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Thermostabie xylanase for the selective hydrolysis of pentose-containing

polysaccharides

Background of the invention

Hemiceliuloses and particuiarly xylan-containing polysaccharides are a valuable source for
the production of monosaccharides that can be converted into biofuels, industrial platform
chemicals, consumer products, food and feed additives. Due {o the heterogeneous chemical
structure of this material its degradation requires a series of physicochemical and/or
enzymatic freatment steps. Processes that enable an effective and selective hydrolysis of

pentose-containing polysaccharides are highly desirable.

An important source of pentoses from biomass is xylan. Xylan constitutes about 15-25% of
lignocellulosic biomass and up to 70% of other feedstocks such as oat spealts. Xylans
represent one of the major components of plant cell walls and are abundantly found in
agricultural waste products, e.g. wheat straw, corn stover, comn cobs, and cotton seed.
Xylans consist of xylose monomeric subunits linked by #-1-4-glycosidic bonds in a complex
polymer with various other components such as arabinose, glucuronic acid, methylglucuronic
acid, and acetyl groups. in cereals, xylans frequently contain side chains of a-1,2- and/or o-
1,3-inked L-arabinofuranoside. These substituted xylans are commoniy referred to as
arabinoxylans. Xylans that are substituted with glucose are referred to as glucoxylans. Also

mixed forms of these xylans exist.

Xylanases {B-1,3- or 3-1,4-xylan xylohydrolase; E.C. 3.2.1.8) are xylanolytic enzymes that
depolymerize xylans, arabinoxylan, and/or other xylose-containing polysaccharides. Endo-
xylanases (e.g. endo-3-1,4-xylanase) hydrolyze the internal R-glycosidic linkages in xylan,
arabinoxylan, and/or other xylose-containing polysaccharides to produce smaller molecular

weight xylo-oligomers or xyiose monomers.

Major industrial appiications of xylanases ioday are in the pulp and paper industry to improve
the bleachability of pulps and to produce xylose as basis for the sweetener xylitol.
Furthermore, xylanases can be used in food and feed compositions which contain cereals
(e.g. barley, wheat, maize, rye, triticaie, or oats) or cereal by-products that are rich in xylans,

arabinoxylans and/or glucoxylans. Addition of xylanases to animal feed or baking products
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improves the break-down of piant cell walls which leads to better utilization of plant nutrients
and/or prolonged bread freshness, respectively. In feed compositions xylanase addition
leads to improved animal growth rate and feed conversion. Additionally, the viscosity of feed
compositions containing xylan can be reduced by xylanase leading fo better acceptability and

adsorption.

Despite the relatively high number of known fungal and bacterial xylanases, the number of
xylanases which are industrially applicabie remains limited. This is mainly due to physical
process conditions, such as high temperature anc low pH, as well as lack of subsirate and/or

product selectivity. Such drawbacks limit the use of xylanases.

Typical fungal xylanases are inefficient at temperatures higher than 60°C and they generate
a broad spectrum of sugar products containing mixtures of hexoses and pentoses {Saha,
B.C. (2003) Hemicellulose bioconversion. J. Ind. Microbiol. Biotechnol. 30:279-281). The lack
of product specificity and the rapid deactivation of these enzymes at process temperatures
>60°C limits their application in industrial applications. Higher product specificity and
operating temperatures wouid, however, result in simplified purification procedures and faster

product generation, leading to overall process intensification and cost reduction.

While typical fungal xylanase preparations operate between pH 3.5 — 8.0, they are rapidly
deactivated under process conditions outside this pH range (Kulkani, N., Shendye, A., Rao,
M. (1999} Molecular and biotechnological aspects of xylanases FEMS Microbiology Reviews
23:411-456; Savitha S, Sadhasivam S, Swaminathan K. Application of Aspergillus fumigatus
xylanase for quality improvement of waste paper puip. Bull Environ Contam Toxicol, 2007
Apr;78(3-4):217-21). However, for food and feed applications it is desirabie that xylanases

are stable and/or operate over a broad pH range.

An additional preferable feature is resistance to proteolytic hydrolysis, which would result in
higher process stability. Available xylanase are either not resistant to hydrolysis or lack the
desired product specifity or temperature stability (Mendicuti Castro LP, Trejo-Aguitar BA,
Aguilar Osorio G. Thermostable xylanases produced at 37 degrees C and 45 degrees C by a
thermotolerant Aspergillus strain.FEMS Microbiol Lett. 1997 Jan 1;146(1):97-102; Li N, Yang
P, Wang VY, Luo M, Meng K, Wu N, Fan Y, Yao B. (2008) Cioning, expression, and
characterization of protease-resistant xylanase from Streptomyces fradiae var. k11, J
Microbiol Biotechnol. 18(3):410-416).
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Typically, fungal xylanases have a temperature optimum of about 50 °C and a lower pH
optimum than bacterial xylanases. A typical example of a fungal xylanase was isolated from
Trichoderma longibrachiatum (Xyl1, Mr: 20 Kda, pl ~5.5, 4). The enzyme has temperature
and pH optima around 50°C and pH 4.5, respectively. The xylanase is stable over a pH
range from 3-8 and is deactivated above 55 °C as expected for fungal enzymes. The enzyme
preferentially cleaves xyiose units from either linear xylan or branched hemicellulose
polymers. Like other fungal xylanases it also has a rather broad substrate specificity, leading
to significant celiulase and arabinase side activities. Fungal xylanases that have been
modified to increase thermostability are disciosed in WO 02/18561A2.

fn contrast to fungat xylanase, several xylanases from bacteria have a temperature optimum
in the range of 50 to 80 °C. One example is a thermostable xylanase from Thermobifida
{Thermomonospora) fusca (Mr: 22 kDa, pl ~5 ) which operates in the pH range between 5-8
and at temperatures of 50-75°C. Other thermostable xylanases are described in WO
03/106654A2

However, for industrial applications highly efficient xylanases with enhanced thermostability

are desirable.

Summary of the invention

The present invention discloses novel polypeptides having xylanase activity which are
characterized by high thermostabiiity. Preferabiy, the polypeptide according to the present
invention maintains at least 80%, more preferably more than 90% of its xylanase activity after
72 hours incubation at 70 °C in 50 mM phosphate buffer pH 5.0.

The prasent invention further provides a nucleic acid encoding the polypeptide according to
the present invention. In a preferred embodiment, a nucleic acid encoding a polypeptide
having an amino acid sequence with at least 70% sequence identity, preferably 20%
sequence identity, to the SEQ 1D No: 1 or SEQ ID NO:3 is provided.

The present invention further provides a vector comprising a nucleic acid of the present

invention,

The present invention further provides a host cell transformed with a vector comprising a

hucleic acid of the present invention.
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The invention also provides methods of preparing xytanases, including substrate-selective and
thermotolerant xyfanases, comprising the steps of obtaining a host cell of the present invention,
which has been transformed with a vector of the present invention, preferably with a vector
comprising a nucleic acid encoding a polypeptide having an amino acid sequence with at least
70% sequence identity to the SEQ 1D No: 1, cultivating the host cell under conditions under which
the xylanase protein encoded by said nucleic acid is expressed and recovering the xylanase

profein,

The present invention further provides a composition comprising a polypeplide according to the

present invention and a cellulase.

The invention also discloses the use of a polypeptide according to the present invention and
of the composition according to the present invention for the enzymatic degradation of
lignocelluiosic biomass.

Brief Description of the Figures

Fig. 1:_Recombinant expression of Xyl7A, Purity of xylanase preparations, SDS-PAGE,
Coomassie-stained, M = Marker; 1 = Xy! 1 {control); 2 = XyI7A

Fig. 2. Analysis of hydrolysis of a.) wheat straw, b.) oat spelt xylan, and ¢.) rye arabinoxylan
using Xyl 1 (black bars) and Xyi7A (shaded bars).

Fig. 3: Hydrolysis of wheat straw xylan by Xy! 1 and Xyl7A at different temperatures over 72h

reaction time. Activity is shown as xylose yield in % (w/w} of dry weight,

Fig. 4: Xyl7A pH activity profile

Fig. 5: Determination of apparent Xyl7A thermostability when pre-incubated for 30 min in 50
mM phosphate buffer at temperatures between 4 and 80 °C

Fig. 6: Residual Xyl7A activity after 60 min protease treatment

Fig. 7: Determination of Xyl7A thermostability as residual activity after 0 to 72 h incubation in
50 mM phosphate buffer at 70 °C
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Definitions

The term “xylanase” is defined herein as a 3-1,3- or -1,4-xyian xylohydrolase (E.C. 3.2.1.8),
which catalyzes the hydrolysis of -1,3- or -1,4-xylosidic linkages with the release of smalier

moiecular weight xylo-oligomers or xylose monomers.

The term ,mutations® shall comprise any kind of nucleotide sequence modification including

inseriions, deletions, points mutations, inversions, or combinations thereof.

In this invention, the term “fermentive production process” is defined as any production process,
which comprises the cultivation of microorganisms to produce one or more desired products.
Possibie examples of such processes are the fermentative production of chemicals such as
ethanol, propanol, propandiol, glycerol, butanol, butandiol, and organic acids, or any combination

{hereof.

The term “monomeric or oligomeric buiiding blocks™ means monomeric or oligomeric products,
which are released from the raw polymeric feedstock using an enzyme system. “Oligomeric” shall

include compounds with two or more monomaeric units.

“Yeast” shall herein refer to all tower eukaryotic organisms showing a uniceliular vegetative state
in their life cycle. The term “yeast” in the context of yeast expression systems means organisms of
the genus Candida, Kluyveromyces, Saccharomyces, Schizosaccharomyces, Pichia, Hansenula,

and Yarrowia.

The terms "fungi” and “fungal” refer to Basidiomycetes, Qomycetes, Zygomycetes,
Chythridiomycetes, and Ascomycetes. In particular, the term refers to organisms of the genus

Aspergillus, Trichoderma, and Penicilfium.

The term "marker genes” refers to genes that impart a distinct phenotype to cells expressing the
marker gene and thus allow such fransformed cells to be distinguished from cells that do not have

the marker. Such genes may encode either a selectable or screenable marker.

“Thermostability” herein refers to an enzymatic property where the fraction of still active enzymse
after an incubation period is compared to the fraction of still active enzyme remaining from =

reference enzyme under the same conditions.
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The term “selectivity” with regard to xylanases refers to substrate acceptability and product
spectrum. Enzyme hydrolysis with low selectivity results in mixtures of sugars, containing
one or more hexoses and/or one or more pentoses, after hydrolysis of lignoceliulosic
biomass. Such mixtures are difficult to separate and complicate the down-stream processing

of the reaction products.

“Protease stability” and "Resistance to protease hydrolysis” herein refers to the property of
an enzyme of retaining enzyme activity under the influence of a protease, e.g. trypsin or
chymotrypsin. The protease stability may be determined by measuring the enzyme activity
after the incubation of the enzyme in the presence of a protease. A detailed method of

determining the protease stability is described in Example 8

Detailed description of invention

The polypeptide according to the present invention

e Thermostability

The present invention discloses novel polypeptides having xylanase activity, which are
characterized by high thermostability. Preferably, the polypeptide according to the
present invention maintains at ieast 80%, more preferably more than 90% of its xylanase

activity after 72 hours incubation in 50 mM phosphate buffer at 70°C.

A detailed method of determining thermostability is described in Example 7.

The polypeptide of the present invention furthermore preferably shows one or more of the

foliowing properties:

«  Optmum temperature
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Activity at elevated temperatures of the polypeptide of the present invention is
determined by measuring xytan hydrolysis at various temperatures for a certain amount
of time under the following conditions: pH 5, 2% w/w dry weight subsirate concentration,
enzyme:substrate ratio (E/S) of 1% w/w dry weight. A detailed method of determining

thermostability is described in Example 5.

The polypeptide according to the present invention preferably shows an optimum
xylanase activity in the temperature range of 45-78°C. Most preferably, the polypeptide
according to the present invention shows an optimum xylanase activity in the temperature
range of 65-75°C.

pH profile
The polypeptide according to the present invention is preferably characterized by a wide

pH activity profile. More preferably, it is active over a pH range from 3.5 - 6.0. Most
preferably, the polypeplide shows optimum xylanase activity in the pH range of 5-6.

A detailed method of determining pH profile is described in Exampie 6.

Resistance to protease hydrolysis

The polypeptide according to the present invention preferably shows high protease
stability. More preferably, the polypeptide maintains at least 80%, most preferably 80%,
of its xylanase activity after having been subjected to trypsin at pH 7.8 and 50°C for 1
hour.

A detailed method of determining resistance to protease hydrolysis is described in

Example 8.

Suitability for large-scale production

The polypeptide according to the present invention is preferably characterized by high
expression and optionally high secretion rates from various microorganisms, in particular
by secretion from fungal and/or yeast hosts. More preferably, the polypeptide according
to the present invention is expressed and secreted at a level of more than 100 mg/, even
more preferably at a level of 1 g/l into the supernatant after introduction of a promoter

functionally linked to a nucleic acid encoding the polypeptide into a suitable expression host.
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A suitable expression host is preferably yeast, in particular a methylotrophic yeast. Particularly
suitable yeast expression hosts are Hansenula polymorpha, Pichia angusta, and Pichia

pastoris. Expression in a Yeast is described in Example 1.

Another suitable expression host is a bacterium. Particularly suitable expression hosts

are Baciflus subfilis and Escherichia coli.

Another suitable expression host is a fungus. Particularly suitable expression hosts are

Aspergillus niger, Penicllium, and Trichoderma reesei.
Detailed methods of determining expressibility, i.e yield of a secreted protein and/or
enzyme in the supematant of a culture or yield of intracelluiar protein/enzyme after

disrupting the cells are described in the Examples 1 and 2.

Substrate selectivity

The polypeptide according to the present invention preferably carries out hydrolysis of
pentose-containing polysaccharides in a substrate-selective manner. In particular, the
polypeptide according to the present invention is characterized by high selectivity towards
hydrolysis of xylose-containing polysaccharides and the releases of oligoxylose or xylose
monomers. Most preferably, the polypeptide according to the present invention yields
xylose and glucose in a weight ratio of at ieast 10:1 when subjecting wheat straw to the

polypepiide at pH 5 and 45°C.

A detailed method of determining substrate selectivity is described in Example 4.

Frotein size and charge

The polypeptide according to the present invention preferably comprises a signal peptide
which is cleaved off during secretion into the supernatant.

The polypeptide according to the present invention preferably comprises a polypeptide
chain of more than 250 amino acids. More preferably, the length is between 290 and 370
amino acids, even more preferably between 310 and 350 amino acids. Most preferably
the polypeptide comprises between 330 and 334 amino acid residues.

The polypeptide according to the present invention preferably has a molecular weight of
more than 30 kD. More preferably, the size is between 32 and 45 kD, even more
preferably between 34.5 and 42.5 kD. Most preferably the polypeptide has a size
between 38 and 39 kD. A particularly suitable size is 38.5 kD.
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The polypeptide according to the preéent invention preferably has a pl between 4 and 7,
even more preferably between 5 and 6. Most preferably the polypeptide has a pl between
5.4 and 5.6 kD. A particularly suitable pl is 5.5.

Examples for protein sizes and suitable signail sequences are described in Example 1

and corresponding sequences SEQ ID NO:1 ~ 4.

The polypeptide according to the present invention may exhibit any one of the properties
thermostability, pH stability, resistance fo protease hydrolysis, suitability for large-scale
praduction and subsirate selectivity described above. Preferably, the poiypeptide according
to the present invention exhibits more than one of these properties, wherein any combination
of the properties is possible. Most preferably, the polypeptide according fo the present

invention exhibits ali of these properties.

The present invention also provides polypeptides having at least 70% identity, preferably at least
75%, 80%, 85%, 90%, or 95%, to SEQ ID NO: 1 or SEQ ID NO: 3.

in a preferred embodiment, the polypeptide according to the present invention has the
sequence as defined by SEQ 1D NO:1 or SEQ ID NO:3, or a sequence as defined by SEQ 1D
NO:1 or SEQ ID NO:3, wherein any 1 to 30 amino acid residues are substituted, deleted, or
inserted. Any 1 to 30 amino acid residues in the sense of this application means that 1 1o 30
amino acid residues, irrespective of their position within the polypeptide, are substituted,

deleted, or inserted.

in particular, the present invention provides the novel polypeptides Xyl7A (SEQ ID NO: 1) and
XyITAY (SEQ 1D NOQ: 3). Furthermore, polypeptides Xyi7A-L (SEQ ID NO: 2) and XyI7AY-L (SEQ
ID NO: 4) comprising the respective mature proteins as well as N-terminal signal peptides are
disclosed. The novel xylanase sequences orginate from a metagenomic clone library without

identification of the source organism.

The disclosed xylanase sequence was identified by combining sequencing approaches and
functional characterization of a variety of potential xylanase enzymes. Methods and
instrumentation for carrying out such screening strategies are known to those skilled in the art and

are well documented in the literature.
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The novel xylanase sequences have been analyzed for sequence simitarity, conserved dormains,
and physical protein characteristics using standard bioinformatic tools. Sequence analysis of the

novei protein sequence indicated a theoretical molecular mass of 38 kDa and a pl value of 5.4.

On nucleotide level the XylI7A sequence showed the highest sequence identity (50 %) to a
xylanase of the GH 10 class from Meripilus giganteus. The nearest characierized protein was a
GH 10 endoxylanase from Thermomonospora (Thermebifida) fusca with an identity of 37% to
XylI7A on the protein level. Analysis of Xyl7A conserved domains using the CDART tool indicated
that the protein contains a single cataiytic domain which is on amino acid level most closely (56%

identity) related 10 an endoxylanase of the GH 10 family.

The GH10 xylanase family is known to include certain themmostable enzymes with temperature
optima between 50-70°C. It is also known that xylanases of the GH10 and 11 family are able to
hydrolyse xyian heteropolymers, which besides xylose may also contain varying degrees of

glucose and arabinose residues.

Preferably, the disclosed enzymes show a particularly high thermostability above 70 °C when
incubated on various substrates, a broad operational pH range between 4 - 7 and a pronounced
stability to proteases. The particular combination of said aspects make the disclosed xylanases

valuable Tor an array of industrial applications.

The present invention also provides fusion proteins of the polypeptide of the present
invention with other protein sequences. Such sequences can represent catalytically active
proteins, binding proteins, proteins influencing aspects of the celiular expression or
sequences influencing chemical, catalytic, biological or physical properties of the fused target
protein, or being without particular effect. The fusions also include those containing only
parts of the target sequence, wherein this part contributes to the enzymatic activity of the
fusion protein. Of special interest among the fusions with catalytically active proteins are
those with proteins selected from the group of carbohydrate-modifying enzymes. Of special
interest among the fusions with binding proteins are those made with binding modules from
carbohydrate-modifying enzymes. 1t is well known that such fusions can beneficially influence
the enzymatic and physical properties of the fused parts, especially those of the target

protein.

In a particular embodiment of the present invention the claimed target sequence of Xyl7A is
fused with a carbohydrate-binding module with special affinity to xylan or other polymeric

sugars found in hemicellulose.

10
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in a more preferred embodiment of the present invention the fusion partners of the Xyl7A
sequence are selected from carbohydrate-binding module (CBM) sequences from the
classes 13, 15, 22, 31, 35, 36 or 37.

Non limiting examples of CBM fusion partners for the claimed target sequence selected from
class 13 are the xylan-binding modules of Streptomyces lividans (Blast Entry no.
AAC26525.1) and Aspergillus fumigatus Af293 (Biast Entry no. EALS1233.1).

Particularly preferred fusion partners of the Xyi7A target sequence are the CBMs of
Thermobifida fusca (Blast Entry no. AAZ55678.1) and Teredinibacter furnerae T7901 (Blast
Entry no. ACS83528.1).

Non [imiting examples of CBM fusion pariners for the claimed Xyl7A target sequence
selected from class 22 are the xylan-binding modules of Paenibacilius barcinonensis (Blast
Entry no. CAA07173.1), Thermoanaerobacterium saccharolyticum (Blast Entry no.
AAC43719.1) or Xylanimicrobium pachnodae (Biast Entry no. AAD54768.1), Cellulomonas
fimi (Blast Entry no. CAAS80745.1) or Caldicellulosiruptor sp. Rt69B.1 (Blast Entry no.
AABO5326.1).

A non limiting example of a CBM fusion partner for the claimed target sequence selected
from class 36 is the xylan-binding modules of Clostridium phytofermentans ISDg (Blast Entry
no. ABX42059.1).

A non limiting example of a CBM fusion partner for the claimed target sequence selected
from class 37 is the xyian-binding modules of Ruminococcus albus 8 (Blast Entry no.

AAT48119.1).

Nucleic acids, vectors, host cells

Furthermore, nucleotide sequences encoding polypeptides according to the present
invention, expression cassettes, constructs and vectors comprising these nucleotide

sequences and recombinant host cells transformed with said vectors are disclosed.

The present invention provides a nucleic acid encoding the polypeptide according to the

present invention. In a preferred embodiment, a nucleic acid encoding a polypeptide having

11
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an amino acid sequence with at least 70% sequence identity, preferably 90% sequence
identity, to the SEQ ID No: 1 or SEQ ID NO: 3 is provided.

In a further preferred embodiment, the nucleic acid encodes a polypepiide according to the
present invention having the sequence as defined by SEQ 1D NO:1 or SEQ ID NO:3, ora
sequence as defined by SEQ 1D NO:1 or SEQ ID NO:3, wherein any 1 to 30 amino acid

residues are substituted, deleted, or inserted.

Furthermore, DNA sequences encoding XyI7A (SEQ ID NO: 5), XyI7A-L {SEQ ID NO: 8), Xyl7AY
(SEQ ID NO: 7) and XylTAY-L (SEQ ID NO: 8) are disclosed. The present invention further
provides DNA sequences having at least 70%, more preferably at least 75%, 80%, 85%, 90% or
95% identity to SEQ ID NO: 5 or SEQ ID NO: 7.

Mutations may be introduced into the nucleotide sequence of this invention. Mutations within the
coding region modify the amino acid sequence, the protein structure and/or the activity of the

xylanase.

The present invention further provides a vector comprising a nucleic acid of the present
invention. Preferably, the nucleic acid encodes a polypeptide having an amino acid sequence
with at least 70% sequence identity, more preferably at least 75%, 80%, 85%, 90% or 95%
sequence identity, to the SEQ 1D No:1 or SEQ iD No:3.

In another preferred embodiment, the vector according to the present invention comprises &
nucleic acid encoding a polypeptide according to the present invention having the sequence
as defined by SEQ 1D NO:1 or SEQ 1D NO:3, or a sequence as defined by SEQ ID NO:1 or
SEQ ID NO:3, wherein any 1 to 30 amino acid residues are substituted, deleted, or inserted.

in another preferred embodiment, the vector according to the present invention comprises
the nucleic acid of SEQ ID NO: 5, SEQ ID NO: 6, SEQ ID NO: 7 or SEQ 1D NO: 8, or 2 nucleic
acid sequence having at least 70%, more preferably at least 75%, 80%, 85%, 90% or 95%
identity to SEQ 1D NO: § or SEQ ID NO: 7.

The vector according to the present invention may be episomally maintained in the host cell

or integrated inio the chromosome of the host.

Examples for known vectors are derivatives of bacterial piasmids, yeast plasmids, centromer

based linear DNA, constructs of viral origin like SV40, phage DNA, bacuiovirus, vaccinia,

12
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adenovirus, fowl pox virus, and pseudorabies as well as vectors derived from combinations of

plasmids and phage or viral DNA.

A suitable expression vector according to the present invention may comprise one or more
genetic elements representing promoter sequences, tfranscription initiation sites, elements for the
initiation of translation, and functional elements for protein export that are translationally coupled to

the nucleic acid according to the present invention.

A vector of the present invention may encode more than one polypeptide including more than

one xylanase or may encode a fusion polypeptide comprising the xylanase of the invention.

The present invention further provides a host cell transformed with a vector according to the
present invention. The host cell according to the present invention may be used for recombinant
protein production or for metabolic transformation of xylose containing substrates to preferred

metabolites.

The recombinant host cells according to the present invention can be bacteria, yeast, or fungal
cells. In particular the host cell is selected from the group comprised of bacteria, comprising
Escherichia, Klebsielia, Pseudomonas, Lactobacillus, Bacillus, Streptomyces; yeasts comprising
Saccharomyces, Kiuyveromyces, Schizosaccharomyces, Candida, Yarrowia, Pichia, Hansenula:
and fungi comprising Aspergilius, Penicillium, or Trichoderma. Preferably, the host cell is selected
from the group comprised of Escherichia coli, Bacillus subtilis, Bacillus licheniformis, Bacillus
amyloliquefaciens, Bacillus megaterium, Saccharomyces cerevisiae, Schizosaccharomyces
pombe, Pichia pastoris, Pichia angusta, Aspergillus niger, Aspergillus oryzae, or Trichoderma

reesei.

In a preferred embodiment of the invention, the host cell is selected from the group consisting of
Saccharomyces cerevisiae, Schizosaccharomyces pombe, Kluyveromyces lactis, Pichia pastoris,
Pichia angusta, Hansenula polymorpha, Aspergillus niger, Trichoderma reesei, Penicillium sp. In
another preferred embodiment of the invention, the host cell is a methylotrophic yeast and is
selected from the group consisting of Pichia pastoris, Pichia angusta, Hansenula polymorpha.

Most preferably the host cell of the present invention is Pichia spp. or Hansenula spp.

A recombinant host cell according to the present invention may comprise one or more

vectors of the present inveniion.
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A further aspect of the invention includes expression cassettes allowing the expression of the
polypeptide according to the present invention, particularly of the Xyl7A protein, in-vive or in-

vitro.

An expression cassette preferably comprises a promoter region upstream to the coding
sequence of the gene encoding the polypeptide according to the present invention,
preferably the Xyl7A gene, sites invoived in the formation of the translation initiation complex,
optional regulatory sequence elements such as repressor binding or enhancer sites and
optional a transcription fermination sequence. Promoters may contain sequences allowing
the binding of protein factors required for the transcription of coding sequence or functional
mRNA. Furthermore sequences of the promoter may influence the effectiveness of
transcription under a given physiological or chemical condition. A promoter may comprise
elements in close proximity to the coding region or situated in more distant regions acting as
enhancers. Promoters may be of prokaryotic, eukaryotic, archeal or viral origin or synthetic in
nature. Preferred promoters include bacterial promoters of beta galactosidase (lacZ) gene,
the tryptophane operon pomoter (trp), tetracycline resistance gene promoter (tet), the
araBAD promotor, virus-derived promaters T7, T3, PL or PR. Preferred promoters for the
expression in yeast include glyceraldehyde phosphate dehydrogenass (GAP) promoter,
hexokinase promoter, alcohol dehydrogenase ADEZ promoter, GALT, GAL10, TEF and
promoters of the methanol metabolic pathway of methylotrophic yeasts such as AOXI, MOX|
or FMDH, as well as the copper-inducible CUP1 promoter. Preferred promoters for the
expression in filamentous fungi include those from the celiuloytic enzymes, such as CBHI,
CBHI, or EGI or lI, v-amylase, glucoamylase, phosphogiycerate kinase (pgk), and any

promoter of genes of the glycolytic pathway.

Expression levels of a gene encoding the polypeptide according to the present invention can
be increased by adjustment of the copy-number of the gene introduced into the host cells,
preferably resulting in more than single copies of the gene. For oplimized expression of the
gene, the promoter can be regulated, either by induction following the addition of a chemical
inductor by adjustment of a physical parameter. Examples for inducible systems include
tetracycliné repressor system, Lac repressor system (Baneyx, P. (1999) Recombinant protein
expression in Escherichia coli; Current Opinion in Biotechnology 10:411-422), copper-inducible
systems (Hottiger, T., Furst, P., Pohlig, G, Heim, J. (2004) Physiological characterization of the
yeast etaliothionein (CUP1) promoter, and consequences of overexpressing its transcriptional
activator, ACE1, Yeast 10:283-286), methano! inducible AOX! systems (Cereghino, J.L., Cregg,
J.M. {2000) Heterologous protein expression in the methylotrophic yeast Pichia pastoris FEMS

Microbiology Reviews 24:45-66) or the temperature inducibie APL promoter. Alternatively, de-
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repression of the promoter by reaching a suitable physiological state in the culture can be a
useful strategy (Promoter of PhoA, Trp, Adh2, Fmdh, CBHI (Price, V., Taylor, W.E.,
Clevenger, W., Worthington, M., Young, E.T. (1990) Expression of heterologous proteins in
Saccharomyces cerevisiae using the ADH2 promoter Methods Enzymol. 185:308-318;
Hollenberg, C.P., Janowicz, Z. {(1995) DNA-molecules coding for FMDH control regions and
structural gene for a protein having FMDH-activity and their use thereof, US5389525)).
Application of strong stationary promoters might be preferable in other situations (GAP, TEF).

A translational coupling of signal peptide sequences can be used for the directing of the
expressed polypeptide according to the present invention to celiular compartments,
organelles or the export from the host cell. Signal sequences are weall known in the art.
Examples are leader sequences for the periplasmatic targeting from OmpA, OmpT, PelB,
PhoA, glucanase or p-tactamase. Signal peptides for secretion of the proteins can be found
among naturally secreted carbohydrate modifying enzymes, namely leaders from coding
sequences of celloiohydrolasel or il, endogiucanases, amyE or signhal peptides of the S.

cerevisiae Mfo or chicken egg lysozyme.

The expression cassette may be placed in a vector or a vector construct according to the
present invention which can be episomally maintained in the host cell or integrated into the
chromosome of the host, Examples for known vectors are derivatives of bacterial plasmids,
veast plasmids, Centromer based linear DNA, constructs of viral origin like SV40, phage DNA,
baculovirus, vaccinia, adenovirus, fowl pox virus, and pseudorabies as well as vectors derived
from combinations of plasmids and phage or viral DNA. Integration of the expression casseite can
be achieved by homologous recornbination, transposition or by application of viral integration
systems. Additionally the use of episomally maintained constructs as basis for the integration of
the expression cassette copies into the chromosomal DNA is possibie. Finally, any system leading

to the replication of the expression cassette in the host cells is suitable as a vector-construct.

Preferred methods for the introduction of the expression cassette constructs inte the host cell
include fransformation, transfection, conjugation and/or interbreeding. The fransformation can be
achieved by DNA fransfer via electroporation, protoplast fusion, lipofection, ballistic bombardment,
chemical transformation based on calcium chioride, PEG or manganese chioride. Further
strategies include the application of viral particles. A further alternative is the application of

naturally competent organisms as host celis.

Methods for further increasing the yield of the expressed protein include the co-expression of

heiper proteins involved in translation, trafficking of proteins, folding of proteins (e.g.
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Chaperones hsp70-family proteins, protein disulfide isomerise) or correct processing of the
polypeptide (Kex, Ste proteases) and other events contributing to the cellular production of

the protein.

After transformation of the host strain with a vector of the present invention and growth to an
appropriate cell density, the selected inducible promoter is induced by temperature shift or
chemical induction and cells cultured to yield the recombinant enzyme. Preferably, the polypeptide
according to the present invention is produced with a signal peptide that directs the recombinant
protein to be secreted from the host cell. Cells are then removed by centrifugation or filtration and

the polypeptide -containing supernatant is retained.

Methods for producing the polypepiide according io the present invention

The invention aiso provides methods of preparing xylanases, including substrate-selective
and thermotolerant xylanases, comprising the steps of obtaining a host cell, which has been
transformed with a vector according fo the present invention, cultivating the host cell under
conditions under which the xylanase protein encoded by said nucleic acid is expressed and
recovering the xylanase protein. in a preferred embodiment the vecior comprises a nucleic
acid encoding a polypeptide having an amino acid sequence with at least 70% sequence
identity, more preferably at least 75%, 80%, 85%, 90% or 95%, to the SEQ ID No: 1 or SEQ ID
No: 3.

in a preferred embodiment of the method according to the present invention the employed
host cell comprises an expression cassetie comprising a promoter which is operably linked to

a nucleic acid molecuie according to the presant invention.

In a further preferred embodiment of the method according to the present invention the empioved
host cell is a yeast cell and the expressed polypeptide has a sequence as defined by SEQ 1D No:
3 or a sequence as defined by SEQ 1D No: 3, wherein any 1 to 30 amino acid residues are

substituted, deleted, or inseriad.

In a particular embodiment the enzyme is recovered and purified from the supernatant by
methods including ammonium sulfate or ethanol precipitation, acid extraction, anion or cation
exchange chromatography, phosphoceliuiose chromatography, hydrophobic interaction
chromatography, affinity chromatography, hydroxylapatite chromatography and lectin

chromatography. Protein refolding steps are used as necessary.
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In a particular embodiment the enzyme of the present invention is modified via glycosylation. in a
particular embodiment glycosylated enzymes are improved in protein folding, conformational and
thermostability stability, and resistance to proteolysis. In a particular embodiment the use of a
glycosylated xylanase in animal feed helps protect the enzyme from thermal denaturation during
feed pelleting and from proteolytic inactivation as it passes through the stomach of the animal,
delivering active enzyme to the intestinal tract and site of action. For food processing applications
where enzyme activity is desired only during processing and rot in the final product a non-

glycosylated, thermolabtie, and proteolvtic susceptible xylanase is preferred.

Composition

The present invention further provides a composition comprising a polypeptide according to the

present invention and a cellulase.

Use of the polypeptide and the composition according to the present invantion

The polypeptides of this invention may be employed for any purpose in which such enzyme

activity is necessary or desired.

The xylanases described in this invention may be used alone or in combination with other

hydrolytic, cellulolytic, hemicellulolytic and/or xylanolytic enzymes.

The invention particularly discloses the use of a polypeptide according to the present
invention and of the composition according to the present invention for the enzymatic
degradation of lignoceliutosic biomass. A preferred embodiment of the present invention
encompasses the use of a thermotolerant xylanase as a selective biocatalyst for the
hydrolysis of specific polymeric biomass components such us lignocellulosic and

hemicellulosic plant material.

The invention also discloses the use of a polypeptide according to the present invention in
processes for the development of biofuels, platform chemicals and food and feed industries
from complex substrates such as wheat siraw.

In a specific embodiment of the invention the claimed polypeptide may be used 1o hydrolyse any
substrate containing xylose oligomers (i.e. Xyiotetraose, Xylopentaose, Xylohexanose) or

polymers (i.e. Xylan or hemiceliulose).
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In a particular embodiment of the invention the polypeptide is used to hydrolyse pentose
containing constitutents of complex biomass residues such as cereal straw, sugar cane bagasse,
wood residues, corn cobs, peanut shells, fruit/vegetable waste, fruit pulp, soy hulls and cereal com

spelts.

In yet another embodiment of the invention the claimed polypeptide is used to hydrolyse pentose'
containing constituents of processed biomass substrates such as birch wood xylan, rye

arabinoxylan, soy meal and cereal flour.

In a preferred embodiment of the invention the claimed polypeptide is applied together or in
sequence with other enzyme systems, which may contribute in the decomposition of the above
substrates. Non limiting examples of such enzyme systems are cellulases, arabinases,
mannanases, pectinases, amylases, glucoamylases, glucosidases, glucanases, esterases,

ligninases, laccases and oxidases.

In a preferred application of the invention the pentose constituents of polymeric biomass
subsirates are hydrolysed into their respective monomers and used as intermediates for the
production of bicfuels and renewable platform chemicals such as Xylitol, Ethanof and Furfural.

In a preferred embodiment of the invention, the polypeptide is employed for catalyzing the
hydrolysis of xytan in animal feed. in ancther preferred embodiment, the polypeptide is empioyed

for catalyzing the hydrolysis of xylan in food appiication, such as applied in the baking industry.

In a specific embodiment of the invention the polypeptide is used for the hydrolysis of polymeric

and oligomeric xylose constitutents as found in the waste water of pulp and paper mills.

I yet another application of the invention the claimed polypeptide is used for hydrolysis of fruit
pulp as practiced in the beverage industry.

Examples

The following exampies, materials, and methods are for illustrative purposes only and are not

{0 be consfrued as limiting the invention.

Exampie 1; Recombinant expression of Xyl[7TA
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For the functional expression of the target sequence the coding region is fused to a leader
peptide by overlap extension PCR. For this purpose central oligo nuclectides are designed
with 15 bases 5'-extensions identical to the complement of the first 15 nuclectides of the
DNA strand each strand needs fo be fused to. After separate amplification of the two
fragments with outer and central primers the resuliing fragments are mixed and the fused
sequence is amplified with the outer primer pair. Fusions are made with the signal peptide of
the mating factor alpha from Saccharomyces cerevisiae. Restriction endonuclease sites
recognizing sequences placed on the 5-exiensions of the outer primers are used to ligate
the PCR fragment into a compatible backbone of an expression plasmid. Digestion of PCR
fragments with endonucieases, purification and analysis of DNA fragments by agarose gel
electrophoresis, ligation of DNA fragments with T4-DNA ligase and transformation of
Escherichia coli K12 Top10 celis was done essentially as described in Sambrook J, Russel D
W. 2001. "Molecular Cloning: A Laboratory Manual,” 3rd Ed., Cold Spring Harbor Press, Cold
Spring Harbor, N.Y.. The resulting expression construct carries the open reading frame of the
translationally linked SPa sequence and the reading frame of the target sequence
immediately downstream of the promoter region and upstream of the corresponding
terminator region provided by the expression vector. Expression vectors used carry
promoters of the metabolic genes from the methanol utilization pathway of methylotrophic

yeast, the most prominent example being the promoter of the methanol oxidase gene.

The assembled expression vector is transformed in linear or circular form to the
methyiotrophic yeast strain Hansenula polymorpha (Gellissen G., Hansenula Polymorpha —
Biology and Applications, (2002) Wiley-VCH Verlag GmbH Weinheim). The linear form was
generated from the circular form by digestion of a unique restriction site situated in the
promoter region. Transformants are selected for their antibiotic resistance marker (Zeocine
or G418 resistance) after the electroporation event and are further grown under selective
conditions to obtain strains showing highest specific activity with the pNP-b-d-xylopyranoside
substrate when the culture is induced or has reached a de-repressed growth-state.
Adjustment of antibiotic concentration during the transformation protocol is used to
preferentially select for strains carrying multiple integrations of the Xyl7A expression
construct. Expressibility is determined by measuring the protein concentration in the
supernatant of cultures at several time intervals (0 — 72 hrs) according to the method by
Bradford (Bradford, MM. (1876) A rapid and sensitive for the quantitation of microgram
quantitites of protein utilizing the principle of protein-dye binding. Analytical Biochemistry 72:
248-254}, and by taking samples and analysing them by SDS page (Figure 1).
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Exampie 2; Xylanase Preparation

Xylanase (Xyl 1, GH 10, Source: T. longibrachiatum Cat. no.: E-XYTR2. Mr: 25 kDa
Megazymes Inc., Ireland) was used as ammonium sulphate precipitates (iotal volume: 1mi).
Enzyme preparations were desalted and concentrated with 45 ml sodium acetate buffer (50
mM, pH 5} using 50 ml Amicon centrifugal ultrafiltration devices (10 kDa cut-off; Millipore,
Maidstone, UK).

The recombinant xylanase Xyl7AY (Mr: 38 kDa, pl: 5.3) was expressed in yeast

(H. polymorpha) as described above and secreted into the medium. For further testing the
ceil suspension was centrifuged at 150,000 g at 4 °C for 15 min fo precipitate cell debris. The
resulting clear supernatant was decanted and concentrated using a 400 ml Amicon stirred
cell 8000 ultrafittration device (Millipore, Frankfurt, Germany) equipped with a 10 kDa disk
filter. The final protein preparation was concentrated to 15 ml containing approximatetly 8¢
mg protein. The protein concentration was determined using known methods (Bradford, MM.
(1976) A rapid and sensitive for the quantitation of microgram quantitites of protein utilizing
the principle of protein-dye binding. Analytical Biochemistry 72: 248-254). Purity of the
proiein preparations was assessed using SDS-PAGE in combination with Coomassie Brilliant
Blue G250 staining (fig. 1). The experimental molecular mass as determined by SDS-PAGE
was 39 kDa, which correlated well with theroretical mass (38kDa) calculated from the amino
acid sequence. Primary xylanase activities of each protein preparation were measured using
the hydrolysis of p-NP-xylopyranoside as a substrate in analogy to standard protocols
described in TAGUCHI, H., HAMASAKI, T., AKAMATSU, T., OKADA, H. (1996) A simple
assay for xylanase using o-nitrophenyl--D-xylobioside. Bioscie. Biotechnol. Biochem, 60 (6),
pp. 983-985.

Example 3: Preparation of Xylanase substrates

Dry and milled samples of wheat straw (local agricultural produce) and oat spelt xylan
(Sigma, Weilheim, Germany, Cat no: X0627) (2 g) were placed in a 50 ml test tube. The tube
was then filled with 50 mM sodium acetate buffer (pH 5) up to 40 g {final concentration of 5
% w/w). Rye arabinoxylan (Megazymes, Ireland, Cat no: P-RAXY) was supplied as white fine
powder. For the preparation of the substrate stock solution 0.2 g was weighted into a 15 mi
test tube. The tube was then filled with 50 mM seodium acetate buffer up to 4 g (final

concentration of 5% wiw).
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The complex chemical composition of each substrate (Table 1) was determined according 1o

published methods (Shuiter A. B. Hames, R. Ruiz, C. Scarlata, J. Sluiter, D. Templeton, and

D. Crocker, Determination of Structural Carbohydrates and Lignin in Biomass. Technical

Report NREL/TP-510-42618 Revised April 2008).

Table 1: Substrate Composition

Substrate Cellulose Xylan Arabinan Uronic Total Ash
(%) (%) (%) acids (%) | Lignin (%) | (%)
Wheat straw 35 24 3 2.5 23 8
Oat spelt Xylan 18 70 10 0 0 2
Rye Arabinoxylan 2 60 38 0 0 0

Example 4: Xylanase activily and product selectivity

The hydrolytic activity and product selectivity of Xyl 1 from T. longibrachiatum was compared with
recombinant xylanase Xyi7A. Both xylanases were used to hydrolyse the substrates wheat straw,
rye arabinoxylan, and oat spelt xylan. Each of these substrates showed different contents of

hexose and pentose sugars and different branching patterns of hemicellulose components.

All reactions were carried out in a total voiume of 0.5 mi with a sodium acetate buffer (50 mM, pH
5}. The standard reaction sef-up consisted of substrate at 2% wiw dry weight and a
enzyme:substrate ratio (E/S) of 1% wiw dry weight. The reactions were carried out at T = 45 °C
for 72 h. After the incubation the samples were centrifuged at 10,000 g for 15 min. The resulting
supernatant was used to determine peniose and hexose composition using HPL.C (Sluiter A. B.
Hames, R. Ruiz, C. Scarlata, J. Sluiter, D. Templeton, and D. Crocker, Determination of Structural
Carbohydrates and Lignin in Biomass. Technical Report NREL/TP-510-42618 Revised April
2008.) The results shown in Fig. 2 concentrate on changes in hydrolysis patterns of the major
monomeric sugar components. Yields of hexose and pentose sugars are expressed in retation to

their contribution to the particular biomass composition.

The relative hydrolytic activities of Xyl 1 and Xyl7A were comparable for each substrate set
respectively. However, comparison of substrate selectivity surprisingly shows that, while Xyl
1 produced both hexose and pentose sugars, Xyl7A is significantly more selective towards
the hydrolysis of pentose containing substrates. This leads io a significant process

advantage as relatively pure product streams can be generated.
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Example 5: Xylanase activity and temperature optimum on complex polymeric substrates

Enzyme activity at elevated temperature is desired in many biotechnological processes as it
allows faster product turmover cycles at higher temperatures. It is therefore desirable to find
enzyme activities that substantially retain their catalytic potential under high temperature
conditions. The application of xylanases for the hydroiysis of complex biomass feedstocks is an
important industrial application as the resulting monomeric sugars can be used as platform

chemicals.

To compare the activity profiles of XyI7A and Xyl 1 on complex polymeric substrates at elevated
temperatures, enzymes were incubated over a wide range of temperatures with wheat straw as

model substrate,

All reactions were carried out in a total volume of 0.5 mi with sodium acetate buffer (50 mM, pH 5).
The reaction was carried out at 2% w/w dry weight substrate conceniration and an
enzyme:substrate ratio (E/S) of 1% wiw dry weight. The reactions were incubated at 50 °C, 80 °C
and 70 °C for 72h under constant mixing (250 rpm). The analysis was done by HPLC as
described previously (Sluiter A. B. Hames, R. Ruiz, C. Scarlata, J. Sluiter, D. Templeton, and D.
Crocker, Determination of Structural Carbohydrates and Lignin in Biomass. Technical Report
NREL/TP-510-42618 Revised April 2008). Yields calculated on the dry weight basis of xylan

contained in the wheat straw substrate.

The temperature optimum of Xyl 1 and other xylanases derived from mesophilic fung is reported
as 60 °C (Berrin JG, Juge N. Factors affecting xylanase functionaiity in the degradation of
arabinoxylans. Biotechnol Lett. 2008 Jul;30(7):1139-50; Saha, B.C. {2003} Hemiceilulose
bioconversion. J. Ind. Microbiol.Biotechnol. 30., pp.279-291 ; Kulkkani, N., Shendye, A., Rao, M.
(1999) Molecular and biotechnological aspects of xylanases. FEMS Microbioclogy Reviews 23, pp.
411-456 whereas a rapid thermodeactivation of these enzymes occurs at higher temperatures. in
contrast to Xyl 1, the novel xylanase Xyi7A shows a prolonged thermostability at temperatures
well above 70 °C when polymeric substrates such as wheat straw are used as substrates. The
apparent temperature optimum for wheat straw hydrolysis is ~75°C (Fig. 3). Therefore Xyl7A is
active at higher temperatures compared to typical xylanases when hydrolysing complex biomass

feedstocks such as wheat siraw.

Example 6: Xylanase pH optimum
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The operational pH range of Xyl7A was determined with pNP-Xylopyranoside as substrate
under various pH buffer conditions (Fig. 4). The pH optimum is between pH 5 and 6.

The pH with the highest initial velocity (2.3 uM pNP/min) was designated as the 100% value
shown. The specific activity at the optimal pH and optimal temperature is 86 pM/mg

protein/min.

Example 7: Xylanase thermostability in buffer

To determine the apparent thermostability of Xyl7A in buffer, the enzyme was subjected to a
primary incubation { 30 min.) at different temperatures (50 - 80 °C) in a 50 mM NaAc buffer
{pH 5). Subsequently, the samples where rapidly cooled and the remaining enzyme activity
was determined relative to a standard using pNP xylopyranoside as substrate. The specific
Xyl7A activity at 45 °C measured after 1 h with the pNP xylopyranoside was designated as
100% activity.

The data in Fig. 5 show that under the reaction conditions XylI7A retains more than 90% of its
activity at temperatures up to 70 °C. This data is consistent with results obtained for the
hydrolysis of wheat straw over a 72h period. The results indicate that Xyl 7A shows
thermostability up to 70 °C without significant loss of activity even at long incubation times.
This pronounced thermostability of Xyl7A is unusual for most endo-xylanases of fungal and
bacterial origin, which commoniy operate at moderate temperatures between 40 - 80°C
(Kulkani, N., Shendye, A., Rao, M. (1999) Molecular and biotechnological aspects of
xylanases FEMS Microbiology Reviews 23, pp. 411-456). The marked temperature stability
of Xyl7A aliows for higher process temperatures and faster conversion rates for the

depolymerisation of xyian.

The long-term stability of Xyl7A was also determined. The Xylanase (0.05 g/l} was incubated
in a 50 mM phosphate buffer at pH & for 0, 24, 48, 72 h at 70 °C, The residual xylanase
activity was subsequently measured at 45 °C with pNP Xylopyranoside (1 mM). The reaction
was monitored for th and the pNP-release was determined spectrophotometrically at 405 nm
{Figure 7). The residual activity after 72h incubation at 70 °C is approximately 91 % of its

initial value.
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Example 8: Protease stability

Xyl7A was incubated with trypsin {Promega, Madison, Wi, USA, Cat. No.: V5280) and
alternatively with chymotrypsin (Sigma, Weilheim, Germany, Cat. No.: CTRC) at a mass ratio
of 1:10 and 1:100, respectively. The protease incubation was carried out in 50 mM NaAc
buffer over time intervals of 0 — 60 min at the exact pH and temperature optimum for each
protease (t = 50 °C, pH 7.8} according te the manufacturer protocols. The protease activity
was stopped by adjusting the pH to 5.0 and measuring the residual Xyl7A activity using pNP-
xylopyranoside as substrate (TAGUCHI, H., HAMASAKI, T., AKAMATSU, T., OKADA, H.
(1996} A simple assay for xylanase using o-nitrophenyl-B-D-xylobioside. Bioscie. Biotechnol.
Biochem. 60 (6), pp. 983-985). Xyl7A only showed marginal losses of enzyme activity even
after an incubation period of 60 min with both, trypsin and chymotrypsin (Fig. 6}. This
significant alkaline protease resistance shown by XvI7A is similar to the GH10 endo-xylanase
from Streptomyces fradiae var. k11 (Li N, Yang P, Wang Y, Luo M, Meng K, Wu N, Fan Y,
Yao B. {2008} Cloning, expression, and characterization of protease-resistant xylanase from
Streptomyces fradiae var. k11. J Microbiol Biotechnol. 18(3):410-416). However, in contrast
to the Streptomyces enzyme which has a Topt of 60 °C, Xyl7A as a significantly higher
thermostability. The protease resistance of Xyl7A has a significant process advantage in food
and feed applications as it prevents the deactivation of the enzyme by rumen

microorganisms and gastrointestinal proteases during the feeding process.
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Sequence Listings

SEQ ID NO: 1 (protein sequence; mature protein, DNA = SEQ ID NO: 5)
LENEEQYQLVVVREFNSVTPENVMKWDTIEPIRGOLNFEPADQLVDFARRHGQIVREHTLVWHNQLPS
WLTNGNFTNQELEEILROQHIYDVVRHFKGEVY SWOVVNEPLNEDGTLRDEIWLRAICPDY TARAFOWA
HEADPHAKLYINDYNIEWIGPKSNGMYELVKSLKEAGVPIDGVGFQCHLGIQYGFPGDIQONIQRFAD
LGLDVALSEVDVRMILPVIQERLATQAEYYRRLMDACLNVRRCVSFTVHCFTDAHSWVPGFFOGOGAR
TIFDENYQPEKPAYFATLKDELTERSGRPOGKHYRNE

SEQ 1D NO: 2 (protein sequence; underlined: signal peptide, DNA = SEQ ID NO: 6)
LLCGLRDYAARTHLSIGTAVDVNALSNEREQYQLVVVREFNSV T PENVMEWDTI EPIRGOLNFEPADOLY

DRARRHEGQIVREHTLVWHNQLEPSWLTNGNFTNOELEEILRQHI YDVVRHFKGEKVY SWDVVNEDLNEDG
TIRDSIWLRATGPDY IAKAFQWAHEADPHAKLY INDYNIEWIGPKSNGMYELVKS LKEAGVPIDGVGEE
QGHLGIQYGFPGRIQONT QRFADLGLDVALSEVDVRMILPVTQERLATCARYYRRLMDACLNVRRCVS
FTVWGEFTDAHSWVPGFFQGOGAATIFDENYQPKPAYFALKDEL TERSCRPOGKHYRNE

SEQ 1D NO: 3 (protein sequence; mature protein, DNA = SEQ ID NO: 7)
KRLGLRDYAARTHLS IGTAVDVNALSNEEQYQLVVVREFNSVTPENVMKWD TIEPIRGQLNFEPADOL
VDFARRHGOIVREHTLVWHNOLPSWLTNGNFITNCELEETILROHIYDVVRHEFKGRVY SWDVVNEPLNED
GTLRDSIWLRAIGPDY TARAFOWAHEADPHAKLYINDYNIEWIGPKSNGMYELVESLKEAGVPIDGVE
FOGHLGIQYGFPGDIQONIQRFADLGLDVALSEVDVRMILPVTORKLATQAREYYRRLMDACINVERCVY
SFIVWGTTDAHSWVPGFFQGOGAATI FDENYQPKPAYFALEDELTERSGRPOGKHYRNE

SEQ 1D NO: 4 (protein sequence; undertined: MFa signal peptide, DNA = SEQ ID NO: 8)
MRFPSIFTAVLFAASSALAAPVNTTTEDETAQIPARAVIGYSDLEGDFDVAVLEPFSNS TNNGLLEINT

TIASTAAKERGVSLDEKRLGLRDYAARTHLS IGTAVDVNALSNEEQYQLVVVREFNSVTPENVMEWDTI

EPIRGQLNFEPADQLVDFARRHGOIVREHTLVWHNOL PSWLTNGNFTNOELEEILROHIYDVVRHEFKG
KVYSWDOVVNEPLNEDGTLRDSIWLRAIGPDY IAKAFQWAHEADPHAR LY INDYNIEWIGPKSNGMYEL
VESLEREAGVPIDGVGFQGHLGIQYGFPGDIQONIORFADLGLDVALSEVDVRMILPVTQELLATOAREY
YRRLMDACLNVRRCVSFTVWGFTDAHSWVYPGFFQGQCGAATIFDENYQPKPAYFALKDELTERSGRPQG
KHYRNE

SEQ 1D NO: 5 (DNA sequence; mature protein only)

CTTTCTAATGAAGAACAATATCAGCTGETGETGETCAGAGAATTCAATAGTGTTACCCCAGARRARLTOT
CATGAAATGEGATACTATTGAGCCCATACETGETCAGCTAAATTTTCAGCCAGCAGATCAGCTCATAG
ATTTTGCACGGCGCGCATGETCAGATAGTGAGAGAGCACACACTCETCTERCATAACCARCTGCCCALD
TGGTTGACAAATGGTAACTTTACCAACCAGGAGCTGGAGGAAATACTECRACAGCACATCTATGATGET
TGTAAGGCATTTCAAGGCCAAGGTGTATTCTTGGGACCTACTEAACGAGCCOCTEAATGAAGATGETA
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CCCTAAGGGATAGCATATGGCTTAGGGCTATTGGTCCGGATTACATAGCCAAAGCTTTCCAATGARRCE
CACGAGGCTGATCCACATGCCAAACTCTACATCAATGACTACAARCATTCGAGTEGATCGRECCTAAGAR
CAATGGAATGTACGAGCTGGTGAAGAGTCTCAAGGAAGCAGGTGTGCCTATCGATGGCGTGGGATTTC
AAGGACATCTCGECATACAGTATGGATTTCCTGGGEGATATTCAACAGAATATTCAGAGATTTCGCTEAT
CTGGGATTGGATGTGECTCTGTCTCGACGGTGGATGTGCECATGATTCTACC TGTTACCCARGAGARNCT

TGCTACACAGGCTGACGTATTACCETCGACTTATGEGATGCTTGTCTCGAATGTACGACGATGCUGTATCTT

TCACAGTGTGGGGATTCACCGATGCTCACTCATGEETACCCGCATTCTTCCAAGCGACAAGETECGGCC
ACTATATTTGATGAGAATTATCAGCCGAAACCAGCGTATTTTGCTTTGAAGGATGAACTTACTGAGCS
TTCAGGTCGACCTCAGGGCAAACATTATAGCGANCGAATAR

SEQ 1D NO: 6 (DNA sequence; underlined: signat peptide)
CTATTOCGTCTTCCGAGACTATGCAGCAAGAACTCATCTTAGTATTGCAACAGCGETA

GATGTAAATCCTCT T TCTAATGARGAACAATATCAGCTGETGETGETCAGAGAATTCAAT
AGTGTTACCCCAGAAAATGTCATGAAATGGCGATACTATTGAGCCCATACGTGETCAGCTA
AATTTTCGAGCCAGCAGATCAGCTCGTAGATTTTGCACGECGGCATGETCAGATAGTCAGE
GAGCACACACTCGTCTGGCATAACCARCTGCCCAGCTEETTGACAAATGGETAACTTTACC
AACCAGGAGCTGGAGGAAATACTGCCGACAGCACATCTATGATGTTCTAAGGCATTTCALNG
GGCAAGGTGTATTCTTGGGACGTAGTGAACGAGCCCCTGRAATGAACGATEGTACCCTARAGE
GATAGCATATGGCTTAGGGCTATTGETCCGGATTACATAGCCAANMGCTTTCCARATGGEGCE
CACGAGGCTGATCCACATGCCARACTCTACATCAATGACTACAACATTGAGTGGATCGGES
CCTAAGAGCAATGGAATGTACGAGCTGGTGAAGAGTCTCAAGGAAGCAGGTGTGCCTATC
GATGGCGTGGEATTTCAAGGACATCTCGGCATACAGTATGCGATTTCCTGGGEGATATTCAL
CAGAATATTCAGAGATTTGUTGATCTGGCATTGCATGTGGCTCTGTCTGAGETGGATCTE
CGCATGATTCTACCTEGTTACCCAAGAGAAACTTGUTACACAGECTGAGTATTACCETCEA
CTTATGGATGCTTGTCTCAATGTACGACCGATCCOTATCTTTCACAGTGTGGEEATTCACC
GATGCTCACTCATGGCTACCCGGATTCTTCCARGGACARGETGCEGCCACTATATTTGAT
GAGAATTATCAGCCGARACCAGCGTATTTITGCTTTGAAGGATGAACTTACTGAGCGTTCA
GGTCGACCTCACGGGCARACATTATAGCAACGAATAA

SEQ 1D NO: 7 (DNA seguence; mature mod. protein only)

AAGAGATTGGGACTGAGAGATTACGCTGCTAGAACCCACTTGTCTATCAGAACCECCETTCGACGTTAR
COGCTCTETCTAACGAGGAACAGTACCAGCTGETTGTTETGAGAGAGTTCAACTCTETTACCCCAGAGA
ACGTGATGAAGTGGGACACCATCGAGCCARTTAGAGGACAGCTGAACTTTGAGCCAGCTEGACCAGTTG
GTTGACTTCGCTAGAAGACACGGACAGATTGTGAGAGAGCACACCCT TG T TTEGCACAACCAGCTECC
ATCTTGETTGACCARCGCCAACTTCACCAACCAGGARC TECAAGAGATTCTGAGACAGCACATCTACG
ACGTTGTGAGACACT TCARGGGCAAGGTETACTCTTGGEACGT TGTTAACGAGCCATTGAACGAGGAC
GGTACTCTGAGAGACTCTATCTGGCTGAGAGCTATCEGTCCAGACTACATCGCTAAGGCTT T T CAGTC
GGCTCACGAAGCTGATCCACACGCCAAGCTGETACATCAACGACTACAACATCGAGTGGATCEGTCCAA
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AGTCTARCGEAATGTACCAGCTGETGAAGTCTTTCGARAGAGGCCGGCGTTCCTATTCATGETETTGET
TTCCAGGETCACCTGGETATTCAGTACGGETITCCCAGETGACATCCAGCAGAACATCCAGAGATITTGT
TCACCTGEGACTCGATGTTGCTTTGTCTEAAGTGEATETGAGRAATCATCCTCCCACTCACCCAGGARA
AGTTGGUTACTCAGGCCGACGTACTATAGRAAGATTGATGCACGCCTGCCTCAATOTTAGARGATGCETS
TCTTTCACTGTGTEGEETTTTACTGACGCTCACTCTTGEGTTCCAGGATTCTTTCAGCETCAAGGTEC
CCCTACTATCTTCGACGAGAACTACCAGCCARAGCCAGCTTACTTTGCCTTGAAGCACGAGTTGACCE
AGAGATCTGGTAGACCACAGGCGAMMGEGCACTACAGALAACGAGTAA

SEQ 1D NO: 8 (DNA sequence; underlined: signal peptide)
atgagatttocttcaatitttactgeocagttttaticgeageatoctoogeattagetgetecagteaa

cactacaacagaagatgaaaeggcacaaattccggctgaagctgtcatcggttactcagatttagaag

goggatttcgatgtigetattttgecatiticcaacagcacaaataacgggttattgtttataaatact

actatigecagcattgectgctaaagaagaaggyggtaagcttggat AAGAGATTGGCACTGAGAGATTA

CECTGCTAGAACCCACTTGTCTATCGGAACCGUCGTTGACGTTAACGCTC TG TCTAACGAGGAACAGT
ACCAGCTGGTTGTTETGAGAGAGT TCAACTCTET TACCCCAGAGARCETGATGAAGTEGGACACCATC
GAGCCAATTAGAGCGACAGCTGAACTTTGAGCCAGCTGACCAGTTGETTGACT TCECTAGARGACACEG
ACAGATTGTGAGAGAGCACACCCTTGTTTGGCACRACCAGCTGCCATCTTGET TCGACCAACGGECARLDT
TCACCAACCAGGAACTGGARGAGATTCTGAGACAGCACATCTACGACCTTETGAGACACTTCARGEGT
AAGGTGTACTCTTGGGACGTTGTTAACGAGCCATTGAACGAGGACGGTACTCTGAGAGACTCTATCTG
GCTGAGAGCTATCGGETCCAGACTACATCGCTARGGCTTTTCAGTGGGCTCACGALGCTCGATCCACACE
CCAAGCTGTACATCAACGACTACAACATCGAGTGEATCGET CCARAGTCTAACGCGAATGTACCGAGCTG
GTGARGTUTTTEARAGAGGCCGGCETTCCTATTGATEETGTTGGTT TCCAGCETCACCTEEGTATTCA
GTACCGGTITCCCAGGTCACATCCAGCAGRAACATCCAGAGATTTGCTGACCTGECACTGGATGTTGCTT
TGETCTGAAGTGEGATCTGAGAATGATCCTGCCAGTCGACCCAGGAARAGTTGGUTACTCAGGCCGAGTAT
TATAGAAGATTGATGGACGCCTGCCTGAATGTTAGAAGATGOGTGTCTTTCACTCTOTGEEAGTTTTAC
TGACGCTCACTCTTGGGTTCCAGGAT T CTTTCAGGGETCAAGETECCGUTACTATCTTCCACGAGAALT
ACCAGCCAAAGCCAGCTTACTTTGCCTTGAAGGACGAGTTGACCEACGAGATCTECTAGACCACAGEGA
ARGCACTACAGARAACGAGELaa
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Claims

1. A polypeptide having xylanase activity which maintains at least 80% of its xylanase

activity after 72 hours incubation in 5¢ mM phosphate buffer at 70 °C.

2. The polypeptide according to claim 1, wherein the polypeptide vields xylose and
glucose in a weight ratio of at least 10:1 when subjecting wheat straw to the polypeptide at
pH 5 and 45 °C,

3. The polypeptide according to one or more of the preceding claims, wherein the

polypeptide shows optimum xylanase activity in the pH range of 5-6.

4, The polypeptide according to one or more of the preceding claims, wherein the
polypeptide comprises an amino acid sequence having at least 70%, more preferably at least
75%, 80%, 85%, 90% or 95% sequence identity to the SEQ 1D No: 1.

5. The polypeptide according to claim 4, wherein the amino acid sequence of the
polypeptide has the sequence as defined by SEQ ID No: 1 or SEQ ID No: 2 or SEQ 1D No: 3
or SEQ ID No: 4, or a sequence as defined by SEQ ID No: 1 or SEQ 1D No: 2 or SEQ 1D No:
3 or SEQ ID No: 4 wherein any 1 to 30 amino acid residues are substituted, deleted, or

inserted.

6. The poiypeptide according to one or more of the preceding claims, wherein the
polypeptide maintains at least 80 %, preferably 90 % of its xylanase activity after having
been subjecied to trypsin at pH 7.8 and 56 °C for 1 hour.

7. The polypeptide according to one or more of the preceding claims, wherein the
xylanase shows an optimum activity for the hydrolysis of xylose from wheat straw in the

femperature range between 45 and 80 °C, preferably between 65 and 75 °C.

8. The polypeptide according to one or more of the preceding claims, which is
expressed and secreted at a level of more than 100 mg/l, more preferably of more than 1 g/l
into the supernatant after introduction of a nucleic acid encoding a polypeptide having an
amino acid sequence with at least 70% more preferably at least 75%, 80%, 85%, 90% or 95%
seguence ideniity to the SEQ 1D No: 1 into a yeast.
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9. A nucleic acid encoding a polypeptide having an amino acid sequence with at least
70%, more preferably at least 75%, 80%, 85%, 90% or 95%sequence identity fo the SEQ 1D
No: 1.

10. A vector comprising the nucleic acid of claim 9.
11. A host cell transformed with a vector of claim 10.
12. The host cell of claim 11, wherein the host cell is derived from the group consisting of

Saccharomyces cerevisiae, Schizosaccharomyces pombe, Kluyveromyces lactis, Pichia
pastoris, Pichia angusta, Hansenula polymorpha, Aspergilius niger, Trichoderma reesei,

Penicillium sp.

13. The host celi of claim 11 or 12, wherein the host cell is a methylotrophic yeast,
preferably derived from the group of host cells comprising Pichia methanolica, Pichia pastoris,

Pichia angusta, Hansenula polymorpha.

14, A method of producing a xylanase protein, comprising the steps:

a. obtaining a host cell, which has been transformed with a vector comprising the
nucleic acid as defined in claim &:

b. cultivation of the host cell under conditions under which the xylanase protein is
expressed; and

¢c. recovery of the xylanase protain,

15. The method of claim 14, wherein the host cell is a yeast cell and the xylanase protein
has a sequence as defined by SEQ ID No: 3, or a sequence as defined by SEQ ID No: 3

wherein any 1 to 30 amine acid residues are substituted, deleted, or inserted, is expressed.

16. Composition comprising the polypeptide of one or more of claims 1 to 8 and &
celiuiase.
17. Use of the polypeptide according to one or more of claims 1 to 8 or of the

composition of claim 16 for the enzymatic degradation of lignocellutosic biomass.
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