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Abstract

Two genes encoding thermostable alkaline endo-[3-1,4-xylanases, named xyn10A
and xynl1lA, from an akalophilic Bacillus firmus were cloned and expressed in
Escherichia coli. The E. coli harboring either xylanase gene showed clear zone with
Congo red-clearance assay on xylan plate. Xyn1l0A and xynlllA enzymes have
molecular weights of 44 kDa and 23 kDa, respectively, and both show xyalanse
activities on xylan-zymogran. The nucleotise sequences and the deduced amino acid
sequences were determined. The xynlOA Xxylanase gene encodes 396 amino acid
residues and very similar to an akaliphilic xylanase A from akaliphilic Bacillus
halodurans. From alignment of the amino acid sequence of xyn10A xylanase with
those of fungal or bacteria origin, this xylanase belongs to family10 xylanase. The
xymllA xyalase contains 210 amino acid residues and almost identical with an
endo-f3-1,4-xylanase from akaliphilic Bacillus halodurans with only one amino acid
difference. From alignment of the amino acid sequence of xyn1lA xylanase with
those of fungal or bacterial origin, this xylanase belongs to familyll xylanase. Both
show enzymatic activities over the pH range of 4.5 -11.0 at 37°C. Both enzymes show
over 80% enzymatic activities at 70°C and still retain over 80% enzymatic activities
after 16 hours incubation at 62°C.

Keywords. Xylan, Bacillus firmus, xylanase, thermostability

Xylan is the most abundant of the hemicelluloses which are
heteropolysaccharides having a chain of B-1,4-linked xylopyranose residues. The
complete hydrolysis of xylan requires the combined action of various enzymes such
as endoxylanase (EC 3.2.1.8), exoxylanase (B-D-xylan xylohydrolase), and
[3-D-xylosidase (EC 3.2.1.37) etc. Xylanases randomly hydrolyze the (3-1,4-glycosidic
bonds of xylan to produce severa xylo-oligomers. In recent years, xylanases have
received attractable research interest due to their potential industrial applications.
However, such applications require xylanase(s) with particular properties, the
bio-bleaching of paper pulp requires a xylanase that remains active even above pH 9.0



and lacks al cellulase activity.

The bacterium used in this study, Bacillus firmus, was previously isolated
from a wastewater treatment plant of pulp and paper industry at Bang-Pre-In at
Prankornsriayuttaya province, Thailland. Bacillus firmus is capable of growth at pH
values, ranging from 10-12. Normally growth is at temperature of 37°C; the cultures
were thermolabile at temperatures above 55°C. Moreover, this strain produces two
major extracellular xylanases, with molecular weights of 45 kDa and 23 kDa,
respectively. No other hemicellulose-degrading enzyme activities were detected in the
culture medium with xylan, CMC or avicel as the sole carbon source, suggesting that
this strain produces xylanase mainly. The mode of action of xylanase and cellulase
has been reported. It was considered that the cellulose/xylan binding domain
(CBD/XBD) was an important factor in the degradation process of insoluble
cellulosic materials. For xylanases the concept of substrate recognition and induction,
i.e.,, the control of transcription by the cooperative actions of an activator and a
repressor, have generaly been accepted. Xylanase synthesis is induced by natural
xylan and other (3-1,4-xylo- oligosaccharides isomers.

In this report, we describe the cloning and characterization of two major
xylanases from Bacillus firmus bacteria. These enzymes are active over a wide
range of pH and are therstable. In addition other properties presented here suggest that
these xylanases could be of commercial interest.

A. Construction of genomic libraries of Bacillus firmus. The chromosomal DNA of
Bacillus firmus was purified and digested partially with EcoRI or Hindlll and the 1-4
kb and larger DNA bands were isolated. Then ligated the purified DNA fragments into
EcoRI- or Hindlll-linearized pUC18, respectively, and transformed into E. coli
XL10-Gold by electroporation. The tansformants were selected on ampicillin LB
plate and collected as genomic libraries. These two genomic libraries are using for the
functional cloning of xylanase genes.

B. Functional cloning of xylanases genes: To identify the xylanases genes, E. coli
cells containing the genomic libraries of Bacillus sp. strain K-1 will be grew on 0.5%
oat spelts xylan-LB agar plates at 37°C. The colonies harboring xylanase activity will
show clear zones on the plates. The xylanase activity-positive colonies will be picked
and re-confirmed by the xylan-Congo red clearance plate assay.



C. Nucleotide sequence analysis. The nucleotide sequences of the insert DNA will
be analyzed for open reading frames coding for xylanases, putative —35 and —10
promoter elements and ribosome binding sites. The two deduced amino acid
sequences of xylanases genes would be confirmed by the presence of the N-terminal
amino acid sequences shown in “preliminary data’ following signa peptides. By
homology comparisons of the deduced amino acid sequences of the firmus xylanases
genes with those of other endoxylanases complied in the GenBank/EMBL Data Bank
will reveal which family, 10 or 11, these two xylanases belong to.

D. Xylanase assay: The assay mixture consisted of 40 pl of crude enzyme solution
and 160 pl of a 0.5% birchwood xylan suspension in 100 mM NaCO3-NaHCO3
buffer (pH 9.0). The reaction was incubated at 37°C for 10 min and 0.4 ml of DNS
reagent (1% dinitrosalicylic acid, 0.2% phenol, 0.05% sodium sulfite, 1% sodium
hydroxide) was added to stop the reaction, then boiled for 5 min. The absorbance at
500 nm was measured after adding 2.4 ml of water.

E. Effect of pH on activity of xylanases. The pH values of various reaction
solution were adjusted with 100 mM of following buffer systems. acetate buffer (pH
4.0-5.5), phosphate buffer (pH 6.0-6.5), TrisHCI buffer (pH 7.0-9.0), and
glycine-NaOH buffer (pH 10-12.0). The substrate, 0.5% birchwood xylan in various
pH buffer, was incubated with crude enzyme solution for 10 min at 37°C and 0.4 ml
of DNS reagent was added to stop the reaction, and then boiled for 5 min. The
absorbance at 500 nm was measured after adding 2.4 ml of water.

F. Effect of temperature on activity of xylanases. The substrate, 0.5% birchwood
xylan in pH 7 or 9 buffer, was incubated with crude xylanase solution for 10 min at
various temperature and 0.4 ml of DNS reagent was added to stop the reaction, and
then boiled for 5 min. The absorbance at 500 nm was measured after adding 2.4 ml of
water.

G. Thermostability of xylanases: The crude xylanase solutions were preincubated at
62°C or 72°C for indicated period of time, then added 160 pl of a 0.5% birchwood
xylan suspension in 100 mM buffer (pH 7.0). The reaction was incubated at 37°C for
10 min and 0.4 ml of DNS reagent (1% dinitrosalicylic acid, 0.2% phenol, 0.05%
sodium sulfite, 1% sodium hydroxide) was added to stop the reaction, then boiled for
5 min. The absorbance at 500 nm was measured after adding 2.4 ml of water.

H.Zymogram analysis for xylanase activity: Samples were subjected to



electrophoresis on a SDS-PAGE containing 0.1% xylan. After electrophoresis, the gel
was washed three times for 30 min at 4°C in 100 mM Na,COs-NaHCOs buffer (pH
9.0) containing 25% isopropanol for the first two washes to remove SDS, then
incubated in the same buffer for 10 min at 37°C. The zymogram was prepared by
soaking the gel in 0.1% Congo red solution for 15 min at room temperature, then
washed with 1 M NaCl and introduced 0.5% acetic acid to expose two xylanase active
bands that contrasted the dark background.

A. Cloning of two xylanase genes from Bacillus fimus. The E. coli harboring the
genomic library of Bacillus firmus was used for the functional cloning of xylanase
genes. The colonies grew on LB-ampicillin agar plates were picked and re-grew on
xylan agar plate. The Congo red clearance assay was used to identify the clones
with xylanase activity on xylan plate, the positive ones showed clear zones around
colonies. The nucleotide sequences of two clones with clear zones were sequenced
and presented in Figure 1 (xyn11A) and 3 (xyn10A), respectively. Two sets of 5'-
and 3 -primers corresponding to the N- and C-terminal of xynl1l0A and xynllA
xylanase genes of Bacillus firmus were synthesized. The PCR reaction was
performed with genomic DNA of Bacillus fimus as template; the obtained two
xylanase DNA fragments were cloned into PCR cloning vectors. Both groups of E.
coli colonies showed clear spots implied functional activities of xylanase. The E.
coli harboring plasmid containing 44 kDa xylanase gene (xyn10A) showed bigger
clear zone than that of 23 kDa xylanase gene (xyn11A). Both E. coli extracts also
showed Xxylanase activities on a xylan-zymogram gel with the protein sizes of the
corresponding molecular weights of 23 and 44 kDa.

B. Nucleotide sequences and deduced amino acid sequences of xylanase genes:
The nucleotide sequences of both genes were determined. Analyzed the sequence
of DNA fragment containing 23 kDa xylanase gene identified an open reading
frame (ORF). Search for homology by screening the GenBank database revealed
that the 630 bp ORF encoded a family 11 xylanase sequence. The alignment of the
23 kDa xylanase with those of 7 family 11 xylanases revealed a significant identity
(over 73%). There is only amino acid residue difference between this Bacillus
firmus xylanase and an endo-3-1,4-xylanase from alkaliphilic Bacillus halodurans,
Val v.s. lle of residue 169 (Fig. 2). Therefore, we named this 23 kDa xylanase as
xynllA xylanase. Analyzed the sequence of DNA fragment containing 44 kDa



xylanase gene identified two open reading frames (ORFs). Search for homology by
screening the GenBank database reveal ed that the 1188 bp ORF encoded a family
10 xylanase sequence. Therefore, we named this 44 kDa xylanase as xynl10A
xylanase. The aignment of this xynl10A xylanase with those of 5 family 10
xylanases revealed a significant identity (over 43%). It showed 97% identity in
amino acid sequence with the akaline xylanase A from Bacillus halodurans
(Fig.4). The other ORF was on the anti-sense strand in the upstream of the xyn10A
xylanase encoded for a two-component response regulator gene (Fig. 3). Both
nucleotide sequences have been submitted to GenBank with accession numbers of
AY 376352 and AY 376353 (see references 2 and 3).

C. Characterization of the xylanases activities:

1) The pH stability of the xylanases extract- Both xylanases showed >50 % of their
optimal activities over a wide pH range of 4.5-11.0 at 37°C. The xynl0A
xylanase was slightly more akaline resistant than the xyn11A enzyme. With this
broad pH optimum, these two Xxylanases are satisfactory for the criteria in the
pulp and paper industry.

2) Effect of temperature on activity of xylanases- Both xylanases showed >50 % of
their optimal activities over a wide temperature range of 37-70°C in pH 7.0
buffer.

3) Thermostability of xylanases- Both xylanases protein still showed over 80%
enzymatic activity even after 16-hour incubation at 62°C.

We cloned two xylanases with molecular weights of 44 kDa (xyn10A) and 23
kDa (xyn11A)from the genome of Bacillus firmus and expressed both xylanase gene
products in E. coli. In the past year, we have sequenced the nucleotide sequences of
these two xylanase genes and their flanking regions and characterized the physical
properties and the enzymatic activity toward xylan of these two xylanases. Both
xylanase proteins are alkalophilic and thermostable and suitable for pulp industry. All
the progress and expected results are in the pace of our proposal. A manuscript
entitled “Purification and characterization of two cellulase free xylanases from an
alkolophilic Bacillus firmus’ has been published in Enzyme and Microbial Technology
(see reference 1). Another manuscript entitled “Isolation of an extracellular serine
protease from an akalophilic Bacillus firmus’ aso isin well preparation. This paper
described the isolation and characterization of the 14.5 kDa protease secreted by this



bacterium during our preparation of xylanase sample. As we known, this protease was
the smallest serine protease that had been reported so far. The DNA libraries of this
bacterium were constructed and functional cloning of these two xylanases is being in
hot pursuit.

We dso in the process of preparing a manuscript entitled “Cloning and
characterization of two thermostable xylanase from an akalophilic Bacillus firmus”.
This manuscript describes the result of this funding year. The nucleotide sequences of
this finding have already been submitted to GenBank (http://www.ncbi.nlm.nih.gov/,
see references 2 and 3). Overal, we had a fruitful progress with three manuscripts and
one of them has already been published.

[1] Tseng, M .-J., Yap, M.-N., Ratanakhanokchai, K., Kyu, K. L., & Chen, S.-T. (2002)
Purification and characterization of two cellulase free xylanases from an
alkaliphilic Bacillus firmus. Enzyme Microbial Technology, 30,590-595.

[2] Tseng, M .-J., Chang, P. & Tsai, C.-L. (2003) Bacillus firmus BH0898-like protein
and xylanase 11A genes, complete cds. GenBank accession number: AY 376352.

[3] Tseng, M .-J., Chang, P. & Tsai, C.-L. (2003) Bacillus firmus BH2133-like protein
gene, partial cds; and xylanase 10A and BH2119-like protein genes, complete cds.
GenBank accession number: AY 376353.
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Fig. 1. Nucleotide sequence of the Bacillus firmus xyn11A xylanase gene (23 kDa
xylanase) and deduced amino acid sequence of xynllA xylanase gene protein.
The ribosome binding sequence (RBS) is boxed. The symbol “***” designates
stop codon.

1
GATCAGGCTACAAAGT GAAAACCATTCAACCCGTGGATATGT TCCCGT GGACAGCGC
AGGTGGAGAGT TG
71
TTCACTACTTGI TTATGAAGGGAAATAAATAAAATAACTTGATCAGAAGGTATCTTT
TTTGTGTATACGT
141
ATAACTAGACGGACGT TGTCAAGT TGATGGTCAAAAT CACGAGACGCCCGCGGGAAA
AGCAAGAGCTGAA
211
GATCCATCGGEGGTGTTTTCCCCCGAT TAGCT GAAACCT TGCCCGCGGCAAGCGAGT G
GITTTTGAAACAA
281
TCAATCCCATATAAAAAT AAGAGT GGCACTCATCGTCGGTGAGTGTCACTCTTAGTC
CCAGCCTATTCTT
351
GTTTAAAGGAAGT TAAGATTTGCATTAACCCCTTTAGCAGAATGAGT TGAGAAGT GG
ACAGGATTACGGT
421
AATAAATAATTCACTACTTAAAAT AGAGAATIGGAGAGCTATAAT GGCTGATGGTAAA
GAACATAAATACA
BHO898 RBS
Met Al aAspd yLys@ uHi sLysTyr A

1
491
GAATGGTTTTTGGT TGGGAAGATGATAACGGAATTGGTGAAATGT TAATCCAGCAAA
TTATAAATGGAGA

r gMet Val Phed yTr pd uAspAspAsnd yl | ed yd uMet Leul | ed nd nl
I ell eAsnd yd

10 20 30
561
AAAGACAGCGACATGT GCTCCGAAAGAAGAGTATTCAGAGCAAGAATTGCAAGAAAC
GTACGAACCAGTT

uLysThr Al aThr CysAl aProLysd ud uTyr Ser d ud nd uLeud nd uTh
r Tyr @ uPr oVal

40 50
631
GGTGAGCTCGT TACGGTAT TCGATAAAAAT GECAAT GCCAGATGTACGGT TAGGCTA
CTAGAAGTATTTG

d yd uLeuVal Thr Val PheAspLysAsnd yAsnAl aAr gCysThr Val ArgLeu
Leud uVal PheG

60 70
701
AAACGACGT TCGGCAATCCAGATTTAAGACT TGTACGAGGT GAAGGGAATGGECGACA
ATGTTTGTAAGTT

| uThr Thr Phed yAsnPr oAspLeuAr gLeuVal Argd yd ud yAsnd yAspA
snVal CysLysPh
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80 90
100
771
TCAAGAGGACCATAGGATAGCCT TGGAAAGATATTGGT GT TGACT TAAGAGATGATAC
CGITTTAATTGIC

ed n3 uAspHi sArgl | eAl aTr pLysAspl | ed yVal AspLeuAr gAspAspTh
rvVal Leul | eVval
110 120
841
GAACTATTTGAATTGGTAGAAGGT TGATATTTGTGCTTTGCATAAGGGGT TCGTGAG
TTAAAAAATTTCA
d uLeuPhed uLeuVal d ud y»*+

130 134
911
ATCTAACCTTAAATGAAGAGGT CTCATTCAGAGACCTCTTCATTTATTCCTATTACC
TAATCTATTTTTA
981

ATATAATAAATAAAAACAAAAT CAAAATATGGAAAAAATCTTAATATTGATAAAATT
TGCAATGITTGCG

1051
ATTTCGTACTATAATCTCCAAATGAAGGAGGT GATTGTATGAAGT TCCCATAATATGATAAAAGGT AAA
1

1121

GT GGACT GAATCAAGAAAT CGACAACAAAT GT GTAGATAAGT AGT ACGATAAAAAT TTTGAGGAGGACG

RBS
1191
AATCATGTTTAAGI TCGT TACGAAAGT TTTGACGGTAGTAATTGCAGCTACAATTAGTITTTTGITTGAG
T

Xyl anse

Met PheLysPheVal Thr LysVal LeuThr Val Val | | eAl aAl aThr | | eSer PheCysLeuSer
1 10 20

1261

GCAGTACCGGECAAGT GCCAATACCTATTGGCAATAT TGGACCGAT GGTGGT GGAACA
GTAAATGCTACAA

Al aVal Pr oAl aSer Al aAsnThr Tyr Tr p@ nTyr Tr pThr Asp@ yd yd yThr
Val AsnAl aThr A

30 40
1331
ATGGACCTGGTGGAAAT TACAGT GTGACAT GGAGAGATACAGGGAACTTTGI TGTCG
GTAAAGGCTGGGA

snd yProd yd yAsnTyr Ser Val Thr Tr pAr gAspThr A yAsnPheVal Val G
| yLysd yTr pG3

50 60
1401

AATCGGT TCACCAAAT CGAACGATCCATTACAATGCTGGTGTCTGEGAACCGT CTGG
AAATGGATATTTG
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ull ed ySer ProAsnArgThr | eH sTyr AsnAl ad yVal Tr pd uProSer d
yAsnd yTyr Leu
70 80

90
1471
ACTCTCTATGGEGT GGACAAGGAAT CAGCTCATAGAATATTATGTCGT TGATAATTGG
GGAACTTACAGAC

Thr LeuTyr d yTr pThr Ar gAsnd nLeul | ed uTyr Tyr Val Val AspAsnTrp
A yThr Tyr ArgP

100 110
1541
CTACTGGAACCCAT CGAGGCACCGT TGT CAGT GATGGGGGAACATATGACATCTATA
CGACTATGCGATA

roThrd yThr Hi sArgd yThr Val Val Ser Aspd yd yThr Tyr Aspl | eTyr T
hr Thr Met Ar gTy

120 130
1611
CAATGCACCTTCCATTGATGGECACACAAACGT TCCAACAGT TTTGGAGT GTGAGGCA
ATCGAAGAGACCG

r AsnAl aProSer || eAspd yThr A nThr Phed n@ nPheTr pSer Val Ar gGa
nSer LysAr gPro

140 150
160
1681
ACTGGAAATAACGT TAGCGT TACGT TTAGCAACCACGT GAATGCGT GGAGAAATGCA
GGAATGAATCTGG

Thr d yAsnAsnVal Ser Val Thr PheSer AsnHi sVal AsnAl aTr pAr gAsnAl a
A yMet AsnLeuG

170 180
1751
GAAGTAGT TGGTCTTACCAGGTATTAGCAACAGAAGGCTATCAAAGTAGCGGEGAGAT
CGAATGTAACGGT

| ySer Ser Tr pSer Tyr d nVal LeuAl aThrd ud yTyrd nSer Ser d yArgS
er AsnVal Thr Va
190 200
1821
CTGGTAGAACGAGAAAGATAAAGTCAAATTTCTGAATATTTAAAAATAAATCTATTG
TTGTGACTTCGAA
| Tr p* * %
210
1891
CTTAAGATTTACTCATTAAGAAGAAT GAAGCGGAGCGGT CAGGATCTCGAGCGAGGA
CAACCTTTTATCC
1961
GAAAAATGGCTATCGTCCTAT TGGACAAGCCAAT GGCCGT TCCTTCCTTTTTTATTACGCAGGACCCAA
A
2031 CATAAGCGAGTGATAGGGCATTGGCATCTATCACTCATCCTATTCGTCTAAAGGAGATC
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Fig. 2. Alignment of the amino acid sequence of 23 kDa (xyn11A) xylanase with
those of family 11 xylanases of fungal or bacterial origin. Ba fi.,
endo-B-1,4-xylanase from Bacillus firmus (this study); Ba ha, endo- 3
-1,4-xylanase from Bacillus halodurans (NC_002570); Ba. st., endo- 3
-1,4-xylanase from Bacillus stearothermophilus (U15985); Ae. pu., xylanase |
precursor from Aeromonas punctata (D32065); Pa. sp., xylanase A from
Paenibacillus sp. KCTC8848P (AF195421); Ba. sp., endo-xylanase from
Bacillus sp. NBL420 (AF441773); Ba. su., xylanase from Bacillus subtilis
(Z34519); Ba. ci., endo-1,4-xylanase from Bacillus circulans (AF490980).
The amino acid residues identical to these of Bacillus firmus are shaded. The
Glu residues corresponding to Ba. fi. xylanase Glu 104 and 196, essential to
the catalytic activity, are marked by (A ) and (), respectively.

Ba. fi. 1

MEKFVTKVLTVVIAAT I SFCLSAVPASANT --YWQYWTDGGGTVNATNGPGGNYSVTWRDTGNFVVGKG
WEIGSPNR 75

Ba. ha. 1

MFKFVTKVLTVVIAAT I SFCLSAVPASANT --YWQYWTDGGGTVNATNGPGGNYSVTWRDTGNFVVGKG
WEIGSPNR 75

Ba. st. 1
M-KLKKKMLTLLLTASMSFGLFGATSSAAT-DYWQYWTDGGGMVNAVNGPGGNYSVTWQNTGNFVVGKG
WTVGSPNR 75

Ae. pu. 1
MFKFGKKLMTVVLAASMSFGVFAATSSAAT-DYWQNWTDGGGTVNAVNGSGGNY SVSWONTGNFVVGKG
WTYGTPNR 76

Pa. sp. 1
MFKSSKKLLTVVLAASMSFGFFASTSNAAT-DYWQNWTDGGGTVNAVNGSGGNY SVTWKNSGNFVVGKG
WTTGSPDR 76

Ba. sp. 1

MFKFKRNFLVGLTAALMS ISLFSATASAASPDYWQNWTDGGGTVNAVNGPGGNY SVNWSNTGNFVVGKG
WTTGSPSR 77

Ba. su. 1
MFKFKKNFLVGLSAALMS I SLFPATASAASTDYWQNWTDGGG I VNAVNGSGGNY SVNWSNTGNFVVGKG
WTTGSPFR 77

Ba. ci. 1

MFKFKKNFLVGLSAALMS ISLFSATASAASTDYWQNWTDGGG I VNAVNGSGGNY SVNWSNTGNFVVGKG
WTTGSPFR 77

Ba. fi. 76
TIHYNAGVWEPSGNGYLTLYGWTRNQLIEYYVVDNWGTYRPTGTHRGTVVSDGGTYDIYTTMRYNAPSI
DGTQ-TF 150

Ba. ha. 76
TIHYNAGVWEPSGNGYLTLYGWTRNQLIEYYVVDNWGTYRPTGTHRGTVVSDGGTYDIYTTMRYNAPSI
DGTQ-TF 150

Ba. st. 76
VINYNAGIWEPSGNGYLTLYGWTRNALIEYYVVDSWGTYRPTGNYKGTVNSDGGTYDIYTTMRYNAPSI
DGTQ-TF 150

Ae. pu. 77
VVNYNAGVFAPSGNGYLTFYGWTRNALIEYYVVDSWGTYRPTGTYKGTVNSDGGTYDIYTTMRYNAPSI
DGTQ-TF 151

Pa. sn. 77
TINYNAGVWAPSGNGYLALYGWTRNSLIEYYVVDSWGTYRPTGTYKGTVTSDGGTYDIYTTMRYDAPSI
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EGQKTTF %22

a. sn.
TINYNAGVWAPNGNGYLALYGWTRAPLIEYYVVDSWGTYRPTGTYKGTVKSDGGTYDIYTTTRYNAPSI
DGEKTTF 153

Ba. su. 78
TINYNAGVWAPNGNGYLTLYGWTRSPLIEYYVVDSWGTYRPTGTYKGTVKSDGGTYDIYTTTRYNAPSI
DGDRTTF 153

Ba. ci. 78
TINYNAGVWAPNGNGYLTLYGWTRSPLIEYYVVDSWGTYRPTGTYKGTVKSDGGTYDIYTTTRYNAPSI
DGDRTTF 153

A

§§EW§2§Q%E%PTGNNVSVTFSNHVNAWRNAGMNLGSSWSYQVLATEGYQSSGRSNVTVW 210
gngg¥3Q§é§PTGNNVSITFSNHVNAWRNAGMNLGSSWSYQVLATEGYQSSGRSNVTVW 210
ggfngsQiggPTGSNVSITFSNHVNAWRSKGMNLGSSWAYQVLATEGYQSSGRSNVTVW 210
EgTWEXBQEégPTGVNSTITFSNHVNAWPSKGMYLGNSWSYQVMATEGYQSSGNANVTVW 211
égnggngézPTGGNSTITFSNHVKAWARQGMHLGNNWSYQVLATEGYQSSGSSNVTVW 212
ggTWiXBQIgEPTGSNAKITFSNHVRAWKSHGMNLGSIWSYQVLATEGYQSSGSSNVTVW 213
ggTWE¥BQ%E§PTGSNATITFSNHVNAWKSHGMNLGSNWAYQVMATEGYQSSGSSNVTVW 213
TQYWSVRQSKRPTGSNAT I TFTNHVNAWKSHGMNLGSNWAYQVMATEGYQSSGSSNVTVW 213
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Fig. 3. Nucleotide sequence of the Bacillus firmus xyn11A gene (44 kDa xylanase)
and deduced amino acid sequence of xyn1lA gene protein. The ribosome binding
sequence (RBS) is boxed. The symbol “***” designates stop codon.

1
GATCTTGCTATAAATCTCACTTATATAATTTTTTACAGTACCTTCCGTAATATAAAGCTTTTCG
GAAATT
Il eLysSer Tyrl |l ed uSer || eTyr AsnLysVal Thrd yd uThr 1| eTyr LeuLysd uSe
rileL
200 190
71

TTTTTATTCGTCAATCTTTGGCCTAAAAGCGAGECGAT TTGT CGT TCCCGCT CAGAAAAAT GCAACCCT
1

ysLysAsnThr LeuAr g@ nAl aLeuLeuSer Al al | ed@ nAr gd uAr gd uSer PheH sLeud yG
[

180 170
160
141
CTTTTTTTAACTTTTCAATTTGTAAATCTACTTCAGT CAGCTCATTATATTTAGAGAGCTGT TTGGCGA
G

uLysLyslLeuLysd ul | ed nLeuAspVal G uThr Leud uAsnTyr LysSer Leud nLysAl aLe
u

150 140
211
CTTAACGGCAAT GGAGT TAGGAATTAACAT CTGT CCGT CAACCGAT TGACGTATGGAATAGATCAGT TG
G

LysVal Al al | eSer AsnPr ol | eLeuMet A nd yAspVal Ser @ nArgl | eSer Tyrl | eLeud@ n
A

130 120
281
TCATAATTTAAATCTTTCAACAAAAAACCAT TAGCTCCACCGACCAAACTTTCAATAATGTACTCATCA
1

spTyr AsnLeuAspLysLeulLeuPhed yAsnAl ad yd yVal LeuSer d ul | el | eTyr @ uAspA
s

110 100
90
351
CTTCAAACGT TGTTAACATTAATACGT TAATGT GGCGATAAATTCTCTTGACTACCTTTAAACATTCAA
T

pd uPheThr Thr LeuMet LeuVal Asnl | eH sProTyr || eArgLysVal Val LysLeuCysd ul |
e

80 70
421
CCCATTCATCATAGGCATTTGAATGT CCAT TAAGAT CACAT GGGGAAGAAGGGAGGGGATTTGATCCAA
C

d yAsnhMet Met ProMet G nl | eAspMet Leul | eVal H sProLeulLeuSer Prol | ed nAsplLeu
\Y

60 50
491
ACCTCCTTTCCGTTCTTTGCTAAACCGGTCACATTCATATCGT CTTCAAGATCGATGATCGT CTTCAGG
C

al d uLysd yAsnLysAl aLeud yThr Val AsnMet AspAspG uLeuAspl | el |l eThrLysLeuG
I
40 30
20
561

16



CTTCCCTCATAAGGGT TTGGT CATCGGCAATCAAAACATTTATTAATTCCATAGTATTCATCCTTTATA
T

yG uAr gMet LeuThr G nAspAspAl al | eLeuVal Asnl | eLeud uMet RBS
BH2133

10 1

631
TAAATAACTAGCCCTATTTCTTATTTTGCTATATTCCATTAATGGTATAAATTTTTAATATTTGGATGA
T
701
AAAGAGGCT TTCGAAAGAGATATTCGACT TGGT TAAAAAATCCCTTTTTTATGTATTGAGTAATTAGAA
T
771
CTGCTCATAAGAGT TCCTCCTATCTAAACCTATACAATAAAATTTAATAATATATTACAATTTTGTAAA
G
841
GAACATGGCATTATTTTGAGATAAATGTCATAAAAAAGT AGAACTAGAATGTCTGCTGTGCAATGGTTT
G
911
TTTGTCATTCTATACACTCTATTCCATTTATACGATAATGAACGAATAGT GTGGGT CTGGAGAGGAAAA
G
981
GGAGCGTAGCAGCAGT GAAGT ACCTGCTTCACAAGAGT GTAGT TCAATTTTAAATATAAACCTAGTTTG
G
1051
TTATAATAAAAAATGCTTTCATCT TGT TGATGAAAAAGGCATAAAGCATGTACTTAGGACTAATTGATC
T
1121
TTAGGACAACTAAAATAGAACTAAACACAAGT TTTAATTACTATAACATTCCGATTATTTTGAATAAAC
T
1191
TAGTTTGTTCACTGGATCAACTAAGT TTATTGT TGCTATAAT GCGGT TATAAGTAGCCAGT AGGTAAAA
G
1261
ATTCAATTTTTTCACAATTTTATGAAAGCCCTTTCTTTTATCGACAGCACCCACT CTATAGAAAGGAGG
T

1331

TTACTTAAAGCCCTATTTTTTGCATTTTACT TTGCTAJGAAAGGAGAATTTGTGATGATTACACTTTTT
A

Xyn10A RBS

Met | | eThr LeuPhelL
1
1401
AAAAGCCTTTTGT TGCTGGACTAGCGATCTCTTTATTAGT TGGAGGEGEEGEECTAGGCAATGTAGCTGCTG
C
ysLysProPheVal Al a@ yLeuAl al | eSer LeulLeuVal G yd yd yLeud yAsnVal A
I aAl aAl
10 20
1471
TCAAGGAGGACCACCAAAAT CTGGAGT CTTTGGAGAAAAT CAAAAAAGAAATGATCAGCCTTTTGCATG
G
ad nd yd yProProLysSer d yVal Phed yd uAsnd nLysAr gAsnAspd nPr oPh
eAl aTrp
30 40
50
1541
CAAGTTGCTTCTCTTTCTGAGCGATATCAAGAGCAGT TTGATAT TGGAGCTGCGGT TGAGCCCTATCAA
T
A nVal Al aSer LeuSer d uAr gTyr d nd ud nPhed ul | ed yAl aAl avVal d uPro
Tyrd nL
60 70
1611
TAGAAGGAAGACAAGCCCAAATTTTAAAGCAT CATTATAACAGCCT TGTGGCGGAAAATGCAATGAAAC
C
eud ud yArgd nAl ad nl | eLeuLysHi sHi sTyr AsnSer LeuVal Al ad uAsnAl aM
et LysPr
80 90
1681
TGTATCACT CCAGCCAAGAGAAGGT GAGT GGAACT GGGAAGGCGCTGACAAAATTGTGGAGT TTGCCCG
C
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oVal Ser Leud nPr oArgd ud yd uTr pAsnTr pd ud yAl aAspLysl | eVal d uPh

eAl aArg

100 110
120
1751

AAACATAACATGGAGCT TCGCT TCCACACACTCGT TTGGCATAGCCAAGTACCAGAATGGTTTTTCATC
G

LysHi sAsnMet 3 uLeuAr gPheHi sThr LeuVal Tr pH sSer @ nVal Prod uTr pPhe
Phel | eA

130 140

1821
ATGAAAAT GGCAATCGGATGGT TGATGAAACCGAT CCAGAAAAACGT AAAGCGAATAAACAATTGT TAT
T

spd uAsnd yAsnAr gvet Val Aspd uThr AspPr od uLysAr gLysAl aAsnLysd@ nL
euLeulLe

150 160

1891
GGAGCGAATGGAAAACCATATTAAAACGGT TGTTGAACGT TATAAAGATGATGT GACT TCATGGGATGT
G

ud uAr ghet d uAsnHi sl | eLysThr Val Val G uAr gTyr LysAspAspVal Thr Ser Tr
pAspVal

170 180

190

1961
GTGAATGAAGT TATTGAT GAT GGCGGEGEGEGECCT CCGT GAAT CAGAAT GGTATCAAATAACAGGCCACTGAC
T

Val Asnd uVal | | eAspAspd yd yd yLeuArgd uSerd uTrpTyrd nl |l eThrd y
Thr AspT

200 210

2031
ACATTAAGGTAGCTTTTGAAACT GCAAGAAAAT AT GGT GGT GAAGAGGCAAAGCTGTACATTAATGATT
A

yrll eLysVal Al aPhed uThr Al aArgLysTyrd yd yd ud uAl aLysLeuTyrl | eA
snAspTy

220 230

2101
CAACACCGAAGTACCTTCTAAAAGAGATGACCT TTACAACCT GGT GAAAGACT TATTAGAGCAAGGAGT
A

r AsnThr @ uVal Pr oSer LysAr gAspAspLeuTyr AsnLeuVal LysAspLeulLeud ud
nd yVal

240 250

260
2171
CCAATTGACGGGGT AGGACAT CAGT CTCATATCCAAAT CGGCTGGCCT TCCATTGAAGATACAAGAGCT
T

Proll eAspd yVal d yH sdA nSer Hi sl |l ed nll ed yTrpProSerl | ed uAspThr
Ar gAl aS

270 280

2241
CTTTTGAAAAGT TTACGAGT TTAGGATTAGACAACCAAGT AACT GAACTAGACATGAGT CTTTATGGCT
G

er Phed uLysPheThr Ser Leu@ yLeuAspAsnd nVal Thr G uLeuAspMet Ser LeuT
yrd yTr

290 300

2311
GCCACCGACAGGGECCTATACCTCTTATGACGACATTCCAGAAGAGCT TTTTCAAGCT CAAGCAGACCG
T

pProProThr d yAl aTyr Thr Ser Tyr AspAspl | eProd ud uLeuPhed nAl ad@ nAl

aAspArg

310 320
330
2381

TATGATCAGCTATTTGAGT TATATGAAGAAT TAAGCGCTACTATCAGTAGT GTAACCTTCTGGGGAATT
G
Tyr Aspd nLeuPhed uLeuTyr d ud uLeuSer Al aThr | | eSer Ser Val Thr PheTr p
AdylleA
340 350
2451
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CTGATAACCATACATGGCT TGATGACCGCCCTAGAGAGT ACAATAAT GGAGT AGGGGT CGATGCACCAT
T

| aAspAsnHi sThr Tr pLeuAspAspAr gAl aAr gd uTyr AsnAsnd yVal d yVal AspA
| aPr oPh

360 370

2521
TGTATTTGATCACAACTATCGAGT GAAGCCTGCT TACTGEGGAATTATTGATTAATTTGAAGCTACTCA
A

eVal PheAspH sAsnTyr Ar gVal LysPr oAl aTyr Trpd yl | el | eAsp***

380 390 396

2591
TCGATAGT CTAGCAACGAGAGGCT GGGACAAAACT AGCCAAACGT AATAAAAAGGAGCT GCCTCAAAGG
T
2661
CTATCTTTTAAGGCAGCTTTTCTGATTCGT TCGACAT CGCGACT TAGCGGACACT TTCACCACAGGCAC
A
2731
AGTGCAACAACGACTCACGCGCACTTTGTTTGCATTCGTCGTGT TTTCTTTGCCGT GGGCAACGCT CCA
G
2801
CTTTCTCGAGAACCCGACTCTCGGCGATCTTCCGCTGT TGCTTTTCCCGCAGGAGT CACCGCCTGTCGC
A
2871
CGTTCGAATCTCTTTAGCACAGGAAAGAACATACAAAAAAAT CGCCCGATTGTTTAAAGAATAGCTATT
C
2941
CGTCCGTTGAAGATCTCCCTGTCATTCAGATACTTTTGCTTTGGCT GAGAAAATCTTGAAACTGT TTAT
G
3011
GGCGTTCTTCGGTTTGTTTTCGT TTTGAACAAAGCACT CACGGAGAAGGTAATGGTAGAAGGTTTTTCA
C
3081 CTACGGATAGCGAAAAGTAAATAAT GACACCGT ATGAGAAAGHGAGGAAATATTATGAGCTAT

GAAATCT
BH2119 RBS
Met Ser Tyrd ul | eL

1
3151 TAACATTAGCAGCCTATCGGGECAATCCGATTAAAATGCGAGGGAGCCTTTTCTGAAATTGTCC

CCGATTT
euThr LeuAl aAl aTyr ArgAl al | ed yLeuLysTr pd ud yAl aPheSer d ul | eval P
r oAspLe
10 20
3221 AAAAAACGTCATTCAACAAAT GGAAGGT CGTGCCGATGAATTAGAGCATAGAATCAATCCTAA
CGTTCAA
uLysAsnVal | | ed n@ nMet d ud yAr gAl aAspd uLeud uHi sAr gl | eAsnPr 0As
nVal G n
30 40
50
3291 TTAGGTCTCTCCTATCATACCATAGAAAATGGATTCGCACATTATGCTGTATATGAAGT GAGT
GAGGACGC
Leud yLeuSer Tyr Hi sThrl 1l ed@ uAsnd yPheAl aHi sTyr Al aVal Tyr d uVal Ser
G ud uG
60 70
3361 AGGAGATTCCTGATGGGATGATTGAAATAAGGGT TCCTGAAT GGACGTAT GTAAAGACAACAC
ATAACAA
I n@ ul |l eProAspd yMet I | ed ul |l eArgVal Prod uTr pThr Tyr Val LysThr Thr H
i SAsnLy
80 90
3431 AGGAGAAGATATCCAAAAGACTTATCAGGACTTACTTCAATGGTTATTTGATAGTGATTATAC
CGTATTT
sd yd uAspl | ed nLysThr Tyr G nAspLeuLeud nTr pLeuPheAspSer AspTyr Th
r Val Phe
100 110
120
3501 AGAGAAGATGCCGTAGATTACTATGATCCTTATATGCCAATTAAACATGAACATTATCCAGTT
GATCGTG
Ar gd uAspd yVal AspTyr Tyr AspProTyr Met Prol | eLysH s@ uHi sTyr ProVal
AspAr gA
130 140

3571 ATCCGAATGATCCGCATTTTGATATTTATATACCGATTGTAAAAAAATAATGTTTTGGCGATT
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ACGAAAC
spProAsnAspPr oH sPheAspl | eTyrl | eProll eVal LysLys***
150 160

3641 AACATAGGCAGATTGGTTTTCAAGGTTGTTTATTTGCCATACTCGTAAGCTCGATACAATTCT
AGGTGGT
3711

TGGAGGAGGEGECECT TCTTGAGGAGGAT TGAATGATAGCAACACCCAT GATAAAGAAAAGAAT GACAAAGT
G

3781

CTGCTATCGATAAGGT CATGAAGGT GGGT TGCCTACCTACAGCT TTTAACGAGAGACCTATCTCCGCAA
A

3851

GTAAGGCGTCAATTGIT TCGCCTGGT TGAGGAAGGAAAGTAATTCTCTACGGECTGI TGACGI TCATTTTG
G

3921 CAAAGATAGATTTCAAGIGATC

20



Fig. 4. Alignment of the amino acid sequence of xylanase A (44 kDa xylanase) with those of
family 10 xylanases of fungal or bacterial origin. Ba. fi., xylanase A from Bacillus
firmus (this study); Ba. ha, dkaline xylanase A from Bacillus halodurans
(NC_002570); Ba. sp., dkaline thermostable endoxylanase ftom Bacillus sp. NG-27
(AF015445); Ba. ¢., endo-1,4-%-xylanase T-6 from Bacillus stearothermophilus
(AF098273); CI. st. thermostable celloxylanase from Clostridium stercorarium
(D12504); Ca sa., xylanase precursor from Caldicelulosiruptor saccharolyticus
(M34459). The amino acid residues identical to these of Bacillus firmus are shaded.
The Glu residue corresponding to Ba. fi. xylanase Glu 301, essential to the catalytic
activity, ismarked by (A).

Ba. fi. 1
MITLFKKPFVAGLAISLLVGGG IGNVAAA---QGGPPKSGVFGENQKRND--QPFAWQVASLS
ERYQEQFDIGAAVE 72

MITLFRKPFVAGLAISLLVGGGIGNVAAA---QGGPPKSGVFGENEKRND--QPFAWQVASLS
ERYQEQFDIGAAVE 72

p- 1
MLKTLRKPFIAGLALSLLLTGGASSVFAQGNGQAGPPKGG I FKEGEKGNGNVQPFAWQVASLA
DRYEESFDIGAAVE 77

Ba. ha.

Ba. s

Ba. st. 1
MRNVVRKPLTIGLALTLLLPMGMT -=========-= ATSAKNADSYAKKP--HISALNAPQLD
QRYKNEFTIGAAVE 63
Cl. st. 1
MNKFLNKKW----- SLILTMGGIFLMATLSLIFA---———-- TGKKAFND--QTSAEDIPSLAEAFRDYFPIGAAIE 62
Ca. sa. 1
MRCLIVCENLEMLNL == === == == = e e e e e e e e o SLAKTYKDYFKIGAAVT 32
Ba. fi. 73

PYQL-EGRQAQILKHHYNSLVAENAMKPVSLQPREGEWNWEGADK I VEFARKHN-MELRFHTLVWHSQVPEWFFIDE 147
E?éLTEéRgiQILKHHYNSLVAENAMKPESLQPREGEWNWEGADKIVEFARKHN—MELRFHTLVWHSQVPEWFFIDE 147
EﬂéLfﬁéRggKVLKHHYNSIVAENAMKPISLQPEEGVFTWDGADAIVEFARKNN—MNLRFHTLVWHNQVPDWFFLDE 152
E?éLéﬁéKgéQMLKRHFNSIVAENVMKPISIQPEEGKFNFEQADRIVKFA—KANGMDIRFHTLVWHSQVPQWFFLDK 139
gé?Tﬁ$éQ?2ELYKKHVNMLVAENAMKPASLQPTEGNFQWADADRIVQFA—KENGMELRFHTLVWHNQTPTGFSLDK 137
226L§EévangLLKHFNSLTPENAMKFENIHPEEQRYNFEEVARIKEFAIK—NDMKLRGHTFVWHNQTPGWVFLDK 107

EgNRﬁobE%ggEKRKANKQLLLERMENHIKTVVERYKDDVTSWDVVNEVIDDG————GGLRESEWYQITGTDYIKV 219
ggNRE@bE%ggDKREANKQLLLERMENHIKTVVERYKDDVTSWDVVNEVIDDG————GGLRESEWYQITGTDYIKV 219
EZNPBSEE%EEAKRQANKELLLERLETHIKTVVERYKDDVTAWDVVNEVVDDGTPNERGLRESVWYQITGDEYIRV 228
EngﬁsNE%ggVKREQNKQLLLKRLETHIKTIVERYKDDIKYWDVVNEVVGD————DGKLRNSPWYQIAGIDYIKV 211
EékPﬁ&éE#ggQKREENRKLLLQRLENYIRAVVLRYKDDIKSWDVVNEVIE——PNDPGGMRNSPWYQITGTEYIEV 211
ﬁgl—fﬁl—}??——EEASKELVIERLREHIKTLCERYKDVVYAWDVVNEAVED——KTEKLLRESNWRKIIGDDYIKI 170

Ba. fi. 220
AFETARKYGGEEAKLY INDYNTEVPSKRDDLYNLVKDLLEQGVP IDGVGHQSHIQIGWPS--1EDTRASFEKFTSL 293
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i?éngkYéégEAKLYlNDYNTEVPSKRDDLYNLVKDLLEQGVPIDGVGHQSHIQIGWPS——IEDTRASFEKFTSL
igéngkYiégDAKLFINDYNTEVTPKRDHLYNLVQDLLADGVPIDGVGHQAHIQIDWPT——IDEIRTSMEMFAGL
EEéAz;kYéééNIKLYMNDYNTEVEPKRTALYNLVKQLKEEGVPIDGIGHQSHIQIGWPS——EAEIEKTINMFAAL
2;éA$;éAéé§DIKLYINDYNTDDPVKRDILYELVKNLLEKGVPIDGVGHQTHIDIYNPP——VERIIESIKKFAGL
igéI2;éYiZ}DAKLFYNDYNNEMPYKLEKTYKVLKELLERGTPIDGIGIQAHWNI—WDKNLVSNLKKAIEVYASL

2EbNg&%EEgaSLYGWPPTGAYTSYDDIPEELFQAQADRYDQLFELYEELSATISSVTFWGIADNHTWLDDRAREY
2EbNgstEgﬁSLYGWPPTGAYTSYDDIPAELLQAQADRYDQLFELYEELAADISSVTFWGIADNHTWLDGRAREY
2EbNSS%EEgssLYGWPPRPAFPTYDAIPQERFQAQADRYNQLFELYEELDADLSSVTFWGIADNHTWLDDRAREY
gibNgffEESSSMYGWPPR—AYPTYDAIPKQKFLDQAARYDRLFKLYEKLSDKISNVTFWGIADNHTWLDSRADVY
éth?fngEESlYSWNDRSDYG——DSIPDYILTLQAKRYQELFDALKENKDIVSAVVFWGISDKYSWLNGFPVKR
a. Ssa.

GLEIHITELDISVFEF--EDKRTDLFEPTPEMLELQAKVYEDVFAVFREYKDVITSVTLWG I SDRHTWKDNFPVKG
A
Ba. fi. 370 ----———----—————- NNGVGVDAPFVFDHNYRVKPAYWGI ID 396
Ba. ha. 370 -----—---——--————- NNGVG IDAPFVFDHNYRVKPAYWRI ID 396
Ba. sp. 379 --——-—mmmmmm - NDGVGKDAPFVFDPNYRVKPAFWRI 1D 405
Ba. st. 361 YDANGNVVVDPNAPYAKVEKGKGKDAPFVFGPDYKVKPAYWAI IDHK 407
Cl. st. 360 --——-----———----—- TN----- APLLFDRNFMPKPAFWAIVDPSRLRE 387
Ca. sa. 319 ——mmmmmmmmm e RKDWPLLFDVNGKPKEALYRILRF 342

22

293
302
285
285

244

369
369
378
360
359

318



