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A xylanase produced by Thermomyces lanuginosus 195 by solid state fermentation (SSF) was purified
9.3-fold from a crude koji extract, with a 7.6% final yield. The purified xylanase (with an estimated mass
of 22 kDa by SDS-PAGE) retained 18% relative activity when treated for 10 min at 100 ◦C and approxi-
mately 90% relative activity when incubated at pH values ranging from 6 to 10. Xylanase activity in the
purified preparation was significantly enhanced following treatment with manganese and potassium
ylanase
hermomyces lanuginosus
rotein purification
hysicochemical characterisation
eterologous expression

chlorides (p < 0.05) but significantly reduced by calcium, cobalt and iron (p < 0.05). The purified enzyme
was also shown to be exclusively xylanolytic. The gene encoding xylanase activity from T. lanuginosus
195 was functionally expressed by Pichia pastoris. MALDI-ToF mass spectrometry and zymography were
employed to confirm functional recombinant expression. Maximum xylanase titres were achieved fol-
lowing 120 h induction of the recombinant culture, yielding 26.8 U/mL. Achieving functional protein
expression facilitates future efforts to optimise the cultivation conditions for heterologous xylanase

production.

. Introduction

Lignocellulose is the major component of biomass found in
ature, derived from agricultural residues, woods and municipal
olid wastes [1]. The structure of lignocellulose is comprised of
ightly associated cellulose, hemicellulose and lignin polymers [2].
enerally, such biomass is composed of approximately 40% cellu-

ose, 20–30% lignin and 20–30% hemicellulose, the most abundant
f which is xylan [3]. Xylanases, acting on polymeric xylan chains
y hydrolysing the osidic bond between xylose subunits, ran-
omly generate smaller xyloolgiosaccharides [4]. The enzymatic
egradation of xylan has numerous industrial and commercial
pplications, including use in animal feed supplementation, Kraft
leaching, paper manufacturing, municipal waste treatment and in
he treatment of lignocellulosic materials for bioethanol production
5–7].

Thermomyces lanuginosus is a thermophilic fungus commonly
ound in composting plant material, with an optimum growth
emperate of 40–50 ◦C [8–10]. Enzyme production by solid state

ermentation (SSF) has been shown to be directly influenced by
rowth media; however, T. lanuginosus is noted for its inabil-
ty to produce cellulolytic enzymes [11]. Compared to enzymes
rom mesophilic sources, thermophilic enzymes tend to be more
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thermostable, a trait believed to be achieved through minor alter-
ations in protein structure [5]. The cultivation conditions required
for the growth of thermophiles are generally unsuited to stan-
dard industrial fermentations [12]. Consequently, the applicability
of thermophilic enzymes relies on their ability to be actively
expressed by mesophilic hosts [13].

Amongst common GRAS (generally regarded as safe) listed yeast
expression hosts, Pichia pastoris has been extensively utilised both
industrially and academically [14]. The use of the methylotrophic
yeast P. pastoris is of particular interest in heterologous expression
as it is typically cultivated at 28 ◦C and the strongly induced AOX1
promoter, responsible for alcohol oxidase production, accounts for
35% of the cellular protein [15]. A distinct advantage of eukaryotic
expression hosts is their capacity to facilitate the post-translation
modification of proteins [16]. Additionally, extracellular protein
secretion from Pichia tends to be low, reducing the competi-
tion for secretion machinery during heterologous expression [17].
A wide variety of proteins have been expressed by this system
with varying degrees of success with respect to product yield
[14].

The objectives of the present study initially began with the
purification of a xylanase produced by T. lanuginosus 195 under

SSF conditions. Both crude and purified xylanase preparations were
analysed to determine specific characteristics. Following on from
this, an appropriate expression vector was constructed and the
gene encoding xylanase activity from T. lanuginosus 195 was func-
tionally expressed by the P. pastoris system.

http://www.sciencedirect.com/science/journal/01410229
http://www.elsevier.com/locate/emt
mailto:mgaffney@alltech.com
dx.doi.org/10.1016/j.enzmictec.2009.07.010
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. Materials and methods

.1. Materials

The P. pastoris expression system (encompassing the pPic9K vector and
xpression host GS115), chemically competent Escherichia coli and the pCR 2.1 inter-
ediate vector were purchased from Invitrogen (CA, U.S.A.). Restriction enzymes

nd the Rapid DNA Ligation kit were supplied by New England Biolabs (MA, U.S.A.).
he RNAqueous® RNA Isolation Kit was obtained from Ambion (Cambridgeshire,
.K.). The T-Primed First-Strand Kit was supplied by Amersham Biosciences

Freiburg, Germany). The Agarose Gel DNA Extraction Kit was obtained from Roche
pplied Science (West Sussex, U.K.). All other reagents were of molecular biology
rade or higher where appropriate and supplied by Sigma–Aldrich (MO, U.S.A.). All
ligonucleotide primers were synthesised by Sigma-Genosys (Haverhill, U.K.).

.2. Fungal strains and culture conditions

T. lanuginosus 195 was preserved in Alltech’s own culture bank at the All-
ech Bioscience Centre, Dunboyne, Co. Meath, Ireland. Liquid second seed growth

edium consisted of (g/L deionised water): corn starch, 60; peptone, 18; glu-
ose, 5; magnesium sulphate, 1.5; potassium phosphate, 1; potassium chloride,
.5 and was sterilised at 105 ◦C for 30 min. Liquid medium was inoculated with
× 106 spores mL−1 and incubated for 3 days at 40 ◦C, 200 rpm. SSF consisted of
0 g sterilised wheat bran in 250 mL Erlenmeyer flasks and inoculated with 10 mL
f liquid culture, diluted 1:4 with sterile water. The flasks were mixed thoroughly
nd incubated at 40 ◦C, 80% relative humidity (RH) in a humidity chamber (Sheldon
anufacturing Inc., OR, U.S.A.).

P. pastoris GS115 is an auxotrophic mutant defective in histidinol dehydroge-
ase production. Its generation and growth conditions were previously described
y Cregg et al. [15].

.3. Detection of xylanase activity

Upon completion of SSF, the fermented media with treated with 90 mL deionised
ater for 90 min under constant agitation at 200 rpm. The crude enzyme prepara-

ion was filtered through muslin cloth and centrifuged at 10,000 × g for 10 min at
◦C. Similarly, Pichia cultures were centrifuged at 3000 × g for 10 min at 4 ◦C, allow-

ng for the supernatant to be separated from the resulting cellular pellet. Enzyme
reparations were examined for total xylanase activity using a modified version of
he assay described by Bailey and Poutanen [18], using 2% (w/v) birchwood xylan as
ubstrate. Sample absorbance was calculated at �540 nm the Shimadzu 160-A UV–vis
pectrophotometer (Shimadzu, Japan). One unit of xylanase (U) was defined as the
mount of enzyme required to liberate 1 �mol of xylose per minute under the assay
onditions.

Zymography was used to detect xylanase activity following SDS-PAGE. Birch-
ood xylan was incorporated into the separating gel, to a final concentration of

.1% (w/v), prior to casting. Following electrophoresis, the xylan containing gel was
ashed with 25% (v/v) isopropanol in 0.1 M sodium acetate, pH 5. The gel was further
ashed with 0.1 M sodium acetate, pH 5 and incubated in 50 mM sodium citrate,
H 5.3 at 60 ◦C for 1 h. The gel was then stained with 0.1% (w/v) Congo Red.

.4. Protein determination

The protein content of cell free extracts was quantified using the Bradford pro-
ein assay reagent with bovine serum albumin (BSA) as standard [19]. Samples were

easured at �595 nm using a Biotek® Synergy HT microtitre plate reader (Biotek
nstruments Inc., U.S.A.) and expressed as milligram or microgram of protein per

illiliter of protein sample.

.5. Purification strategy

Extracellular proteins, produced by T. lanuginosus 195 during SSF, were extracted
rom the fermented media with deionised water for 90 min with intermittent agi-
ation. Proteins contained within this crude preparation were initially separated by
nion exchange chromatography, whereby a 1 mL aliquot was applied to a column
acked with DEAE-Sepharose resin and equilibrated with 25 mM Tris–HCl, pH 8. Pro-
eins adsorbed to the Sepharose resin were eluted with a linear gradient of 0–0.5 M
aCl in 25 mM Tris–HCl, pH 8, at a flow rate of 25 mL h−1. Xylanase specific fractions,
ssessed by spectroscopy at �280 nm and colorimetric assay, were concentrated by
ltrafiltration and further separated following passage through a Sephadex G-50
atrix, equilibrated with 25 mM potassium phosphate, pH 8. All purification steps
ere carried out at 4 ◦C unless otherwise stated. Purity was assessed by SDS-PAGE

s described by Laemmli [20] and stained using either the SilverSNAP Stain Kit II
TM
Pierce Biotechnology, IL, U.S.A.) or RAPIDstain (Calbiochem, SD, U.S.A.).

.6. Thermostability of xylanase

The thermostability of xylanase in crude and purified preparations was inves-
igated by incubating the enzyme sample for 10 min at temperatures ranging from
l Technology 45 (2009) 348–354 349

22 to 100 ◦C, after which aliquots were removed and cooled on ice. Residual activity
was determined by colorimetric assay.

2.7. pH-dependent stability of xylanase

The pH-dependent stability of xylanase in both crude and purified forms was
assessed by incubating samples for 30 min in 0.2 M buffers. The buffers used to facili-
tate the required pH range were; glycine–HCl (pH 2), citrate buffer (pH 3–6), sodium
phosphate (pH 7 and 8) and glycine–NaOH (pH 9 and 10). Residual enzyme activity
was quantified by colorimetric assay.

2.8. Effect of potential modulators of xylanase activity

The effect of metal ions and potential modulators of enzyme activity was deter-
mined by incubating xylanase preparations in 10 mM treatments for 30 min [21].
Sample aliquots were removed, diluted with standard assay buffer and xylanase
activity was determined by colorimetric assay. Residual activity was expressed as
the percentage of activity observed following identical treatment of the enzyme
sample in deionised water.

2.9. Substrate specificity

The specificity of xylanase preparations was evaluated by replacing birchwood
xylan in the standard colorimetric assay with a variety of xylan and non-xylan
derived polymeric substrates. The reducing sugars released during the assay were
quantified by spectroscopy at �540 nm and compared to those values obtained for
birchwood xylan.

2.10. Statistical analysis

Data was analysed using the Minitab statistical software package, version 15.0
(Coventry, U.K.). All statements of significance were calculated by one-way ANOVA
and based on a confidence level of 95%.

2.11. Construction of an appropriate expression plasmid

Following fermentation on wheat bran, fungal mycelia were ground under liq-
uid nitrogen. Total RNA was extracted from ground mycelia using the RNAqueous®

RNA Isolation Kit as described by the manufacturer (Ambion). First-strand cDNA
was generated from 5 �g of total RNA using the T-Primed First-Strand Kit (Amer-
sham Biosciences). The xynl gene encoding xylanase activity from T. lanuginosus
195 was amplified from cDNA using the primers xynltp, incorporating an EcoRI site
(5′-G/AATTCCAGACAACCCCCAACTCGGCTGG-3′) and xynlbm, incorporating a NotI
site (5′-GC/GGCCGCTTAGCCCACGTCAGCAACGGTGATG-3′). The resulting PCR prod-
uct was visualised by 1% (w/v) agarose gel electrophoresis and subsequently purified
using the Agarose Gel DNA Extraction Kit as outlined by the manufacturer (Roche).

The purified PCR product was subcloned into the intermediate pCR 2.1 vector
and transformed into competent E. coli, allowing for appropriate post-amplification
modifications to be made to the xynl gene. DNA manipulations were typically car-
ried out according to the procedures described by Sambrook et al. [22]. Following
purification from E. coli, the plasmid was digested with EcoRI and NotI to recover
the xynl gene. The xynl gene was subsequently subcloned into the pPic9K expression
vector (pre-digested with EcoRI and NotI), yielding a plasmid construct designated
p9KXl, with an estimated size of 9855 bp.

2.12. Transformation and expression of P. pastoris

The p9KXl plasmid was linearised with SalI and transformed into competent
P. pastoris GS115 via electroporation. Cells were treated as described by Cregg and
Russell [23] prior to transformation, which was carried out using the MicroPulser
electroporator according to the manufacturer’s specifications (BIORAD, CA, U.S.A.).

Successfully transformed colonies, evident by growth on selective regenera-
tion plates, were individually cultivated in BMGY medium at 28 ◦C, 250 rpm. Cells
were harvested by centrifugation (3000 × g for 5 min at 4 ◦C) and resuspended in the
mBMMHY medium described by Chen et al. [24], with an OD600 nm equal to 17.24.
The mBMMHY induction medium consisted of 0.5% methanol, 0.1% yeast extract, 1%
(NH4)2SO4, 4 × 10−5% biotin, 0.004% histidine, 100 mM potassium phosphate pH 6.
During induction, methanol was added every 24 h to a final concentration of 0.5%
(v/v).

2.13. MALDI-ToF mass spectrometry

Mass spectrometry (MS) was carried out using an Ettan MALDI-ToF (matrix-
Biosciences, Germany). Protein samples for MS analysis were excised from SDS-
PAGE gels, digested with trypsin and deposited onto mass spectrometry slides
following equal volume mixture with �-cyano-4-hydroxycinnaminic acid (2.5%
(w/v) in 50% (v/v) acetonitrile with 0.1% (v/v) aqueous trifluoroacetic acid) [25]. Pro-
tein identification was carried out by m/z data interrogation of the NCBI nr database
using the Mascot search engine.



350 M. Gaffney et al. / Enzyme and Microbial Technology 45 (2009) 348–354

Table 1
Purification strategy for xylanase from T. lanuginosus 195.

Step Activity (Ua) Protein (mgb) Specific activity (U/mgc) Yield (%) Purification factor

Crude extract 897 1.350 664 100.0 1.0
IEX 822 0.780 1054 91.6 1.6
Ultrafiltration 173 0.048 3604 19.3 5.4
G-50 115 0.020 5750 12.8 8.7
Ultrafiltration 68 0.011 6182 7.6 9.3
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a Total units of xylanase activity expressed as U.
b Total protein content expressed as milligram.
c Total units of xylanase activity per milligram of protein expressed as U/mg.

. Results

.1. Purification of xylanase following SSF

Purification of a single xylanase from a crude protein extract
f T. lanuginosus 195 was facilitated by a combination of ultrafil-
ration, anion exchange (IEX) and gel filtration chromatographies.
he purification scheme employed, summarised in Table 1, resulted
n a 9.3-fold purification of xylanase, with a specific activity of
,182 U/mg of protein and a final yield of 7.6%. Following silver
taining, SDS-PAGE analysis indicated that a single xylanase had
een purified to homogeneity (Fig. 1), with an approximate molec-
lar mass of 22 kDa.
.2. Thermostability of xylanase

As can be appreciated from Fig. 2, crude and purified xylanase
reparations from T. lanuginosus 195 demonstrated residual
ctivity across the temperature range investigated. The purified

ig. 1. SDS-PAGE of a purified xylanase from T. lanuginosus 195. M: low range molec-
lar mass markers (kDa), lane 1: purified xylanase from T. lanuginosus 195.
xylanase preparation displayed considerable stability when incu-
bated at 70 ◦C for 10 min, retaining 87% relative activity (RA). The
enzyme continued to exhibit notable thermal properties, retain-
ing 18% RA when incubated at 100 ◦C. Comparatively, the crude
xylanase preparation displayed lower RA between 60 and 80 ◦C.

3.3. pH-dependent stability of xylanase

Xylanase present in the crude preparation from T. lanuginosus
195 appeared to be relatively stable from pH 2 to 10, only losing
approximately 10% RA in more acidic environments (Fig. 3). The
purified xylanase preparation was also stable under alkaline condi-
tions, however, relative activity steadily decreased when incubated
in acidic buffers, falling from 93% RA at pH 6 to 22% RA at pH 2.

3.4. Effect of potential modulators on xylanase activity

As is evident from Table 2, purified xylanase activity was sig-
nificantly stimulated following individual treatments with 10 mM
manganese and potassium chlorides (p < 0.05). Conversely, puri-
fied activity was significantly reduced in the presence of calcium,
cobalt and ferric chlorides (p < 0.05). The crude xylanase prepara-
tion was not significantly affected by the treatments illustrated in
Table 2, with the exception of mercuric chloride, which significantly
reduced activity by 39% (p < 0.05).
3.5. Substrate specificity

The specificity of both crude and purified xylanase prepara-
tions from T. lanuginosus 195 was examined on various substrates,

Fig. 2. Thermostability profiles of crude and purified xylanase preparations. Data
plotted is the mean analysis of triplicate flasks for the crude xylanase preparation
(�) and the purified xylanase preparation (©), with standard deviation represented
by error bars.
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Fig. 3. pH-dependent stability profiles of crude and purified xylanase preparations.
Data plotted is the mean analysis of triplicate flasks, with standard deviation repre-
s
p
r

T
E

T
S

N

ented by error bars. The crude xylanase preparation is represented by buffers at:
H 2 (�), pH 3–6 (�), pH 7–8 (�), pH 9–10 (�). The purified xylanase preparation is
epresented by buffers at: pH 2 (♦), pH 3–6 (�), pH 7–8 (�), pH 9–10 (©).

able 2
ffect of metal ions and potential modulators on xylanase activity.

Treatment (10 mM) Chemical formula Crude preparation

%RAa %SD

Water (control) H2O 100.0 6.9
2-Mercaptoethanol C2H6OS 94.4 15.8
Aluminium sulphate Al2(SO4)3 106.8 9.1
Barium chloride BaCl2·H2O 100.8 16.3
Calcium chloride CaCl2 107.5 6.4
Chromium chloride CrCl3·6H2O 100.6 14.6
Cobalt chloride CoCl2·6H2O 100.9 15.0
Copper chloride CuCl2·2H2O 90.0 12.4
EDTA C10H12N2O8Na4 93.4 9.8
Ferric chloride FeCl3·6H2O 82.0 14.5
Magnesium chloride MgCl2·6H2O 109.6 8.4
Manganese chloride MnCl2·4H2O 100.3 5.0
Mercurium chloride HgCl2 61.1 10.1
Potassium chloride KCl 99.2 3.8
Sodium chloride NaCl 97.9 8.7
Zinc chloride ZnCl2 97.5 8.2

a Relative activities (%RA) are represented by mean triplicate samples.
b Corresponding standard deviation, compared to water (control).
c Probability values determined by one-way ANOVA, with a confidence level of 95%.
* p ≤ 0.05.

** p ≤ 0.005.

able 3
ubstrate specificity of xylanase activity.

Substrate (1%, w/v) Main linkage Crude preparation

%RAa %SD

Birchwood xylan �-1,4 100.0 2.8
Oat spelt xylan �-1,4 142.9 1.5
Beechwood xylan �-1,4 111.9 3.7
Carboxymethyl-cellulose �-1,4 ND –
Avicel �-1,4 ND –
Laminarin �-1,3 ND –

D denotes no enzyme activity detected.
a Relative activities (%RA) are represented by mean triplicate samples.
b Corresponding standard deviation, compared to birchwood xylan (control).
c Probability values determined by one-way ANOVA, with a confidence level of 95%.
* p ≤ 0.05.

** p ≤ 0.005.
l Technology 45 (2009) 348–354 351

the findings of which are presented in Table 3. Results indicated
that both the crude and purified enzyme preparations were specif-
ically xylanolytic, displaying a significant increase in activity on
oat spelt and beechwood xylans (p < 0.05). Xylanase preparations
were approximately 43% more active when oat spelt xylan was
used as the substrate. Furthermore, the purified enzyme prepara-
tion appeared to display a higher relative activity than its crude
counterpart (21%) when beechwood xylan was utilised as the
assay substrate. The crude xylanase preparation did not display
detectable activity when cellulosic substrates were incorporated
into the assay, implying that T. lanuginosus 195 did not produce
cellulolytic enzymes when cultivated on wheat bran.

3.6. Molecular analysis of P. pastoris transformants

For the purpose of identifying xylanase recombinants, total
genomic DNA was extracted from selected transformants and used
as a template for PCR amplification using the 5′� factor primer
(Invitrogen) and the xynlbm primer. The fragments (approximately
650 bp) amplified in lanes 1–4 of Fig. 4 corresponded in length with

the fragment in lane 5, obtained from the expression vector p9KXl
(positive control). Comparatively, no similar product was amplified
when genomic DNA from the negative control (host transformed
with pPic9K) was used (lane 6). The generation of a unique DNA
fragment from the genomic DNA of a number of transformants

Purified preparation

b p-valuec %RAa %SDb p-valuec

– 100.0 3.2 –
0.585 110.0 7.3 0.116
0.381 94.5 12.3 0.475
0.938 96.2 9.7 0.540
0.251 88.8 7.0 0.05*

0.955 85.8 13.3 0.106
0.927 80.4 4.1 0.002**

0.258 90.3 10.7 0.174
0.376 107.7 5.3 0.109
0.087 50.0 6.2 0.000**

0.222 104.9 8.7 0.426
0.957 112.3 2.9 0.009*

0.002** 97.9 8.2 0.701
0.876 117.5 8.5 0.045*

0.760 96.6 8.4 0.540
0.699 94.9 6.4 0.271

Purified preparation

b p-valuec %RAa %SDb p-valuec

– 100.0 0.8 –
0.000** 143.3 6.9 0.002**

0.015* 133.0 9.2 0.010*

– ND – –
– ND – –
– ND – –
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Fig. 4. Molecular analysis of putative Pichia transformants. M: bioline HyperLadder
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, lanes 1–4: PCR amplification utilising genomic DNA from putative transformants,
ane 5: PCR amplification utilising p9KXl expression vector (positive control), lane
: PCR utilising host transformed with pPic9K (negative control).

lanes 1–4), indicated that the heterologous xylanase gene had suc-
essfully integrated into the P. pastoris genome.

.7. Recombinant xylanase production

Recombinant xylanase expression was assessed using small
cale cultures in baffled flasks. During the induction period,
liquots of culture were analysed for xylanase activity and protein
ontent. Maximum xylanase (26.8 U/mL) and protein production
236.6 �g/mL) were detected following 120 h induction (Fig. 5).
t this stage of the fermentation, cell density, as determined

y absorbance at 600 nm, reached its highest value at 20.81.
rior to methanol induction, the culture had a value of 17.24.
he cell density profile generated during induction mirrored the
ncrease in xylanase activity and protein content. Following 120 h
nduction, xylanase activity and protein content within the cul-

ig. 5. Recombinant xylanase production. Data plotted is the mean analysis of tripli-
ate flasks for xylanase activity (�) and protein content (©), with standard deviation
epresented by error bars.
Fig. 6. SDS-PAGE (a) and zymography (b) of induced Pichia transformants. M: wide
range molecular mass marker, lanes 1–5: recombinant transformants after 96 h
induction, lane 6: negative control sample after 96 h induction. SDS-PAGE stained
with RAPIDstainTM.

ture declined, as did cell density which dropped to 20.45 at
142 h.

3.8. Electrophoresis and zymography

Prior to SDS-PAGE, extracellular proteins were precipitated from
the inducing media with 0.02% (w/v) sodium deoxycholate and
10% (w/v) trichloroacetic acid (TCA) and resuspended in deionised
water. A number of transformants generated electrophoretic band-
ing patterns which depicted heterologous protein mass ranging
from 22 to 24 kDa (Fig. 6a). Simultaneous zymography confirmed
that these bands displayed xylanolytic activity in situ (Fig. 6b).
3.9. MALDI-ToF mass spectrometry

Protein bands exhibiting xylanolytic activity were excised,
digested with trypsin and analysed by MALDI-ToF MS. Interroga-
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Table 4
Peptides identified from MALDI-ToF MS. The % coverage was determined by comparison of predicted peptide sequences to the mature xylanase protein from T. lanuginosus
(gi|157834320).

Peptide sequence Mass (Da) Residue endpoints % Coverage

Theortical Experimental N-terminus C-terminus

95
77
53
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GWNPGLNAR 984.501 984.4
VNAPSIDGTQTFDQYWSVR 2184.036 2183.9
AGLNVNGDHYYQIVATEGYFSSGYAR 2852.328 2851.9

ion against the NCBI nr database identified peptide similarities
ith a xylanase from T. lanuginosus (gi|157834320) (Table 4). These
eptides also shared considerable similarity with a number of
ylanases from different genera. In particular, the 2184 Da pep-
ide was identified as a highly conserved sequence in family 11
lycoside hydrolases. The conserved domain was recognised in the
onserved Domain Database (CDD) as pfam00457, sharing similar-

ty with a number of different family 11 xylanases. The individual
ercentage coverage of each peptide was presented in Table 4,
hich, when accumulated, accounted for 27.8% of the mature

ylanase from T. lanuginosus (gi|157834320). These results indi-
ated successful expression of the gene encoding xylanase activity
rom T. lanuginosus 195 by P. pastoris.

. Discussion

Typical findings for xylanases from strains of T. lanuginosus
emonstrate that temperature mediated inactivation of enzyme
ctivity produces a slowly decreasing profile and pH-dependent
tability is influenced by acidic pHs lower than 5.5 [26]. The char-
cteristics displayed under such conditions may be attributed to
isulphide bridging, a trait synonymous with xylanases from T.

anuginosus [27]. In the present study, incidences of varying activ-
ty between crude and purified xylanase preparations may have
een mediated by proteinaceous xylanase inhibitors, common in
ereal grains such as wheat bran [28,29]. During extraction of the
arget xylanase from fermented wheat bran, such inhibitors may
ave been retained within the crude xylanase preparation prior to
haracterisation studies. In the absence of these inhibitors, activity
n the purified preparation was not influenced in the same manner.

The inhibition of xylanase activity by ferrous ions was previ-
usly documented by Deng et al. [30], however, Cesar and Mrsa [31]
eported a purified xylanase preparation from T. lanuginosus to be
timulated by ferrous ions. These conflicting results suggest that
ylanases from different T. lanuginosus strains may differ in struc-
ure or reaction mechanisms, a postulation also conceded by Cesar
nd Mrsa [31]. Similarly, mercuric chloride has been reported as a
trong inhibitor of xylanase activity [21]. However, in the present
tudy, purified xylanase activity was not significantly influenced by
ercuric chloride treatment, suggesting that thiol groups may not

ave been directly required for catalytic activity.
The heterogeneity of polymeric xylans confers a variety of

nique characteristics on individual xylans [32]. Substituents,
ttached to the xylan backbone, generally act to limit the hydrolytic
ction of enzymes via steric interference. Oat spelt xylan is recog-
ised as typically having lower concentrations of uronic acids than
ther xylans [33]. This structural trait may favour the generation
f an enzyme–substrate complex, typically associated with xylan
ydrolysis. Oat spelt xylan also displays high degrees of substitu-
ion, increasing the solubility of the substrate and subsequently

ncreasing the potential for enzymatic degradation [34]. To this end,
nhanced activity displayed by the xylanase from T. lanuginosus 195
ay also be attributed to the increased solubility of oat spelt xylan.
similar preference to oat spelt xylan was also documented by

amaso et al. [35] for a xylanase produced by T. lanuginosus.
50 58 4.6
123 141 9.8
162 187 13.4
Total coverage: 27.8%

The cultivation conditions required for the growth of ther-
mophilic fungi are generally unsuited to standard industrial
fermentations. Consequently, the commercial applicability of ther-
mophilic enzymes relies on their ability to be actively expressed
by mesophilic hosts, under more industrially favourable conditions
[13]. Various titres of recombinant xylanase from Pichia have been
documented in relevant literature. Wakiyama et al. [36] recovered
approximately 6 U/mL following the 5 day induction of a recombi-
nant P. pastoris culture. Damaso et al. [37] achieved 360 U/mL after
96 h induction, using an optimised medium with 1% (v/v) methanol.
Ruanglek et al. [38] implemented a fed batch strategy for heterolo-
gous xylanase production in P. pastoris, achieving 3676 U/mL over
a 165 h period, which consisted of a 96 h induction phase preceded
by a 69 h growth phase.

While cultivation parameters may be modified to optimise
recombinant protein production [39], the level of initial expression
would appear to be mediated by cell density prior to induction. The
use of an inducible promoter, such as AOX1 in P. pastoris, allows
for the separation of the growth phase from the induction phase
[40]. The general trend regarding recombinant expression by Pichia
would appear to suggest that the highest titres of recombinant
xylanase were attained following the induction of high cell den-
sity cultures [41]. Published literature, pertaining to high xylanase
expression by Pichia, indicated that viable cell density did not
increase by any considerable level during the induction period, sug-
gesting that expression was directly influenced by the initial cell
density [38,39,41,42].

The molecular mass of the wild type xylanase from T. lanuginosus
195 was estimated to be 22 kDa by SDS-PAGE (Fig. 1). The banding
pattern generated by the recombinant xylanase in Fig. 6a may have
been, in part, mediated by inefficient signal sequence cleavage at
the N-terminus [37]. Proline residues have been reported to influ-
ence the efficacy of both Kex2 and Ste13 proteases, responsible
for cleaving the �-factor signal upstream of the heterologous gene
in the pPic9K vector [14]. Sequencing carried out in the present
study identified a codon encoding proline near the 5′ end of the
xylanase gene (data not shown). Furthermore, the xylanase gene
did not appear to encode the tripeptide sequences commonly asso-
ciated with N-linked glycosylation (Asp-X-Ser or Asp-X-Trp) [43],
but increased mass of the recombinant xylanase may have been
influenced by O-linked glycosylation or mannosylation [44].

Enhanced recombinant xylanase production may be achieved
following manipulation of codon hierarchy within the heterolo-
gous gene [45]. The efficacy of the signal sequence peptide has also
been documented to influence heterologous expression [46]. It is
anticipated that the eventual elucidation of such potential limit-
ing factors, as well as optimisation of fermentation parameters,
may serve to enhance the typically low titres synonymous with
heterologous protein expression.
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