J Ind Microbiol Biotechnol (2012) 39:965-975
DOI 10.1007/s10295-012-1113-1
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Abstract A xylanase-coding gene (xynAHJ3, 1,104 bp)
was cloned from Lechevalieria sp. HJ3 harbored in a saline
soil sampled from Heijing town, aka the “town of salt”, on
the famous “Silk Route of the South”. The gene encodes a
367-residue polypeptide (XynAHJ3) with the highest
identity of 74.0 % with the endoxylanase from Strepto-
myces thermocarboxydus HY-15. The coding sequence of
the mature protein (without the predicted signal peptide
from M1 to S22) of xynAHJ3 was expressed in Escherichia
coli BL21 (DE3). The activity of the purified recombinant
XynAHJ3 (r1XynAHJ3) was apparently optimal at 70 °C
and pH 6.0, retained greater than 55 % xylanase activity at
a concentration of 0.2-2.0 M Na™ and 26 % at 4.0 M Na™
(pH 7.5 20 °C), and showed 110.2 and 44.2 % xylanase
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activities in the presence of 100 mM SDS (pH 6.0 37 °C)
and 10 % ethanol (pH 5.0 37 °C), respectively. rXynAHJ3
activity was stable at 50 °C and pH 4.0-11.0 for more than
60 min, in trypsin or proteinase K at 20 °C for 24 h (pH
7.5),in 10 % ethanol (v/v) (pH 5.0) at 30 or 37 °C for 72 h,
in 80 % ethanol (v/v) for 1 h, and in 0.6 or 3 M NaCl
(20 °C, pH 7.5) for 72 h. Compared with the majority of
xylanases with tolerance to ethanol, salt, SDS, or protease
(K, values of 1.42-15.1 mg mlfl), rXynAHJ3 showed a
low K, value (0.8 mg mlfl) and showed only limited
amino acid sequence identity with those other xylanases
(less than 47 %).

Keywords Xylanase - Actinomycete - Lechevalieria sp.

Introduction

Xylan, composed mainly of f-1,4-linked xylose residues,
represents up to one-third of the plant cell wall content—
the most common component of renewable biomass on
earth [6]. Endoxylanase (EC 3.2.1.8), which catalyzes the
random endohydrolysis of f-1,4-xylosidic linkages, is the
crucial member of xylanases widely isolated from various
microorganisms. The majority of endoxylanases fall into
the glycosyl hydrolase (GH) families 10 and 11 on the
basis of amino acid sequence similarities [8].

The important roles of endoxylanases in basic research,
the bioconversion of biomass materials, and various
potential industrial applications have been widely reviewed
[6]. Specific applications of xylanases usually require one
or more significant enzyme characteristics such as thermo-
alkali tolerance for the textile industry [7], protease resis-
tance for the feed industry [19], activity at low to moderate
temperatures for the food industry [6], ethanol tolerance for
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improvement of alcohol yield [29], salt tolerance for pro-
cessing of marine materials [9], and freedom from cellulase
activity for the paper and pulp industry [37]. A xylanase
possessing all of the above characteristics would have great
value for basic research (e.g., engineering enzyme activity
by rational design) and versatile industrial applications but
has never been reported.

Xylanases obtained from extremophilic sources attract
much attention and interest [6]. As an extremophilic source,
the saline environment provides novel genetic resources and
enzymes, such as unidentified bacteria and salt-tolerant
xylanases in saline sediments and marine samples, respec-
tively [9, 35]. In this study, a novel GH 10 endoxylanase gene
was cloned from Lechevalieria sp. HI3 harbored in a saline
soil. The gene was expressed in Escherichia coli, and the
purified recombinant enzyme was characterized and showed
tolerance to ethanol, salt, protease, SDS, heat, and alkali.

Materials and methods
Vectors and reagents

Escherichia coli Trans1-T1 (TransGen, Beijing, China) and
the pMD 18-T vector (TaKaRa, Otsu, Japan) were used for
gene cloning. E. coli BL21 (DE3) (TransGen) and the pET-
28a(+) vector (Novagen, San Diego, CA, USA) were used
for gene expression. Nickel-NTA agarose (Qiagen,
Valencia, CA, USA) was used to purify the Hisq-tagged
protein. Genomic DNA isolation, DNA purification, and
plasmid isolation kits were purchased from Tiangen
(Beijing, China). Restriction endonucleases, T4 DNA
ligase, DNA polymerase (Tag and Pyrobest), and dNTPs
were purchased from TaKaRa. Substrates birchwood xylan,
beechwood xylan, oat spelt xylan, barley f-glucan, pullu-
lan (from Aureobasidium pullulans) and carboxymethyl
cellulose sodium salt were purchased from Sigma (St.
Louis, MO, USA). Isopropyl-f-b-1-thiogalactopyranoside
(IPTG) was purchased from Amresco (Solon, OH, USA).
All other chemicals were of analytic grade.

Microorganism isolation

The saline soil was sampled from an abandoned salt mine
located in Heijing town, aka the “town of salt”, in Yunnan
province, China, a town on the famous “Silk Route of the
South”. Two grams of soil was suspended in 0.7 % (w/v)
NaCl and spread onto screening agar plates containing
0.5 % (w/v) soybean meal, 0.1 % (w/v) peptone, and 0.1 %
(w/v) NaCl. The pure culture of strain HJ3 was obtained
through repeated streaking on xylanse-inducing medium
containing 0.5 % (w/v) birchwood xylan, 0.1 % (w/v)
peptone, and 0.1 % (w/v) NaCl, and showed extracellular
xylanase activity at 20-80 °C. The taxon of the strain was
identified by 16S rDNA sequence PCR-amplified using
primers 27F and 1492R [14].

Gene cloning and sequence analyses

As a result of the low yield (less than 0.1 U mlfl) and
difficulty of purification of native xylanase from HJ3, the
cloning and heterologous expression of the xylanase gene
(xynAHJ3) was carried out. Genomic DNA from strain HJ3
was extracted using the Tiangen genomic DNA iso-
lation kit following the manufacturer’s instructions. The
degenerate primer set (Table 1; XynlOF and XynlOR),
corresponding to conserved G-H-T-L-[V/I/L]-W-H and
W-D-V-V-N-E blocks of GH 10 endoxylanase (Fig. 1) was
designed and analyzed using Primer Premier 5.0 (PRE-
MIER Biosoft International, Palo Alto, CA, USA) and
Oligo 6.0 (Molecular Biology Insights, Cascade, CO, USA)
software, and synthesized by Invitrogen (Carlsbad, CA,
USA). Touchdown-PCR was performed as follows to
amplify a partial xylanase gene: 94 °C for 5 min; then 15
touchdown cycles of 94 °C for 30s, 60 °C for 30 s
(decreasing by 1 °C each cycle), and 72 °C for 30 s; fol-
lowed by 30 cycles of 94 °C for 30 s, 44 °C for 30 s, and
72 °C for 30 s; and one final extension at 72 °C for 5 min.
The PCR product was gel purified, ligated to pMD 18-T
vector, transformed into E. coli Trans1-T1, and sequenced
by Beijing Genomics Institute (Guangzhou, China).

Table 1 Primers used in this

study Primer name Primer sequence (5’ — 3)* T, (°C)°
XynlOF GGYCAYACBCTNRTNTGGCA 44-60
XynlOR YTCRTTNACNACRTCCCA

* IUPAC/IUB symbols are xynAHJ3uSPI CCCACTGCTGGACCTTGCCCTTGTAC 65

Ei%‘;lriiset;‘mon sites are xynAHJ3uSP2 CCTGCTCCAGCCACTCCGGGTTCT

> T... annealing temperature. xynAHI3dSP1 AACCCGGAGTGGCTGGAGCAGG 65

The T,, values of specific xynAHJ3dSP2 CCGGTACAAGGGCAAGGTCCAGC

primers (SP) are used for the rxynAHJ3EF CCGGAATTCGTCTCGGCCCCGCCGGACGTGA 44

high-stringency step in GC rxynAHJ3XR CCGCTCGAGGGCTCGCTTCGCCAGCGTGGAC

TAIL-PCR
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Fig. 1 Amino acid sequence XvnAs9 (1) WFRUEPTRGRRTAGLIARAL L S---——-------JGLTAVAPAHPERADEATLEELAE AKBRYFG--———-
alignment of XynAHJ3 with GH XynAGm (1) MUBKFMBRGRLRKEL IBKLNLLKPNVLT IKPCLLALAL BETSTVSQAATRVSSNDSAL SLENEAVNPENEAVSQT
10 endoxylanases. Sequences StXynl0 (1) sH!ﬁPP.-a\'leRi\u\{;G|,\-',-1|1,[\-"m —————————— LlfrsviTAPPAforETTLR K
are as f.oil"ws (including the XYNAMG (1) —JMSHEVRTVRRLT-—RAVVAWSAA——-—————————— LAFGLAGTSQAAAPTLR
L‘Egg;‘;‘ ;‘;‘:ffsg‘“d accession Xyl (1) ATVAVATAABALPLLGGSASAASSAGPKAPPHSHASHDRLRABAPEGEY 1§
Streptomyces sp. $9 xylanase XynSac (1) ATTAAAAVLELPVHE-———-—-————--—JJAPQALALRDEAPDGLYVESHVAGG

XynAHJ3 (1) VIALFAAVASSAPPES-——AVS——— APPDVSGHKQTLRSBAPKGEH

(ABX71815) tolerant to SDS
[16]; XynAGm, Glaciecola

mesophila KMM 241 xylanase XynAS9  (56)

(ACN76857) tolerant to salt [9]; XynAGm  (76)

StXyn10, Streptomyces fradiae SfXynl0  (59)

var. k11 xylanase (ABR14270) XYNAMG — (54)

tolerant to proteases [17]; XvlG  (69)

XYNAMG6, Streptomyces XynSac (53} ————————QPY
megasporus DSM 41476 XynAHJ3  (60) ———————————————()PY
xylanase (ADE37527) tolerant

to proteases and used in the XvnASa

brewing industry [27]; XylG, X:\'u-\tim

Streptomyces thermocarboxydus SEXvn10
HY-15 xylanase (ACJ64840) .

. . XYNAMG
[13] most identical to WG
XynAHIJ3; XynSac, oo
Saccharopolyspora sp. S582 __\'\ -“b‘ds
xylanase (ADL60499) [30]. XynAHJ3
Identical residues are shaded in
black and conserved residues XynASg - (18:
are shaded in gray. The boxes XynAGm (22
indicate blocks used for SfXynl0 (1
designing degenerate primers. XYNANG (1
The asterisks show the putative XvlG (1
catalytic residues. The internal XvnSac (1&
peptides identified by MALDI- XynAHJ3  (1¢
TOF/MS are underlined with
black bars XynAS9  (255) E
XynAGm  (297) D
SIXynl0  (261) 7
XYNAMG  (256)
XylG (273)
XynSac (257)
XvnAHI3 (264 )
XvnAS9
XynAGm [)[[,]R\ T1gw
SEXynl0 (299) PRELG VUG VRD
XYNAMG b
XvlG
XynSac
XvnAHT3
The full-length gene xynAHJ3 based on the partial endo- Multiple sequences were assembled and aligned using
xylanase gene was obtained using a time-saving and reduced- ~ Vector NTI 10.3 software (InforMax, Gaithersburg, MD,

cost GC TAIL-PCR procedure (thermal asymmetric  USA). The signal peptide in the amino acid sequence
interlaced-PCR specific for GC-rich genes) [36, 38] with 4  (XynAHJ3) deduced from xynAHJ3 was predicted using
nested insertion-specific primers (SP) (Table 1). The anneal- SignalP [3]. The identity values of DNA or protein
ing temperatures used for high stringency are shown in  sequences were calculated with BLASTN and BLASTP
Table 1. PCR products of the expected size appeared between [1], respectively. The classification of the glycosyl hydro-
the second and third rounds of amplification were gel purified  lase family of XynAHJ3 was determined with the Inter-
and directly sequenced by Beijing Genomics Institute. ProScan online tool [28].
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Expression of xynAHJ3 in E. coli

The coding sequence of the mature protein (without the
predicted signal peptide) of xynAHJ3 was amplified by PCR
using primers rxynAHJ3EF and rxynAHJ3XR (Table 1)
including added EcoRI and Xhol sites at the 5’ terminal,
respectively. The PCR product and pET-28a(+) vector were
individually digested with EcoRI and Xhol and gel purified.
The purified products were ligated and transformed into
E. coli BL21 (DE3) competent cells. The transformant har-
boring the recombinant plasmid (pET-xynAHJ3) was iden-
tified by PCR analysis and further confirmed by DNA
sequencing. After growing overnight at 37 °C in LB medium
supplemented with 100 pg ml~' kanamycin, the culture of
the positive transformant was inoculated at a 1:100 dilution
into fresh LB medium containing kanamycin and induced
with a final concentration of 0.7 mM IPTG (at 20 °C for
20 h) when the value of Agyy was approximately 0.7.

Purification and identification of recombinant xylanase

To purify the recombinant XynAHIJ3 (rXynAHJ3; Hise-
tagged), cells were harvested by centrifugation at 10,000x g
for 10 min at 20 °C, washed with sterile distilled H,O,
and resuspended in sterilized ice-cold buffer A (20 mM
Tris—HCI, 0.5 M NaCl, pH 7.2). The cells were disrupted by
sonication (7 s, 150 W) on ice and then centrifuged at
10,000x g for 10 min at 20 °C. Purification of the enzyme
from the supernatant was performed with a Ni*"-NTA
agarose gel column with a linear imidazole gradient of
20-500 mM in buffer A.

The purified protein was detected by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE;
12 % running gel) and verified using matrix-assisted laser
desorption/ionization time-of-flight/mass  spectrometry
(MALDI-TOF/MS) performed by Tianjin Biochip (Tian-
jin, China). The Bradford method [5] was employed to
determine protein concentration, using bovine serum
albumin as standard.

Enzyme assay

Xylanase activity was determined by measuring the release
of reducing sugar from substrate using the 3,5-dinitrosali-
cylic acid (DNS) reagent. The standard reaction contained
0.1 ml of appropriately diluted enzyme and 0.9 ml of
Mcllvaine buffer (pH 6.0) containing 0.5 % (w/v) birch-
wood xylan as substrate. After incubation at 37 °C for
10 min, the reaction was stopped with 1.5 ml DNS reagent
and boiled for 5 min. The absorption at 540 nm was
measured when the aforementioned mixture had cooled to
room temperature. One unit (U) of xylanase activity was
defined as the amount of enzyme that released 1 umol of

@ Springer

reducing sugar equivalent to xylose per minute. The
enzyme activity was assayed by following this standard
procedure unless otherwise noted.

Biochemical characterization

To identify the activity of purified rXynAHJ3, various
substrates including 0.5 % (w/v) oat spelt xylan, beech-
wood xylan, birchwood xylan, barley f-glucan, pullulan
(from A. pullulans) or carboxymethyl cellulose sodium salt
(determined at pH 6.0 and 70 °C), or 1.0 % (w/v) cassava
meal, corn bran, wheat bran, soybean meal, cottonseed
meal or rapeseed meal (determined at pH 6.0 and 37 °C)
were individually added to the reaction solution.

Further characterization of the purified rXynAHJ3
activity was determined using birchwood xylan as sub-
strate. The optimal pH for xylanase activity of purified
rXynAHJ3 was determined at 37 °C in buffers with pH
ranging from 4.0 to 12.0. The buffers used were Mcllvaine
buffer for pH 4.0-8.0, 0.1 M Tris—HCl for pH 8.0-9.0, and
0.1 M glycine—NaOH for pH 9.0-12.0. The optimal tem-
perature for purified rXynAHJ3 activity was determined
over the range of 20-90 °C in Mcllvaine buffer (pH 6.0). To
investigate the effects of different metal ions and chemical
reagents on the purified rXynAHJ3 (0.002 mg) activity
measured in Mcllvaine buffer (pH 6.0) at 37 °C, 10 mM
(final concentration) KCI, CaCl,, CoCl,, NiSO,4, CuSOy,
MgSO4, FCSO4, FCC13, MHSO4, ZHSO4, Pb(CH3COO)2,
HgCl,, EDTA or ff-mercaptoethanol, or 10 or 100 mM SDS,
or 1 or 10 % ethanol (v/v; pH 5.0) was individually added to
the reaction solution. The effect of 0.2-4.5 M NaCl on the
purified rXynAHJ3 (0.002 mg) was also determined at pH
7.5 and 20 °C.

The stability of purified rXynAHJ3 at different pH
values was estimated by measuring the residual enzyme
activity after incubating the enzyme (0.02 mg) solution in
various buffers at 37 °C for 1 h, again using birchwood
xylan as substrate. The enzyme thermostability was
determined after preincubation of the enzyme (0.02 mg) in
Mcllvaine buffer (pH 6.0) at 50, 60, or 70 °C without
substrate for various periods. To examine resistance to
ethanol, salt, and different proteases, purified rXynAHJ3
(0.02 mg) was incubated at 20 °C for 24 h with 0.2 mg
trypsin (pH 7.5) or proteinase K (pH 7.5), or at 30 or 37 °C
for 72 h with 10 % ethanol (v/v) (pH 5.0), or at 37 °C for
1 h with 80 or 95 % ethanol (v/v), or at 20 °C for 72 h with
0.6 or 3 M NaCl (pH 7.5), and the residual enzyme activity
was measured in buffer and at temperature corresponding
to treated condition.

Kins Vinax, and ke, values for purified rXynAHJ3 were
determined using 0.5-10 mg ml~" birchwood xylan as the
substrate in Mcllvaine buffer (pH 6.0) at 70 °C. The data
were plotted according to the Lineweaver—Burk method [18].
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Nucleotide sequence accession numbers

The nucleotide sequences for the Lechevalieria sp. HI3
16S rDNA and xylanase gene (xynAHJ3) were deposited in
GenBank under the accession numbers JF745866 and
JF745868, respectively.

Results
Strain identification

The comparison of the partial 16S rDNA sequence from
strain HJ3 (683 bp; JF745866) with that in GenBank showed
a nucleotide identity of 99.9 % with Lechevalieria xinji-
angensis R24 (accession no. DQ898283), 99.1 % with
Lechevalieria aerocolonigenes HBUM 174553 (EU841595),
and 98.4 % with L. aerocolonigenes ISP 5034 (AB020030).
Thus, strain HJ3 was classified into the genus Lechevalieria
and deposited in the China General Microbiological Culture
Collection Center under CGMCC 4.6960. The distance tree
created by the neighbor-joining method also revealed the
same classification (data not shown).

Gene cloning and sequence analysis

A fragment of xynAHJ3 (153 bp) was amplified by PCR
using the degenerate primers XynlOF and XynlOR. DNA
fragments amplified by GC TAIL-PCR were assembled
with the xynAHJ3 fragment. As a result, the full-length
xynAHJ3 (JF745868), which is 1,104 bp, starts with the
putative codon ATG, ends with TGA, and encodes

Table 2 Kinetic parameters of xylanases with specific characterization

a 367-residue polypeptide (XynAHJ3) with a calculated
mass of 41.2 kDa.

The signal peptide was predicted from M1 to S22, fol-
lowed by a catalytic domain of GH 10 from T36 to L363 in
XynAHJ3 on the basis of sequence analysis. The amino
acid sequence of XynAHJ3 showed the highest identities
with the identified GH 10 endoxylanases from actinomy-
cetes, as follows: 74.0 % identity with XylG from Strep-
tomyces thermocarboxydus HY-15 (ACJ64840) [13],
71.3 % with XynSac from Saccharopolyspora sp. S582
(ADL60499) (Fig. 1) [30], 60.0 % with Kxyn from Kocu-
ria sp. MN22 (ACJ73932) [15], 49.6 % with XynAl119
from Streptomyces sp. TN119 (ACR61563) [36], 47.2 %
with XylAcgny-12 from Cellulosimicrobium sp. HY-12
(ABX88978) [25], and 46.1 % with XylA from Thermo-
monospora alba ULIB1 (CAB02654) [4]. Furthermore,
XynAHJ3 showed 46.2 % identity with the GH 10 endo-
xylanase XYNAMG6 from Streptomyces megasporus DSM
41476 (ADE37527) [27], 44.0 % with the GH 10 endo-
xylanase XynAS9 from Streptomyces sp. S9 (ABX71815)
[16], 34.0 % with the GH 10 endoxylanase SfXyn10 from
Streptomyces fradiae var. k11 (ABR14270) [17], and
30.8 % with the GH 10 endoxylanase XynAGm from
Glaciecola mesophila KMM 241 (ACN76857) (Fig. 1;
Table 2) [9]. The conserved residues of GH 10 endoxy-
lanases and putative active sites (E172 and E280) in Xy-
nAHJ3 are shaded in Fig. 1.

Expression and purification of rXynAHJ3

The gene xynAHJ3 was expressed in E. coli BL21 (DE3)
and the crude enzyme extracted from E. coli BL21 (DE3)

Xylanase K, Vinax Keat Specific characterization References
(mg ml™")? (umol min~' mg™')? (s™hH?

rXynAHJ3 0.8 400.0 292.6 Tolerance to SDS, protease, ethanol, and salt This study
Xyn NR NR NR Ethanol production [22]
XynG2 NR NR NR Tolerance to ethanol [29]
XynAM6 2.33 406.93 NR Mashing, and tolerance to proteases [27]
SfXynl0 0.41 131.58 103.40 Tolerance to proteases [17]
Xyll1B NR NR NR Tolerance to proteases [19]
XynB119° 15.1 441.4 251.0 Tolerance to proteases and SDS [38]
XynAGm 1.42 86.70 61 Tolerance to salt [9]
XynA-NTOU1 NR NR NR Tolerance to salt [10]
XynFCB 13 278 231 Tolerance to salt [11]
Xyn-GESF1 53 6,593.4 NR Tolerance to salt [21]
XynAS9 243 490.87 376.33 Tolerance to SDS [16]

NR not reported
? Values were determined using birchwood xylan as the substrate

® Data were obtained using oat spelt xylan as the substrate
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cells showed 20.3 U ml™" xylanase activity, which is more
than 200-fold higher than that of native xylanase from HJ3.
The crude enzyme was purified to electrophoretic homo-
geneity by Ni**-NTA metal chelating affinity chromatog-
raphy (Fig. 2), with a final purification of 196.5-fold and
yield of 15.2 % (Table 3). The purified enzyme migrated
as a single band on SDS-PAGE with a molecular mass of
ca. 46.0 kDa, which is close to the calculated value of
rXynAHJ3 (43.9 kDa). Three internal peptides from the
purified enzyme (Figs. 1, 3), VLAAEFNSVSPENQMK,
AAGVPVHGFSAQAHLSLDYGFPDDLER, and MTLPA
SGVPTAAQLQQQADYYQR that were randomly selected
from the results of MALDI-TOF/MS, matched the
deduced amino acid sequence of rXynAHJ3, confirming
that the purified enzyme was indeed rXynAHJ3.

Enzyme characterization

At pH 6.0 and 70 °C, the specific activity of purified
rXynAHJ3 towards substrates of 0.5 % (w/v) oat spelt

kDa M .l 2

o -
94.0 — p—
662 _— -
43.0 .

33.0 -

26.0 “

Fig. 2 SDS-PAGE analyses of rXynAHJ3. Lane M low molecular
weight markers; lane 1 rXynAHJ3 purified by Ni**-NTA chelating
affinity chromatography; lane 2 cell extract of an induced
transformant harboring pET-xynAHJ3

Table 3 Purification of rXynAHJ3 (volume 3 1) expressed in E. coli

xylan, beechwood xylan and birchwood xylan was 346.6,
328.1 and 287.3 U mg ™', respectively, and at pH 6.0 and
37 °C, the specific activity of the purified xylanase towards
substrates of 1.0 % (w/v) cassava meal, corn bran, wheat
bran, soybean meal, cottonseed meal, and rapeseed meal
was 0.6, 0.5, ca. 0.1, less than 0.1, less than 0.1, and less
than 0.1 U mg~', respectively. However, no activity of
rXynAHJ3 was detected towards substrates of 0.5 % (w/v)
barley f-glucan, pullulan (from A. pullulans), and car-
boxymethyl cellulose sodium salt.

When assayed at 37 °C, purified rXynAHJ3 showed
apparently optimal xylanase activity at pH 6.0, and retained
greater than 60 % of the maximum activity between pH 5.5
and 8.0, and greater than 25 % between pH 9.0 and 12.0
(Fig. 4a). The thermal activity of purified rXynAHJ3 was
apparently optimal at 70 °C when assayed at pH 6.0, and
retained greater than 60 % of the maximum activity when
assayed at 50-75 °C, 11 % at 20 °C, and 24 % at 80 °C
(Fig. 4b). The activity of purified rXynAHJ3 was com-
pletely inhibited by 10 mM Hg®>" and Ag™, strongly
inhibited (retaining less than 50 % activity) by 10 mM
Cu2+, Zn”, Mn”, Fe** and Fe”, and 10 % (v/v) ethanol,
and partial inhibited (retaining greater than 50 % activity)
by 10 mM Co*", Pb>", Ni**, and K" (Table 4). Purified
rXynAHIJ3 retained greater than 55 % xylanase activity at
concentrations of 0.2-2.0 M Na™, and 26 % at 4.0 M Na™
(Fig. 4c). Addition of other reagents, including 100 mM
SDS, had little or no effect on the enzyme activity.

Purified rXynAHJ3 exhibited more than 90 % of the
initial activity after incubation in buffers ranging from
pH 4.0 to 11.0 at 37 °C for 1 h (Fig. 5a). The enzyme
was stable at 50 °C for more than 60 min, whereas at 60
and 70 °C, the half-life of the enzyme was ca. 60 and ca.
4 min, respectively (Fig. 5b). Purified rXynAHJ3 was
resistant to trypsin and proteinase K, retaining more than
97 % of the initial activity after incubation at 20 °C for
24 h (pH 7.5) (Fig. 5¢). At 30 and 37 °C for 72 h with
10 % ethanol (v/v) (pH 5.0), the enzyme showed greater
than 94 and greater than 50 % activity, respectively
(Fig. 5d). In 80 % and 95 % ethanol (v/v) for 1 h, rXy-
nAHJ3 retained ca. 98 and ca. 35 % of its activity,
respectively. The stability of purified rXynAHJ3 at 0.6 M
or 3 M NaCl (20 °C, pH 7.5) was estimated, showing
more than 90 % xylanase activity after incubation for
72 h (Fig. Se).

Purification step Total activity (U)* Total protein (mg) Specific activity (U mg~")*  Purification (fold)  Yield (%)
Crude enzyme extracted from cells 60,815.0 41,594.7 1.5 1 100
Ni*"-NTA chromatography 9,243.9 322 287.3 196.5 15.2

? Xylanase activity was determined using 0.5 % (w/v) birchwood xylan as substrate in Mcllvaine buffer (pH 6.0) at 70 °C
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Fig. 4 Activity of purified a b
rXynAHJ3. a Effect of pH on 9 120 —o— Melhvaine buffer S 120
xylanase activity. The enzyme 5 1o e Tris-HCl 3 100
activity was determined at > 8- &+ Glycine-NaOH = 80
37 °C from pH 4.0 to 12.0. 8 - 8
b Effect of temperature on .g 40 - .jé: 40
rXynAHJ3 activity measured in E“j 20 - = 20
Mcllvaine buffer (pH 6.0) at 0 ! L ! . ! L ! & 0 :
20-90 °C. ¢ Effect of NaCl on 4 5 6 7 8 9 10 11 12 B 100
rXynAHJ3 activity (pH 7.5, pH
20 °C). The error bars represent C 0.
the means + SD (n = 3) g 100
£
g 6
£ 0
S 20
g 7, ‘

Concentration of NaCl (M)

Based on a Lineweaver—Burk plot, the K,,,, Vinax, and kca
values were 0.8 mg ml™', 400.0 pmol min~' mg™', and
292.6 s~', respectively, using birchwood xylan as the
substrate (Fig. 6; Table 2).

Discussion

Glycosyl hydrolases from actinomycetes have valuable
applications in various industries [2, 16, 17, 27, 38]. To
date, only the taxonomic information for Lechevalieria [26,
33] and genes involved in the biosynthesis of an antibiotic
(rebeccamycin, accession no. ABO071405; halogenase,
FJ502204) from L. aerocolonigenes were reported. This

study of xylanase XynAHJ3 is the first to present the
cloning, heterologous expression, and biochemical charac-
terization of a glycosyl hydrolase from a Lechevalieria sp.

Sequence analysis showed that XynAHJ3 was most
similar to identified GH 10 xylanases from actinomycetes.
The apparent optimal pH and temperature of rXynAHIJ3
were also most similar to those of GH 10 xylanases from
actinomycetes (most optimum at pH 6-8 and 60-70 °C)
[2,4,13,15-17,25,27,30, 36]. However, to our knowledge,
only a few GH 10 xylanases from actinomycetes showed
activity at pH 11.0-12.0 [15, 27]. The thermo-alkali activity
and stability (especially at pH 11.0) and freedom from cel-
lulase activity suggested that rXynAHJ3 may have potential
in the textile and paper and pulp industries [6, 7, 37].
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Table 4 Effect of metal ions and chemical reagents on the xylanase
activity of purified rxXynAHJ3 (0.002 mg)

Reagent Final concentration Relative activity
(mM) (%)*
None 0 100.0 & 2.8
Mg>* 10 98.2 + 0.7
Ca** 10 957 + 5.0
K* 10 89.9 + 2.7
Ni**+ 10 87.8 + 1.6
Pb>" 10 60.6 &+ 17.2
Co** 10 525 + 4.4
Fe** 10 444 +£05
Fe** 10 412 +13
Mn>* 10 39.3 + 0.6
Zn*t 10 39.1 £ 0.8
Cu*t 10 30.6 + 1.8
Agt 10 0.0
Hg*" 10 0.0
p-Mercaptoethanol 10 102.3 £ 1.0
EDTA 10 89.9 + 5.1
SDS 10 1102 + 1.8
SDS 100 1023 + 1.5
Ethanol 1 % (vIV) 101.3 + 4.3
Ethanol 10 % (vIv) 442 £ 27

% Values represent the means + SD (n = 3) relative to the untreated
control samples

The utilization of xylanase could shorten the overall
process time for ethanol production [22], improve sake
mash fermentations [29], and reduce the filtration rate and
viscosity under simulated brewery mashing [27] (Table 2).
However, reports on the influence of ethanol on xylanase
activity or stability were extremely limited [29]. The
xylanase XynG2 from Aspergillus oryzae retained 80 % of
its original activity after incubation in 80 % ethanol for
30 min [29]. The high stability of this xylanase in ethanol
was proposed to be the primary effect in the improvement
of material utilization under sake mash conditions [29].
Compared to XynG2, rXynAHJ3 had better stability in
80 % ethanol. Moreover, rXynAHJ3 was stable below
60 °C, active in 10 % ethanol (v/v) (pH 5.0), and stable in
10 % ethanol (v/v) (pH 5.0) at 30 or 37 °C for 72 h, the
conditions for fermentation of materials by Saccharomyces
cerevisiae. In view of these characteristics, rXynAHJ3
might be a new candidate for use directly as a xylanase
additive, or as a heterologously expressed xylanase in
yeast, for application in the fermentation processes of the
brewing industry and ethanol production.

Salt-tolerant xylanases isolated from microorganisms
harbored in marine or saline environments have potential
uses in the processing of marine materials, which is a new,

@ Springer

but seldom reported application of xylanases [9-11, 21, 34]
(Table 2). The average sea salinity is 3.5 % (w/v). At3.5 %
(w/v) final concentration of NaCl (ca. 0.6 M; average sea
salinity simply equivalent to NaCl % here), salt-tolerant
xylanases XynAGm from marine G. mesophila KMM 241
[9] and Xyn-GESF1 from marine Bacillus pumilus GESF-1
[21] showed specific activities of less than 180 U mg_1
towards various xylans, whereas xylanase XynFCB from
Thermoanaerobacterium saccharolyticum NTOUL [11]
retained ca. 400 U mg~" towards birchwood xylan and ca.
180 U mg ™" towards oat spelt xylan at a 0.5 M final con-
centration of NaCl (putatively ca. 330 U mg~' towards
birchwood xylan and ca. 140 U mg~' towards oat spelt
xylan at 0.6 M NaCl). rXynAHJ3, having 223 and
269 U mg~ ' xylanase activities towards birchwood xylan
and oat spelt xylan in the presence of 0.6 M NaCl,
respectively, shared much lower (less than 33 %) amino
acid sequence identities with these salt-tolerant xylanases.
Furthermore, The K, value of rXynAHJ3 is lower than that
reported for salt-tolerant xylanases (Table 2); therefore,
rXynAHIJ3 is a novel salt-tolerant xylanase with potential
application in the processing of sea food and saline food.

Only a few reported xylanases have strong protease
resistance (i.e., retained ca. 100 % activity after incubation
with the neutral proteases trypsin and proteinase K) [17,
19, 27, 38] (Table 2), and these shared less than 50 %
amino acid sequence identities with XynAHJ3. The K,
value of xylanase XynAM6 was 2.33 mg ml~' [27],
whereas that of rXynAHJ3 was 0.8 mg ml~'. The xylanase
StXynl0 had a V. value of 131.58 pmol min~" mg{1
[17], far lower than the 400.0 pmol min~' mg™~" of rXy-
nAHJ3. The protease resistance and low- to moderate-
temperature (body temperature of domestic animals and
fish) activity suggested rXynAHJ3 may be a new candidate
for feed supplements.

SDS is an anionic detergent and causes strong denatur-
ation of proteins when the concentration is above ca. 7 mM
in water [20]. In the presence of 10 mM SDS, only the
reported GH 10 xylanase XynAS9 [16] and GH 11 xylanase
XynB119 from Streptomyces sp. TN119 [38] exhibited ca.
100 % xylanase activity (Table 2). rXynAHJ3 is a novel
SDS-resistant xylanase, showing significant resistance to
even 100 mM SDS, and has a low K, value and only lim-
ited amino acid sequence identities with XynAS9 and
XynB119.

SDS and protease resistances have been proposed as
common properties of kinetically stable proteins, which
owe their unusually high unfolding barrier to the limited
access to partially and globally unfolded conformations
[12] or high structural rigidity [20]. Accordingly, rXy-
nAHIJ3 is probably a kinetically stable protein. The phys-
ical basis for kinetic stability has been suggested to be
related to the increasing numbers of hydrophobic residues
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on the protein surface, ion pairs, disulfide bonds, the pro-
tein pro-region, the presence of predominantly f§ sheet, and
other properties [20]. More hydrophobic amino acids
engineered on the protein surface resulted in the stabil-
ization of the enzyme in organic solvent [24]. Therefore,
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determined in Tris—=HCI buffer (pH 7.5) at 20 °C. d Stability in
ethanol. The enzyme (0.02 mg) was incubated at 30 or 37 °C for 72 h
with 10 % ethanol (v/v) (pH 5.0), and the residual enzyme activity
was determined in Mcllvaine buffer (pH 5.0) at 30 °C. e Stability in
NaCl. The enzyme (0.02 mg) was incubated at 20 °C for 72 h with
0.6 M or 3 M NaCl (pH 7.5), and the residual enzyme activity was
determined in Tris—HCI buffer (pH 7.5) at 20 °C. The error bars
represent the means & SD (n = 3)

the kinetically stable nature of rXynAHJ3 might also
account for the ethanol tolerance. However, the surfaces of
halophilic proteins are characterized by a high occurrence
of amino acids with low hydrophobicity [32]. Owing to the
low identities of XynAHJ3 with SDS-, protease-, ethanol-,
or salt-tolerant xylanases (Fig. 1), mutagenesis targeting
these specific conserved residues or regions distinct from
other xylanases and crystallization analysis of rXynAHJ3
might be useful for clarifying these assumptions.

In addition, the xylanase rXynAHJ3 was active towards
various substrates of cheap agricultural by-products, espe-
cially cassava meal, which is the third largest source of
calories in the world [23]. Addition of xylanase and cel-
lulase was an efficient treatment for linamarase release or
detoxification of cassava products during processing, but
has rarely been reported [31].

In this study, a GH 10 xylanase XynAHJ3 from
Lechevalieria sp. HI3 harbored in a saline soil was cloned
and expressed in E. coli. The purified recombinant Xy-
nAHJ3 showed excellent enzyme characteristics that have
never been reported before—combined tolerance to etha-
nol, salt, protease, SDS, heat, and alkali. Thus rXynAHIJ3
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might represent a good material to study the relationship
between structure and versatile functions and an alternative
to various potential industrial applications.
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