res.
28, 4317-4331.

Takami, H. and Horikoshi, K. (2000) Analysis of the genome of
an alkaliphilic Bacillus strain from an industrial point of view.
Extremophiles 4, 99-108.

Dutron, A., Georis, J., Genot, B., Dauvrin, T., Collins, T.,
Hoyoux, A. and Feller, G. (2004) Use of family 8 enzymes with
xylanolytic activity in baking. In: World Intellectual Property
Organization, PCT, WO 2004/023879 Al.

Collins, T., Meuwis, M.A., Stals, 1., Claeyssens, M., Feller, G.
and Gerday, C. (2002) A novel family 8 xylanase: functional and
physico-chemical characterization. J. Biol. Chem. 277, 35133—
35139.

Collins, T., Meuwis, M.A., Gerday, C. and Feller, G. (2003)
Activity, stability and flexibility in glycosidases adapted to
extreme thermal environments. J. Mol. Biol. 328, 419-428.

Van Petegem, F., Collins, T., Meuwis, M.A., Gerday, C.,
Feller, G. and Van Beeumen, J. (2002) Crystallization and
preliminary X-ray analysis of a xylanase from the psychrophile
Pseudoalteromonas haloplanktis. Acta Crystallogr. D: Biol.
Crystallogr. 58, 1494-1496.

Van Petegem, F., Collins, T., Meuwis, M.A., Gerday, C.,
Feller, G. and Van Beeumen, J. (2003) The structure of a cold-
adapted family 8 xylanase at 1.3 A resolution. Structural
adaptations to cold and investgation of the active site. J. Biol.
Chem. 278, 7531-7539.

Yoon, K.H., Yun, H.N. and Jung, K.H. (1998) Molecular
cloning of a Bacillus sp. KK-1 xylanase gene and characteriza-
tion of the gene product. Biochem. Mol. Biol. Int. 45, 337—
347.

Parsiegla, G., Juy, M., Reverbel-Leroy, C., Tardif, C.,
Belaich, J.P., Driguez, H. and Haser, R. (1998) The crystal
structure of the processive endocellulase CelF of Clostridium
cellulolyticum in complex with a thiooligosaccharide inhibitor
at 2.0 A resolution. EMBO J. 17, 5551-5562.

Egloff, M.P., Uppenberg, J., Haalck, L. and van Tilbeurgh, H.
(2001) Crystal structure of maltose phosphorylase from Lacto-
bacillus brevis: unexpected evolutionary relationship with glu-
coamylases. Structure (Camb) 9, 689-697.

Fierobe, H.P., Bagnara-Tardif, C., Gaudin, C., Guerlesquin, F.,
Sauve, P., Belaich, A. and Belaich, J.P. (1993) Purification and
characterization of endoglucanase C from Clostridium cellulo-



20

(38]

(391

[90]

1]

[92]

93]

94

193]

[96]

7

(98]

991

[100]

[101]

[102]

[103]

[104]

fuorescens and

T. Collins et al. | FEMS Microbiology Reviews 29 (2005) 3-23

Iyticum. Catalytic comparison with endoglucanase A. Eur. J.
Biochem. 217, 557-565.

Biely, P. (2003) Diversity of microbial endo-b-1,4-xylanases In:
Applications of Enzymes to Lignocellulosics (Mansfield, S.D.
and Saddler, J.N., Eds.), pp. 361-380. American chemical
Society, Washington.

Gilkes, N.R., Claeyssens, M., Aebersold, R., Henrissat, B.,
Meinke, A., Morrison, H.D., Kilburn, D.G., Warren, R.A. and
Miller Jr., R.C. (1991) Structural and functional relationships in
two families of beta-1,4-glycanases. Eur. J. Biochem. 202, 367-
377.

Biely, P., Vrsanska, M., Tenkanen, M. and Kluepfel, D. (1997)
Endo-beta-1,4-xylanase families: differences in catalytic proper-
ties. J. Biotechnol. 57, 151-166.

van Tilbeurgh, H. and Claeyssens, M. (1985) Detection and
differentiation of cellulase components using low molecular mass
fluorogenic substrates. FEBS Lett. 187, 283-288.

Biely, P., Kluepfel, D., Morosoli, R. and Shareck, F. (1993)
Mode of action of three endo-beta-1,4-xylanases of Streptomyces
lividans. Biochim. Biophys. Acta 1162, 246-254.

Haas, H., Herfurth, E., Stoffler, G. and Redl, B. (1992)
Purification, characterization and partial amino acid sequences
of a xylanase produced by Penicillium chrysogenum. Biochim.
Biophys. Acta 1117, 279-286.

Biely, P., Kratky, Z. and Vrsanska, M. (1981) Substrate-binding
site of endo-1,4-beta-xylanase of the yeast Cryptococcus albidus.
Eur. J. Biochem. 119, 559-564.

Derewenda, U., Swenson, L., Green, R., Wei, Y., Morosoli, R.,
Shareck, F., Kluepfel, D. and Derewenda, Z.S. (1994) Crystal
structure, at 2.6-A resolution, of the Streptomyces lividans
xylanase A, a member of the F family of beta-1,4-pD-glycanases.
J. Biol. Chem. 269, 20811-20814.

White, A., Withers, S.G., Gilkes, N.R. and Rose, D.R. (1994)
Crystal structure of the catalytic domain of the beta-1,4-
glycanase cex from Cellulomonas fimi. Biochemistry 33, 12546—
12552.

Harris, G.W., Jenkins, J.A., Connerton, I., Cummings, N.,
Lo Leggio, L., Scott, M., Hazlewood, G.P., Laurie, J.I,
Gilbert, H.J. and Pickersgill, R.W. (1994) Structure of the
catalytic core of the family F xylanase from Pseudomonas
identification of the xylopentaose-binding
sites. Structure 2, 1107-1116.

Pell, G., Taylor, E.J., Gloster, T.M., Turkenburg, J.P., Fontes, C.M.,
Ferreira, L.M., Nagy, T., Clark, S.J., Davies, G.J. and Gilbert, H.J.
(2004) The mechanisms by which family 10 glycoside hydrolases bind
decorated substrates. J. Biol. Chem. 279, 9597-9605.

Pell, G., Szabo, L., Charnock, S.J., Xie, H., Gloster, T.M.,
Davies, G.J. and Gilbert, H.J. (2004) Structural and biochemical
analysis of Cellvibrio japonicus xylanase 10C: how variation in
substrate-binding cleft influences the catalytic profile of family
GH-10 xylanases. J. Biol. Chem. 279, 11777-11788.
Dominguez, R., Souchon, H., Spinelli, S., Dauter, Z., Wilson, K.S.,
Chauvaux, S., Beguin, P. and Alzari, P.M. (1995) A common
protein fold and similar active site in two distinct families of beta-
glycanases. Nat. Struct. Biol. 2, 569-576.

Mechaly, A., Teplitsky, A., Belakhov, V., Baasov, T., Shoham, G.
and Shoham, Y. (2000) Overproduction and characterization of
seleno-methionine xylanase T-6. J. Biotechnol. 78, 83-86.
Schmidt, A., Schlacher, A., Steiner, W., Schwab, H. and Kratky, C.
(1998) Structure of the xylanase from Penicillium simplicissimum.
Protein Sci. 7, 2081-2088.

Canals, A., Vega, M.C., Gomis-Ruth, F.X., Diaz, M., Santam-
aria, R.R. and Coll, M. (2003) Structure of xylanase Xysldelta
from Streptomyces halstedii. Acta Crystallogr. D: Biol. Crystal-
logr. 59, 1447-1453.

Fujimoto, Z., Kuno, A., Kaneko, S., Yoshida, S., Kobayashi, H.,
Kusakabe, I. and Mizuno, H. (2000) Crystal structure of

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

Streptomyces olivaceoviridis E-86 beta-xylanase containing xy-
lan-binding domain. J. Mol. Biol. 300, 575-585.

Natesh, R., Bhanumoorthy, P., Vithayathil, P.J., Sekar, K.,
Ramakumar, S. and Viswamitra, M.A. (1999) Crystal structure
at 1.8 A resolution and proposed amino acid sequence of a
thermostable xylanase from Thermoascus aurantiacus. J. Mol.
Biol. 288, 999-1012.

Ryttersgaard, C., Lo Leggio, L., Coutinho, P.M., Henrissat, B.
and Larsen, S. (2002) Aspergillus aculeatus beta-1,4-galactanase:
substrate recognition and relations to other glycoside hydrolases
in clan GH-A. Biochemistry 41, 15135-15143.
Christakopoulos, P., Katapodis, P., Kalogeris, E., Kekos, D.,
Macris, B.J., Stamatis, H. and Skaltsa, H. (2003) Antimicrobial
activity of acidic xylo-oligosaccharides produced by family 10
and 11 endoxylanases. Int. J. Biol. Macromol. 31, 171-175.
Ntarima, P. (2000) Les xylanases des familles 10 et 11:
différentiation et caractérisation, Laboratory of Biochemistry,
University of Gent, Gent, pp. 96.

Katapodis, P., Vrsanska, M., Kekos, D., Nerinckx, W., Biely, P.,
Claeyssens, M., Macris, B.J. and Christakopoulos, P. (2003)
Biochemical and catalytic properties of an endoxylanase purified
from the culture filtrate of Sporotrichum thermophile. Carbohy-
dr. Res. 338, 1881-1890.

Bray, M.R. and Clarke, A.J. (1992) Action pattern of xylo-
oligosaccharide hydrolysis by Schizophyllum commune xylanase
A. Eur. J. Biochem. 204, 191-196.

Vrsanska, M., Gorbacheva, 1.V., Kratky, Z. and Biely, P. (1982)
Reaction pathways of substrate degradation by an acidic endo-
1,4-beta-xylanase of Aspergillus niger. Biochim. Biophys. Acta
704, 114-122.

Heightman, T.D. and Vasella, A. (1999) Recent insights into
inhibition, structure, and mechanism of configuration-retaining
glycosidase. Angew. Chem. Int. Ed. 38, 750-770.

Ntarima, P., Nerinckx, W., Klarskov, K., Devreese, B., Bhat, M.K.,
Van Beeumen, J. and Claeyssens, M. (2000) Epoxyalkyl glycosides
of D-xylose and xylo-oligosaccharides are active-site markers of
xylanases from glycoside hydrolase family 11, not from family 10.
Biochem. J. 347 (Pt 3), 865-873.

Fushinobu, S., Ito, K., Konno, M., Wakagi, T. and Matsuzawa, H.
(1998) Crystallographic and mutational analyses of an extremely
acidophilic and acid-stable xylanase: biased distribution of acidic
residues and importance of Asp37 for catalysis at low pH. Protein
Eng. 11, 1121-1128.

Krengel, U. and Dijkstra, B.W. (1996) Three-dimensional
structure of Endo-1,4-beta-xylanase 1 from Aspergillus niger,
molecular basis for its low pH optimum. J. Mol. Biol. 263, 70—
78.

Sabini, E., Wilson, K.S., Danielsen, S., Schulein, M. and Davies, G.J.
(2001) Oligosaccharide binding to family 11 xylanases: both covalent
intermediate and mutant product complexes display (2,5)B confor-
mations at the active. centre. Acta Crystallogr. D: Biol. Crystallogr.
57, 1344-1347.

Wakarchuk, W.W., Campbell, R.L., Sung, W.L., Davoodi, J.
and Yaguchi, M. (1994) Mutational and crystallographic anal-
yses of the active site residues of the Bacillus circulans xylanase.
Protein Sci. 3, 467-475.

Oakley, A.J., Heinrich, T., Thompson, C.A. and Wilce, M.C.
(2003) Characterization of a family 11 xylanase from Bacillus
subtillis B230 used for paper bleaching. Acta Crystallogr. D:
Biol. Crystallogr. 59, 627-636.

Ay, J., Gotz, F., Borriss, R. and Heinemann, U. (1998) Structure
and function of the Bacillus hybrid enzyme GluXyn-1: native-
like jellyroll fold preserved after insertion of autonomous
globular domain. Proc. Natl. Acad. Sci. USA 95, 6613-6618.
Hakulinen, N., Turunen, O., Janis, J., Leisola, M. and
Rouvinen, J. (2003) Three-dimensional structures of thermo-
philic beta-1,4-xylanases from Chaetomium thermophilum and



[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

T. Collins et al. | FEMS Microbiology Reviews 29 (2005) 3-23 21

Nonomuraea flexuosa. Comparison of twelve xylanases in rela-
tion to their thermal stability. Eur. J. Biochem. 270, 1399-1412.
McCarthy, A.A., Morris, D.D., Bergquist, P.L. and Baker, E.N.
(2000) Structure of XynB, a highly thermostable beta-1,4-
xylanase from Dictyoglomus thermophilum Rt46B.1, at 1.8 A
resolution. Acta Crystallogr. D: Biol. Crystallogr. 56 (Pt 11),
1367-1375.

Kumar, P.R., Eswaramoorthy, S., Vithayathil, P.J. and Visw-
amitra, M.A. (2000) The tertiary structure at 1.59 A resolution
and the proposed amino acid sequence of a family-11 xylanase
from the thermophilic fungus Paecilomyces varioti bainier. J.
Mol. Biol. 295, 581-593.

Wouters, J., Georis, J., Engher, D., Vandenhaute, J., Dusart, J.,
Frere, J.M., Depiereux, E. and Charlier, P. (2001) Crystallo-
graphic analysis of family 11 endo-beta-1,4-xylanase Xyll from
Streptomyces sp. S38. Acta Crystallogr. D: Biol. Crystallogr. 57,
1813-1819.

Gruber, K., Klintschar, G., Hayn, M., Schlacher, A., Steiner, W.
and Kratky, C. (1998) Thermophilic xylanase from Thermomy-
ces lanuginosus: high-resolution X-ray structure and modeling
studies. Biochemistry 37, 13475-13485.

Campbell,R.L.,Rose, D.R., Wakarchuk, W.W_, To,R.J., Sung, Z.
and Yagushi, M. (1993) High resolution structures of xylanases
from Bacillus circulans and Trichoderma harzianum identify a new
folding pattern and implications for the atomic basis of the
catalysis. Foundation for biotechnical and industrial fermentation
research In: Trichoderma reesei Cellulases and Other Hydrolases
(Souminen, P. and Reikainen, T., Eds.), pp. 63-72. Espoo, Finland.
Torronen, A. and Rouvinen, J. (1995) Structural comparison of
two major endo-1,4-xylanases from Trichoderma reesei. Bio-
chemistry 34, 847-856.

Torronen, A., Harkki, A. and Rouvinen, J. (1994) Three-
dimensional structure of endo-1,4-beta-xylanase II from Trich-
oderma reesei: two conformational states in the active site.
EMBO 1J. 13, 2493-2501.

Harris, G.W., Pickersgill, R.W., Connerton, I., Debeire, P.,
Touzel, J.P., Breton, C. and Perez, S. (1997) Structural basis of
the properties of an industrially relevant thermophilic xylanase.
Proteins 29, 77-86.

Penttila, M., Lehtovaara, P., Nevalainen, H., Bhikhabhai, R.
and Knowles, J. (1986) Homology between cellulase genes of
Trichoderma reesei: complete nucleotide sequence of the endo-
glucanase I gene. Gene 1692, 253-263.

Biely, P., Vrsanska, M. and Claeyssens, M. (1991) The endo-1,4-
beta-glucanase 1 from Trichoderma reesei. Action on beta-1,4-
oligomers and polymers derived from D-glucose and D-xylose.
Eur. J. Biochem. 200, 157-163.

Kleywegt, G.J., Zou, J.Y., Divne, C., Davies, G.J., Sinning, 1.,
Stahlberg, J., Reinikainen, T., Srisodsuk, M., Teeri, T.T. and
Jones, T.A. (1997) The crystal structure of the catalytic core
domain of endoglucanase I from Trichoderma reesei at 3.6 A
resolution, and a comparison with related enzymes. J. Mol. Biol.
272, 383-397.

Gosalbes, M.J., Perez-Gonzalez, J.A., Gonzalez, R. and
Navarro, A. (1991) Two beta-glycanase genes are clustered in
Bacillus polymyxa: molecular cloning, expression, and sequence
analysis of genes encoding a xylanase and an endo-beta-(1,3)-
(1,4)-glucanase. J. Bacteriol. 173, 7705-7710.

Morris, D.D., Gibbs, M.D., Ford, M., Thomas, J. and
Bergquist, P.L. (1999) Family 10 and 11 xylanase genes from
Caldicellulosiruptor sp. strain Rt69B.1. Extremophiles 3, 103—
111.

Gibbs, M.D., Reeves, R.A., Farrington, G.K., Anderson, P.,
Williams, D.P. and Bergquist, P.L. (2000) Multidomain and
multifunctional glycosyl hydrolases from the extreme thermo-
phile Caldicellulosiruptor isolate Tok7B.1. Curr. Microbiol. 40,
333-340.

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

Schell, M.A., Karmirantzou, M., Snel, B., Vilanova, D., Berger, B.,
Pessi, G., Zwahlen, M.C., Desiere, F., Bork, P., Delley, M.,
Pridmore, R.D. and Arigoni, F. (2002) The genome sequence of
Bifidobacterium longum reflects its adaptation to the human
gastrointestinal tract. Proc. Natl. Acad. Sci. USA 99, 14422
14427.

Kimura, T., Ito, J.,, Kawano, A., Makino, T., Kondo, H.,
Karita, S., Sakka, K. and Ohmiya, K. (2000) Purification,
characterization, and molecular cloning of acidophilic xylanase
from Penicillium sp.40. Biosci. Biotechnol. Biochem. 64, 1230
1237.

Waino, M. and Ingvorsen, K. (2003) Production of beta-
xylanase and beta-xylosidase by the extremely halophilic archa-
eon Halorhabdus utahensis. Extremophiles 7, 8§7-93.

Wejse, P.L., Ingvorsen, K. and Mortensen, K.K. (2003) Purifi-
cation and characterisation of two extremely halotolerant
xylanases from a novel halophilic bacterium. Extremophiles 7,
423-431.

Vieille, C. and Zeikus, G.J. (2001) Hyperthermophilic enzymes:
sources, uses, and molecular mechanisms for thermostability.
Microbiol. Mol. Biol. Rev. 65, 1-43.

Cannio, R., Di Prizito, N., Rossi, M. and Morana, A. (2004) A
xylan-degrading strain of Sulfolobus solfataricus: isolation and
characterization of the xylanase activity. Extremophiles 8, 117-
124.

Sunna, A. and Bergquist, P.L. (2003) A gene encoding a novel
extremely thermostablel,4-beta-xylanase isolated directly from
an environmental DNA sample. Extremophiles 7, 63-70.
Sunna, A., Moracci, M., Rossi, M. and Antranikian, G. (1997)
Glycosyl hydrolases from hyperthermophiles. Extremophiles 1,
2-13.

Uhl, A.M. and Daniel, R.M. (1999) The first description of an
archaeal hemicellulase: the xylanase from Thermococcus zilligii
strain AN1. Extremophiles 3, 263-267.

Zverlov, V., Piotukh, K., Dakhova, O., Velikodvorskaya, G. and
Borriss, R. (1996) The multidomain xylanase A of the hyper-
thermophilic bacterium Thermotoga neapolitana is extremely
thermoresistant. Appl. Microbiol. Biotechnol. 45, 245-247.
Luthi, E., Jasmat, N.B. and Bergquist, P.L. (1990) Xylanase
from the extremely thermophilic bacterium Caldocellum sacchar-
olyticum: overexpression of the gene in Escherichia coli and
characterization of the gene product. Appl. Environ. Microbiol.
56, 2677-2683.

Abou-Hachem, M., Olsson, F. and Nordberg Karlsson, E.
(2003) Probing the stability of the modular family 10 xylanase
from Rhodothermus marinus. Extremophiles 7, 483-491.
Khasin, A., Alchanati, I. and Shoham, Y. (1993) Purification
and characterization of a thermostable xylanase from Bacillus
stearothermophilus T-6. Appl. Environ. Microbiol. 59, 1725-
1730.

Simpson, H.D., Haufler, U.R. and Daniel, R.M. (1991) An
extremely thermostable xylanase from the thermophilic eubac-
terium Thermotoga. Biochem. J. 277 (Pt 2), 413-417.

Schlacher, A., Holzmann, K., Hayn, M., Steiner, W. and
Schwab, H. (1996) Cloning and characterization of the gene
for the thermostable xylanase XynA from Thermomyces lanug-
inosus. J. Biotechnol. 49, 211-218.

Connerton, I., Cummings, N., Harris, G.W., Debeire, P. and
Breton, C. (1999) A single domain thermophilic xylanase can
bind insoluble xylan: evidence for surface aromatic clusters.
Biochim. Biophys. Acta 1433, 110-121.

Andrade, C.M.M.C., Pereira, N. and Antranikian, G. (1999)
Extremely thermophilic microorganisms and their polymer-
hydrolytic enzymes. Rev. Microbiol. 30, 287-298.

Niehaus, F., Bertoldo, C., Kahler, M. and Antranikian, G.
(1999) Extremophiles as a source of novel enzymes for industrial
application. Appl. Microbiol. Biotechnol. 51, 711-729.



22 T. Collins et al. | FEMS Microbiology Reviews 29 (2005) 3-23

[153] Bragger, J.M., Daniel, R.M., Coolbear, T. and Morgan, H.-W.
(1989) Very stable enzymes from extremely thermophilic archae-
bacteria and eubacteria. Appl. Environ. Microbiol. 31, 556-561.

[154] Turunen, O., Vuorio, M., Fenel, F. and Leisola, M. (2002)
Engineering of multiple arginines into the Ser/Thr surface of
Trichoderma reesei endo-1,4-beta-xylanase 1l increases the ther-
motolerance and shifts the pH optimum towards alkaline pH.
Protein Eng. 15, 141-145.

[155] Fontes, C.M., Hall, J., Hirst, B.H., Hazlewood, G.P. and
Gilbert, H.J. (1995) The resistance of cellulases and xylanases to
proteolytic inactivation. Appl. Microbiol. Biotechnol. 43, 52-57.

[156] Turunen, O., Etuaho, K., Fenel, F., Vehmaanpera, J., Wu, X.,
Rouvinen, J. and Leisola, M. (2001) A combination of weakly
stabilizing mutations with a disulfide bridge in the alpha-helix
region of Trichoderma reesei endo-1,4-beta-xylanase II increases
the thermal stability through synergism. J. Biotechnol. 88, 37-46.

[157] Wakarchuk, W.W.,Sung, W.L.,Campbell, R.L., Cunningham, A.,
Watson, D.C. and Yaguchi, M. (1994) Thermostabilization of the
Bacillus circulans xylanase by the introduction of disulfide bonds.
Protein Eng. 7, 1379-1386.

[158] Sheridan, P.P., Panasik, N., Coombs, J.M. and Brenchley, J.E.
(2000) Approaches for deciphering the structural basis of low
temperature enzyme activity. Biochim. Biophys. Acta 1543, 417—
433.

[159] Humphry, D.R., George, A., Black, G.W. and Cummings, S.P.
(2001) Flavobacterium frigidarium sp. nov., an aerobic, psychro-
philic, xylanolytic and laminarinolytic bacterium from Antarc-
tica. Int. J. Syst. Evol. Microbiol. 51, 1235-1243.

[160] Akila, G. and Chandra, T.S. (2003) A novel cold-tolerant
Clostridium strain PXYL1 isolated from a psychrophilic cattle
manure digester that secretes thermolabile xylanase and cellu-
lase. FEMS Microbiol. Lett. 219, 63-67.

[161] Petrescu, 1., Lamotte-Brasseur, J., Chessa, J.P., Ntarima, P.,
Claeyssens, M., Devreese, B., Marino, G. and Gerday, C. (2000)
Xylanase from the psychrophilic yeast Cryptococcus adeliae.
Extremophiles 4, 137-144.

[162] Turkiewiz, M., Kalinowska, H., Zielinska, M. and Bielecki, S.
(2000) Purification and characterisation of two endo-1,4-xylan-
ases from Antarctic krill, Euphasia superba Dana. Comp. Biol.
Physiol. Part B 127, 325-335.

[163] Bradner, J.R., Sidhu, R.K., Gillings, M. and Nevalainen, K.M.
(1999) Hemicellulase activity of antarctic microfungi. J. Appl.
Microbiol. 87, 366-370.

[164] Inglis, G.D., Popp, A.P., Selinger, L.B., Kawchuk, L.M.,
Gaudet, D.A. and McAllister, T.A. (2000) Production of
cellulases and xylanases by low-temperature basidiomycetes.
Can. J. Microbiol. 46, 860-865.

[165] Collins, T., Claverie, P., D’Amico, S., Georlette, D., Gratia, E.,
Hoyoux, A., Meuwis, M.A., Poncin, J., Sonan, G., Feller, G.
and Gerday, C. (2002). Life in the Cold: Psychrophilic En-
zymesRecent Research Developments in Proteins, Vol. 1.
Transworld Research Network, Trivandrum, pp. 13-26.

[166] Feller, G. and Gerday, C. (2003) Psychrophilic enzymes: hot
topics in cold adaptation. Nat. Rev. Microbiol. 1, 200-208.

[167] Georlette, D., Blaise, V., Collins, T., D’Amico, S., Gratia, E.,
Hoyoux, A., Marx, J.C., Sonan, G., Feller, G. and Gerday, C.
(2004) Some like it cold: biocatalysis at low temperatures. FEMS
Microbiol. Rev. 28, 25-42.

[168] Horikoshi, K. (1999) Alkaliphiles: some applications of their
products for biotechnology. Microbiol. Mol. Biol. Rev. 63, 735~
750.

[169] Gessesse, A. (1998) Purification and properties of two thermo-
stable alkaline xylanases from an alkaliphilic Bacillus sp. Appl.
Environ. Microbiol. 64, 3533-3535.

[170] Yang, V.W., Zhuang, Z., Elegir, G. and Jeffries, T.W. (1995)
Alkaline-active xylanase produced by an alkaliphilic Bacillus sp.
isolated from kraft pulp. J. Indust. Microbiol. 15, 434-441.

[171] Ratanakhanokchai, K., Kyu, K.L. and Tanticharoen, M. (1999)
Purification and properties of a xylan-binding endoxylanase
from alkaliphilic Bacillus sp. strain K-1. Appl. Environ. Micro-
biol. 65, 694-697.

[172] Duarte, M.C., Pellegrino, A.C., Portugal, E.P., Ponezi, A.N. and
Franco, T.T. (2000) Characterization of alkaline xylanases from
Bacillus pumilus. Braz. J. Microbiol. 31, 90-94.

[173] Christakopoulos, P., Nerinckx, W., Kekos, D., Macris, B. and
Claeyssens, M. (1996) Purification and characterization of two
low molecular mass alkaline xylanases from Fusarium oxysporum
F3. J. Biotechnol. 51, 181-189.

[174] Nakamura, S., Wakabayashi, K., Nakai, R., Aono, R. and
Horikoshi, K. (1993) Purification and some properties of an
alkaline xylanase from alkaliphilic Bacillus sp. strain 41M-1.
Appl. Environ. Microbiol. 59, 2311-2316.

[175] Horikoshi, K. and Atsukawa, Y. (1973) Xylanase produced by
alkalophilic Bacillus no C-59-2. Agric. Biol. Chem. 37, 2097—
2103.

[176] Torronen, A., Mach, R.L., Messner, R., Gonzalez, R., Kalkki-
nen, N., Harkki, A. and Kubicek, C.P. (1992) The two major
xylanases from Trichoderma reesei: characterization of both
enzymes and genes. Biotechnology (NY) 10, 1461-1465.

[177] Inagaki, K., Nakahira, K., Mukai, K., Tamura, T. and Tanaka,
H. (1998) Gene cloning and characterization of an acidic
xylanase from Acidobacterium capsulatum. Biosci. Biotechnol.
Biochem. 62, 1061-1067.

[178] Iefuji, H., Chino, M., Kato, M. and limura, Y. (1996) Acid
xylanase from yeast Cryptococcus sp. S-2: purification, charac-
terization, cloning, and sequencing. Biosci. Biotechnol. Biochem.
60, 1331-1338.

[179] Ito, K., Iwashita, K. and Iwano, K. (1992) Cloning and
sequencing of the xynC gene encoding acid xylanase of Asper-
gillus kawachii. Biosci. Biotechnol. Biochem. 56, 1338-1340.

[180] Joshi, M.D., Sidhu, G., Nielsen, J.E., Brayer, G.D., Withers, S.G.
and Mclntosh, L.P. (2001) Dissecting the electrostatic interac-
tions and pH-dependent activity of a family 11 glycosidase.
Biochemistry 40, 10115-10139.

[181] Sapag, A., Wouters, J., Lambert, C., de loannes, P., Eyzaguirre, J.
and Depiereux, E. (2002) The endoxylanases from family 11:
computer analysis of protein sequences reveals important struc-
tural and phylogenetic relationships. J. Biotechnol. 95, 109-131.

[182] Joshi, M.D., Sidhu, G., Pot, 1., Brayer, G.D., Withers, S.G. and
Mclntosh, L.P. (2000) Hydrogen bonding and catalysis: a novel
explanation for how a single amino acid substitution can change
the pH optimum of a glycosidase. J. Mol. Biol. 299, 255-279.

[183] Chen, Y.L., Tang, T.Y. and Cheng, K.J. (2001) Directed
evolution to produce an alkalophilic variant from a Neocalli-
mastix patriciarum xylanase. Can. J. Microbiol. 47, 1088-1094.

[184] Godfrey, T. and West, S. (1996) Industrial Enzymology, Second
ed. Macmillan Press Ltd., London.

[185] Godfrey, T. (2003) The enzymes market for grain processing In:
Recent Advances in Enzymes in Grain Processing (Courtin, C.M.,
Veraverbeke, W.S. and Delcour, J.A., Eds.), pp. 401-406. Kat.
Univ. Leuven, Leuven.

[186] Bhat, M.K. (2000) Cellulases and related enzymes in biotech-
nology. Biotech. Adv. 18, 355-383.

[187] Tikhomirov, D.F., Sinitsyn, A.P., Zorov, .N. and Williams, C.
(2003) Non-starch polysaccharide hydrolysing microbial en-
zymes in grain processing In: Recent Advances in Enzymes in
Grain Processing (Courtin, C.M., Veraverbeke, W.S. and
Delcour, J.A., Eds.), pp. 413-418. Kat. Univ. Leuven, Leuven.

[188] Kamal Kumar, B., Balakrishnan, H. and Rele, M.V. (2004)
Compeatibility of alkaline xylanases from an alkaliphilic Bacillus
NCL (87-6-10) with commercial detergents and proteases. J. Ind.
Microbiol. Biotechnol. Epub ahead of print.

[189] Katapodis, P., Vardakou, M., Kalogeris, E., Kekos, D., Macris, B.J.
and Christakopoulos, P. (2003) Enzymic production of a feruloy-



T. Collins et al. | FEMS Microbiology Reviews 29 (2005) 3-23 23

lated oligosaccharide with antioxidant activity from wheat flour
arabinoxylan. Eur. J. Nutr. 42, 55-60.

[190] Matsumura, S., Sakiyama, K. and Toshima, K. (1999) Prepa-
ration of octyl-B-D-xylobioside and xyloside by xylanase cata-
lyzed direct transglycosylation reaction of xylan and octanol.
Biotechnol. Lett. 21, 17-22.

[191] Imanaka, T. and Sakurai, S. (1992) Method of washing super
precision devices, semiconductors, with enzymes. United States
Patent 5,078,802.

[192] Viikari, L. (1994) Xylanases in bleaching: from an idea to the
industry. FEMS Microbiol. Rev. 13, 335-350.

[193] Mielenz, J.R. (2001) Ethanol production from biomass: tech-
nology and commercialization status. Curr. Opin. Microbiol. 4,
324-329.

[194] Saha, B.C. (2003) Hemicellulose bioconversion. J. Ind. Micro-
biol. Biotechnol. 30, 279-291.

[195] Campenhout, L.V., Somers, I., Van de Craen, S. and Adams, C.
(2003) In vitro test to evaluate protein degradation by feed
enzymes In: Recent Advances in Enzymes in Grain Processing
(Courtin, C.M., Veraverbeke, W.S. and Delcour, J.A., Eds.), pp.
387-390. Kat. Univ. Leuven., Leuven.

[196] Galante, Y.M., De Conti, A. and Monteverdi, R. (1998)
Application of Trichoderma enzymes in food and feed industries
In: Trichoderma and Gliocladium — Enzymes, Biological Con-
trol and Commercial Applications (Harman, G.E. and Kubicek,
C.P., Eds.), pp. 327-342. Taylor and Francis, London.

[197] Wong, K.K.Y. and Saddler, J.N. (1993) Applications of hemi-
cellulases in the food, feed and pulp and paper industries In:
Hemicelluloses and Hemicellulases (Coughlan, M.P. and Hazle-
wood, G.P., Eds.), pp. 127-143. Portland Press, London.

[198] Maat, J., Roza, M., Verbakel, J., Stam, H., daSilra, M.J.S.,
Egmond, M.R., Hagemans, M.L.D., van Garcom, R.F.M.,
Hessing, J.G.M., van Derhondel, C. and van Rotterdam, C.
(1992) Xylanases and their application in baking In: Xylan and
Xylanases (Visser, J., Beldman, G., van Someren, M.A.K. and
Voragen, A.G.J., Eds.), pp. 349-360. Elsevier, Amsterdam.

[199] Mathlouthi, N., Lalles, J.P., Lepercq, P., Juste, C. and Larbier, M.
(2002) Xylanase and beta-glucanase supplementation improve
conjugated bile acid fraction in intestinal contents and increase
villus size of small intestine wall in broiler chickens fed a rye-based
diet. J. Anim. Sci. 80, 2773-2779.

[200] Mathlouthi, N., Mohamed, M.A. and Larbier, M. (2003)
Effect of enzyme preparation containing xylanase and beta-
glucanase on performance of laying hens fed wheat/barley-
or maize/soybean meal-based diets. Br. Poult. Sci. 44, 60—
66.

[201] Mathlouthi, N., Juin, H. and Larbier, M. (2003) Effect of
xylanase and beta-glucanase supplementation of wheat- or
wheat- and barley-based diets on the performance of male
turkeys. Br. Poult. Sci. 44, 291-298.

[202] Pala, H., Mota, M. and Gama, F.M. (2004) Enzymatic versus
chemical deinking of non-impact ink printed paper. J. Biotech-
nol. 108, 79-89.

[203] Frederix, S.A., Courtin, C.M. and Delcour, J.A. (2003) Impact
of endoxylanases with different substrate selectivity on gluten-
starch separation In: Recent Advances in Enzymes in Grain
Processing (Courtin, C.M., Veraverbeke, W.S. and Delcour,
J.A., Eds.), pp. 247-254. Kat. Univ. Leuven, Leuven.

[204] Sharma, H.S.S. (1987) Enzymatic degradation of residual non-
cellulosic polysaccharides present on dew-retted flax fibers. Appl.
Microbiol. Biotechnol. 26, 2714-2723.

[205] Guex, N. and Peitsch, M.C. (1997) SWISS-MODEL and the
Swiss-PdbViewer: an environment for comparative protein
modeling. Electrophoresis 18, 2714-2723.

[206] Georis, J., Giannotta, F., Lamotte-Brasseur, J., Devreese, B.,
Van Beeumen, J., Granier, B. and Frere, J.M. (1999) Sequence,
overproduction and purification of the family 11 endo-beta-1,4-
xylanase encoded by the xyll gene of Streptomyces sp. S38. Gene
237, 123-133.

[207] Beguin, P., Cornet, P. and Aubert, J.P. (1985) Sequence of a
cellulase gene of the thermophilic bacterium Clostridium ther-
mocellum. J. Bacteriol. 162, 102—-105.



	Xylanases, xylanase families and extremophilic xylanases
	Introduction
	The substrate: xylan
	Xylanases: multiplicity and multiple-domains
	Classification of xylanases
	Glycoside hydrolase families 5, 7, 8, 10, 11 and 43
	Catalytic mechanisms
	Glycoside hydrolase family 5
	Glycoside hydrolase family 8
	Glycoside hydrolase family 10
	Glycoside hydrolase family 11
	Glycoside hydrolase families 7 and 43

	Extremophilic xylanases
	Thermophiles
	Psychrophiles
	Alkaliphiles and acidophiles

	Application of xylanases: extremophilic xylanases
	Concluding remarks
	Acknowledgements
	References


