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Abstract An extracellular xylanase Xynl of glycoside
hydrolase family 11 from the dimorphic fungus Aureoba-
sidium pullulans ATCC 20524 possesses an N-terminal
extension of 34 amino acids (Ohta et al., J. Biosci. Bioeng.
92:262-270, 2001). The N-terminal extension includes
three sites (Ala-X-Ala-X-Ala-X-Ala) that are potentially
cleavable by signal peptidase I of Escherichia coli. The
A. pullulans xynl signal sequence was fused in frame to the
mature protein region of the equivalent xylanase gene xynA
from the filamentous fungus Penicillium citrinum. The gene
fusion xynl::A was inserted into the plasmid pET-26b(+) to
yield pEXP401. An E. coli BL21(DE3) transformant har-
boring the pEXP401 exhibited xylanase activity (per ml of
the culture) of 16.8 U in the fraction of culture supernatant
as well as 4.29 U in the fraction of cell-free extract after
12 h of growth with isopropyl-f-p-thiogalactopyranoside at
30°C. N-terminal amino acid sequence analysis of the
secreted recombinant proteins revealed cleavage at four
distinct sites within the N-terminal extension of Xynl, two
of which conformed to the Ala-X-Ala motif prior to the
cleavage site. The XynA proteins secreted into the culture
medium showed high specific activities from 506 to
651 U/mg, which were twofold higher than that of the
native enzyme.

Keywords Aureobasidium pullulans - Escherichia coli -
Penicillium citrinum - Signal peptide - Xylanase

K. Ohta (D<) - H. Tanaka - D. Yamakawa - H. Hamasuna -
H. Fujimoto

Department of Biochemistry and Applied Biosciences,
Faculty of Agriculture, University of Miyazaki,

1-1 Gakuen Kibanadai Nishi, Miyazaki 889-2192, Japan
e-mail: k.ohta@cc.miyazaki-u.ac.jp

Introduction

f-1,4-pD-Xylans constitute the main polymeric component
of the hemicellulose fraction of plant cell wall and serve
as a potential feedstock for production of fuels and chem-
icals [1]. Endo-f-1,4-xylanase (f-1,4-p-xylan xylanohy-
drolase; EC 3.2.1.8), designated xylanases, hydrolyze
internal f-(1—4)-xylosidic linkages in the insoluble
xylan backbone to yield soluble oligosaccharides. The
majority of xylanases fall into two glycoside hydrolase
(GH) families: family-10 xylanases with a high M, of
greater than 30 kDa and family-11 xylanases with a rela-
tively low M, ranging from 19 to 25 kDa [2]. We have
previously purified a GH family-11 extracellular xylanase
from the dimorphic fungus Aureobasidium pullulans
ATCC 20524 [3]. The xylanase gene (xynl) encoded a
precursor protein (Xynl) composed of an N-terminal
extension of 34 residues and a mature protein of 187 resi-
dues. A. pullulans Xynl was expressed heterologously and
efficiently secreted into the culture medium by its own
signal peptide in yeasts Saccharomyces cerevisiae [3] and
Pichia pastoris [4].

The advantages of using E. coli for production of
recombinant proteins are the ease of growth and genetic
manipulation. Burchhardt and Ingram [5] expressed the
xylanase gene (xynZ) from the thermophilic bacterium
Clostridium thermocellum in ethanol-producing Esche-
richia coli KOI11 that ferments all lignocellulose-
derived sugars. However, the recombinant xylanase
produced was retained in the cytoplasm. To convert xylan
to fuel ethanol in a single-stage process, the xylanase
needs to be secreted from the cytoplasm to the outside of
the E. coli cell by crossing two biological membranes,
the inner and outer membranes. Extracellular production
of recombinant xylanase by E. coli will facilitate the
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Fig. 1 a Schematic representation of expression plasmids. Arrows
indicate T7 promoter. Solid and open bars indicate signal sequences
and mature protein regions, respectively. b Extracellular and intracel-
lular xylanase activities of E. coli BL21(DE3) carrying different plasmids.

metabolic engineering of strains for converting plant
biomass directly into a variety of fermentation products.
To date, several glycoside hydrolases such as xylanase
[6-8], cellulase [7], and pectinase [9] have been shown
to be exported from the cytoplasm to the culture medium
with various percentages when expressed in E. coli
using native or heterologous signal peptides. In such
cases, translocation of recombinant proteins into peri-
plasmic space through cleavage of signal peptide by sig-
nal peptidase is followed by their release through the
outer membrane into the external environment by an as
yet unknown mechanism. Successful extracellular pro-
tein secretion is likely to depend on the E. coli host
strain and the nature of signal sequence and protein to be
secreted [10].

Ala is preferred at positions —3 and —1 with respect to
the cleavage site for signal peptidase I [10]. Inspection of
the N-terminal extension of A. pullulans Xynl revealed
the presence of three repeats of potential cleavage site,
which conforms to the so-called Ala-X-Ala box where X
could be almost any residue: Ala-X-Ala-X-Ala-X-Ala. To
our knowledge, the use of fungal signal peptide for extra-
cellular production of recombinant proteins by E. coli has
not been investigated. Recently, we cloned a xynA gene
encoding a GH family-11 extracellular xylanase from a
filamentous fungus Penicillium citrinum [11]. In this
study, a combination of the signal peptide of A. pullulans
Xynl with the GH family-11 xylanase XynA of relatively
small molecular size from P. citrinum led to expression of
the highly active enzyme in E. coli BL21(DE3) and
efficient secretion into the culture medium. Here we show
for the first time that a signal peptide of fungal origin is
functional in E. coli.
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Culture supernatants and cell-free extracts were prepared from 1-ml
portion of each culture after growth with IPTG for 12 h as described
in the text. The values of activity are the mean of three independent
cultures =+ standard deviation. ND not detected

Materials and methods
E. coli strain, plasmids, and genes

E. coli BL21(DE3) (Stratagene, La Jolla, CA, USA), which
is deficient in the outer membrane protease OmpT, was
used as the host strain for expression and secretion of
xylanase. Plasmid pET-26b(+) (Novagen, Madison WI,
USA), which carries the T7 promoter and the signal
sequence of a pectate lyase gene, pelB, from the gram-neg-
ative bacterium Erwinia carotovora, was used for construc-
tion of the series of expression plasmids (see Fig. la).
Plasmid pET-26b(+) also includes a gene encoding kana-
mycin resistance. The pelB signal sequence was excised
from the pET-26b(+) by digestion with Ndel and Xhol
when other signal sequences were substituted. Full-length
cDNAs of the xylanase genes, xynl from A. pullulans and
xynA from P. citrinum, were previously cloned into pUC18
to give pXYN119 [3] and pXYN303 [11], respectively.

DNA manipulations and analysis

Standard molecular cloning techniques were performed as
described by Sambrook and Russell [12]. PCRs were done
in a thermal cycler (Takara Bio, Otsu, Japan). DNA was
sequenced on both strands with an ABI Prism 310 genetic
analyzer (Applied Biosystems, Foster City, CA, USA).

Plasmid construction for secretory expression of XynA
On the basis of the nucleotide sequence of the P. citrinum

xynA gene [11], the following PCR primers were designed
to amplify the indicated regions of the xynA cDNA (letters
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Table 1 Amino acid sequences of signal peptides used for the secretion of xynA product from E. coli

Protein Sequence?® Organism Source or reference
Xynl MKFFATIAALVVAAVAAPVAEADAEASSPLMIER A. pullulans [3]

XynA MPSLTSLFSFFALASGAFSATADLSKR P. citrinum [11]

PelB MKYLLPTAAAGLLLLAAQPAMA E. carotovora pET-26b(+)

# The hydrophobic region is underlined. The sequence signature AXA in the C-domain is in italics

in bold type indicate the coding sequence): P1 (forward;
5'-GGGAATTCCATATGAAGTTCTTCGCCACT-3') and
P2 (reverse; 5'-CCGCTCGAGCTAGCTAACAGTAAT
ATCAGC-3') containing Ndel and Xhol sites (underlined),
respectively, for expression of the precursor protein with its
own signal sequence; P3 (forward; 5'-CATGCCATGG
AATCTTATACTTCCAGCTCG-3') containing Ncol
site (underlined) and P2 (reverse) for fusion of the mature
protein to the PelB signal peptide encoded in the pET-
26b(+) (Table 1). PCRs were done with the following pro-
gram: 25 cycles of denaturation (15 s at 94°C), annealing
(30 s at 50°C), and extension (1 min at 68°C). An amplified
fragment of the xynA ORF was digested with Ndel and
Xhol, and ligated into the corresponding sites of pET-
26b(+) to generate pEXP301. Another amplified fragment
of the xynA mature protein region was digested with Ncol
and Xhol, and ligated into the corresponding sites down-
stream of the pelB signal sequence of pET-26b(+) to con-
struct pEXP501.

Construction of xynl::A fusion

The xynl signal sequence was fused in frame to the xynA
mature protein region by using overlap extension PCR [13].
The xynl signal sequence and the xynA mature protein
region were separately amplified from xyn/ and xynA
cDNAs from the pXYN119 [3] and pXYN303 [11], respec-
tively, by the first-round PCR with the following primer
pairs (letters in italics and boldface indicate the xynl signal
sequence and the xynA mature protein region, respectively):
P1 (forward) and P4 (reverse; 5'-TATAAGATTCACG
CTCGATA-3"); PS5 (forward; 5'-TATCGAGCGTGAA
TCTTATA-3’) and P2 (reverse). Two amplified fragments
having overlapping ends were precipitated by ethanol,
redissolved, and combined. Subsequent 3’ extension of the
complementary strand consisted of a denaturation step at
94°C for 2 min and 5 cycles of the following steps: denatur-
ation (15 s at 94°C), annealing of the denatured fragments
at the overlap (30s at 50°C), and extension (I min at
68°C). The fusion product was gel-purified by using the
QIAquick gel extraction kit (Qiagen, Valencia, CA, USA)
and amplified further by the second-round PCR using a pair
of primers P1 (forward) and P2 (reverse). The PCR product
was digested with Ndel and Xhol and ligated into the corre-
sponding sites of pET-26b(+) to generate pEXP401. The

xynl::A fusion was verified by the DNA sequence analysis
of the relevant region of pEXP401.

E. coli transformation and culture conditions

The plasmids constructed were introduced into E. coli
BL21(DE3) by electroporation using a Bio-Rad Gene
Pulser II (Hercules, CA, USA) according to the manufac-
turer’s instructions. Transformants were recovered on
Luria—Bertani plates [12] supplemented with kanamycin at
30 pg/ml to maintain the plasmids.

E. coli transformants were inoculated into 400 ml of a
modified M9 medium (6 g of Na,HPO,, 3 g of KH,PO,, 5 g
of NaCl, 1 g of NH,Cl, 8 g of glycerol, per liter, and 1 mM
of MgSO,) supplemented with 30 pg/ml of kanamycin in
2-1 Erlenmeyer flasks. The cultures were grown on an orbital
shaker (150 rpm) at 30°C. When the ODgg, of the cultures
reached 0.6, isopropyl-f-p-thiogalactopyranoside (IPTG)
was added to give a concentration of 1 mM for expression
of T7 RNA polymerase in the host, which then transcribes
the xylanase gene placed in the plasmid under control of
the T7 promoter. The cultures were allowed to grow for
another 12 h.

Sampling procedures and preparation of cell-free extracts

Supernatant fractions were recovered after centrifugation of
1.0-ml aliquots of recombinant cultures at 5,000xg and
4°C for 5 min and assayed for extracellular enzyme activ-
ity. The cell pellets were washed twice with 1.0 ml of ice-
cold 50 mM Tris—HCI buffer (pH 8.0) containing 1 mM
EDTA and 150 mM NaCl, and resuspended in 1.0 ml of the
same buffer. Cells were disrupted by 30-s beating with 50%
(v/v) glass beads (350-500 um) using Vortex for twelve
times with 30-s intervals of cooling on ice. The lysates
were centrifuged at 20,000xg and 4°C for 20 min. The
supernatants containing cytoplasmic proteins were recov-
ered as cell-free extracts and assayed for intracellular
enzyme activity.

Enzyme and protein assays
The reaction mixture consisted of 0.2 ml of a 1.0% (w/v)

suspension of birch-wood xylan (Sigma Chemical, St. Louis,
MO, USA) in distilled water, 0.1 ml of a suitably diluted

@ Springer



970

J Ind Microbiol Biotechnol (2011) 38:967-973

enzyme solution, and 0.1 ml of either 0.1 M sodium
acetate—HCI buffer (pH 2.0) (for A.pullulans xylanase
Xynl) or 0.1 M acetate buffer (pH 5.0) (for P. citrinum
xylanase XynA). After incubation at 45°C for 10 min,
reducing sugars were determined by the Somogyi—Nelson
method [14]. One unit (U) of xylanase activity was defined
as the amount of enzyme that liberated 1 pmol of xylose
equivalents from xylan per minute. Protein concentrations
were measured by the method of Lowry et al. [15] using
bovine serum albumin (Sigma) as a standard.

Enzyme purification

All purification procedures were carried out at 4°C. The
contents of six flasks of E. coli (pEXP401) cultures grown
for 12 h with IPTG were centrifuged at 5,000 g for 5 min.
To the 2,327-ml supernatant, ammonium sulfate was added
to give 90% saturation with stirring, and the mixture was
left overnight. The precipitate was collected by centrifuga-
tion at 20,000x g for 15 min and dissolved in 80 ml of
20 mM acetate buffer (pH 4.0). Subsequent chromato-
graphic purification of the enzyme was performed on a
Bio-Rad BioLogic DuoFlow system. The enzyme solution
was subjected to cation-exchange chromatography on a SP
Sepharose Fast Flow (GE Healthcare, Buckinghamshire,
UK) column (2.6 x 40 cm) that had been equilibrated with
20 mM acetate buffer (pH 4.0). The column was washed
with 320 ml of the same buffer. The adsorbed proteins were
eluted in a step gradient with 300 ml of 0.05 M NaCl and
200 ml of 0.1 M NaCl in the same buffer at a flow rate of
1.0 ml/min. Fractions of 10 ml were collected and assayed
for xylanase activity and A,g,.

SDS-PAGE and amino acid sequencing

SDS—polyacrylamide gel electrophoresis (SDS-PAGE) was
carried out with a 4.5% stacking gel and a 12.5% separating
gel as described by Laemmli [16]. Gels were stained for pro-
tein with Coomassie brilliant blue R-250. The protein bands
on SDS—polyacrylamide gels were electroblotted onto a poly-
vinylidene difluoride membrane (Bio-Rad) using Mini Trans-
Blot cell (Bio-Rad). The N-terminal amino acid sequences of
blotted proteins were identified by using a G1005A Hewlett-
Packard protein sequencer (Palo Alto, CA, USA).

Results and discussion

Xynl signal peptide has potential recognition sites
for signal peptidase I

A typical signal peptide recognizable by the general secre-
tion pathway possesses three distinct domains [17] as
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observed for that of E. carotovora PelB (Table 1). The
N-domain harbors a positively charged residue, Arg or Lys,
after the initiating Met residue. The hydrophobic H-domain
comprises the center of the signal peptide. A polar C-termi-
nal domain bears the cleavage site for signal peptidase. In
the PelB signal peptide, the Ala-Met-Ala sequence immedi-
ately precedes the cleavage site. However, N-terminal
leader sequences of the GH family-11 xylanases of fungal
origin contain the Arg residue at position —1 [3, 11]
(Table 1) and are not in accordance with the (—3, —1) rule
for signal peptidase cleavage sites. Instead, the N-terminal
extensions of P. citrinum XynA and A. pullulans Xynl con-
tained a single Ala-X-Ala sequence and three successive
Ala-X-Ala sequences, respectively, before the Arg residue
at the cleavage site. It is conceivable that in filamentous
fungi, following the signal peptidase cleavage of the pre-
sequence (signal peptide) in the endoplasmic reticulum
(ER), processing of the remaining N-terminal extension,
the pro-sequence, after the Arg residue occurs by different
proteases in the Golgi apparatus. In this regard, E. coli sig-
nal peptidase is known to have the same cleavage specific-
ity as ER signal peptidase [17].

Extracellular xylanase production by E. coli using Xynl
signal peptide

We initially attempted the expression and secretion of
A. pullulans Xynl in E. coli BL21(DE3), but no xylanase
activities were detected in either culture supernatant or cell-
free extract of the E. coli transformant. Therefore, the
equivalent enzyme XynA from P. citrinum was used in
subsequent experiments.

The expression plasmids constructed and used in this
study are listed in Fig. 1a. Growth was similar for all trans-
formants as determined by the ODgq, of the cultures, irre-
spective of the quantity of xylanase secreted into the culture
medium (data not shown). The enzyme activity per millili-
ter of culture after 12h of IPTG induction is shown in
Fig. 1b. The E. coli (pEXP301) carrying the entire xynA
OREF, including the sequence for the 27 amino acid secre-
tion signal, showed a low xylanase activity of 0.623 U in
the fraction of culture supernatant and an appreciable activ-
ity of 1.48 U in the fraction of cell-free extract. The control
transformant with the vector plasmid pET-26b(+) had no
detectable xylanase activity in either fractions of culture
supernatant or cell-free extract. Thus, the majority of
enzyme activity (70%) in the fraction of cell-free extract of
the E. coli (pEXP301) indicated inefficient secretion of the
fungal xylanase in this construct.

These observations prompted us to fuse the xynl signal
sequence to the xynA mature protein region. The E. coli
(pEXP401) carrying the gene fusion xynl::A showed xylan-
ase activities of 16.8 U in the fraction of culture supernatant
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and 429U in the fraction of cell-free extract. Thus,
replacement of the native signal peptide of XynA with the
Xynl signal peptide not only led to the efficient secretion
(79%) of the XynA from E. coli cells but also resulted in a
tenfold increase in the overall enzyme activity in the cul-
ture. These results suggest that the signal peptide of xylan-
ase XynA failed to work effectively in E. coli. Extracellular
xylanase activity of the culture of E. coli (pEXP401) was
similar to that (17 U/ml) in the culture supernatant of the
P. pastoris transformant carrying the xynA cDNA and five-
fold higher than that (3.5 U/ml) of the culture filtrate of the
P. citrinum in our previous study [11].

The PelB signal peptide from E. carotovora is com-
monly used as periplasmic secretion signal in E. coli [10].
As reported by Matsumoto et al. [9], the pectate lyase from
Bacillus subtilis is expressed and efficiently released into
the culture supernatant by the E. coli BL21(DE3) using the
PelB signal peptide encoded in pET-22b(+), which carries
a gene encoding ampicillin resistance. To evaluate the
efficiency of Xynl signal peptide, the expression and
secretion level were compared with those of the PelB sig-
nal peptide. For this purpose, the xynA mature protein
region was fused to the pelB signal sequence in pET-
26b(+) to yield pEXP501. The E. coli (pEXP501) showed
xylanase activities of 10.1 U in the fraction of culture
supernatant and 0.627 U in the fraction of cell-free extract.
While the overall enzyme activity by the use of XynlI sig-
nal peptide was 1.5 times higher than that by the use of
PelB signal peptide, the percentage of extracellular
enzyme activity as high as 94% suggests that the PelB sig-
nal peptide directed more efficient secretion of the xylan-
ase XynA from E. coli cells.

Thus, changes in the signal peptide affected the level of
xylanase XynA production in accordance with the previous
observation with Streptomyces lividans [18]. The transcrip-
tion levels of xynA gene in plasmids pEXP301, pEXP401,
and pEXP501 were assumed to be invariant because each
construct contains the same promoter and transcriptional
terminator. Variations of xylanase XynA production after
replacement of its signal peptide could be due to other fac-
tors such as translation rates of the gene fusions and secre-
tion efficiency of the fusion proteins.

Purification of secreted XynA proteins

Recombinant XynA proteins secreted from E. coli
(pEXP401) were purified by a two-step process involving
ammonium sulfate precipitation followed by SP Sepharose
Fast Flow column chromatography. Elution profile of
XynA proteins from the column showed two major protein
peaks I and II and a minor protein peak III with xylanase
activity as designated by the order of elution at a concentra-
tion of 0.1 M NaCl (data not shown). Specific activities of
purified recombinant XynA proteins from peak I (fractions
32-35) and peak II (fractions 38-42) were 506 and
651 U/mg (Table 2), respectively, both of which were twofold
higher than that of the native enzyme (303 U/mg) from
P. citrinum [10]. After SDS-PAGE, two discrete protein
bands, IA and IB, with apparent M, values of 24.4 and
23.6 kDa, respectively, were found in the pool of fractions
32-35 of peak I, and a single protein band, II, with an
apparent M, of 23.2 kDa, was found in the pool of fractions
38—42 from peak II (Fig. 2).

kDa
427 —» &
Protein band 1A
(24.4 kDa)
27.0 —p

4 Protcin band 11
(23.2 kDa)

Protcin band IB
(23.6 kDa)

Fig. 2 SDS-PAGE analysis of extracellular xylanase produced by
E. coli BL21(DE3) carrying the plasmid pEXP401. Protein was visu-
alized by Coomassie brilliant blue R-250 staining. Lanes: I, marker
proteins; 2, culture supernatant; 3, sample precipitated with ammonium
sulfate; 4 and 5, the pools of the active fractions 32-35 and 3842,
respectively, after SP Sepharose Fast Flow column chromatography

Table 2 Purification of recombinant xylanases secreted by E. coli (pEXP401)

Step Total activity Total protein (mg) Specific activity Recovery (%) Purification
) (U/mg) (fold)
Culture supernatant 35,300 449 142 100 1.00
Sample precipitated with ammonium sulfate 24,200 55.1 440 68.6 3.10
SP Sepharose Fast Flow
Peak I (fractions 32-35) 5,420 10.7 506 15.3 3.57
Peak II (fractions 38-42) 1,860 2.87 651 5.28 4.59
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Table 3 Alignment of N-terminal amino acid sequences of extracellular recombinant xylanases

Xylanase N-terminal amino acid sequence M, (Da)
10 20 30

Xynlsignal sequence L V V A A V A A P V A E A D A E A S S P M

Protein band 1A vV A A P V 22,684

Protein band IA A A P V A 22,583

Protein band 1B D A E A S 21,974

Protein band II E A S S P 21,787

% Numbers indicate amino acid positions relative to the N-terminus of the Xynl precursor protein (see Table 1)

Identification of N-termini of secreted XynA proteins

The N-terminal amino acid sequence was determined for
three protein bands on the SDS-polyacrylamide gel:
VAAPV and AAPVA for the band 1A, DAEAS for the
band IB, and EASSP for the band II. As shown in Table 3,
sequence alignments indicated that the Xynl signal peptide
of the hybrid protein was cleaved at four distinct sites. Two
sites between Ala-22 and Asp-23 and Ala-24 and Glu-25
are among the three probable recognition sites of signal
peptidase I within the C-domain. The site between Ala-22
and Asp-23 was predicted as the most likely signal pepti-
dase cleavage site by the SignalP program [19] using hid-
den Markov models [20] trained on gram-negative bacteria.
These results suggest the flexibility in recognition of the
cleavage sites by signal peptidase I. Consistent with our
findings, Pratap and Dikshit [21] reported that signal pepti-
dase I recognizes all three potential cleavage sites in an
analogous sequence Ala-X-Ala-X-Ala-X-Ala created in the
signal peptide of the E. coli outer-membrane protein OmpA
fused to the Streptococcus equisimilis streptokinase protein.
On the other hand, two adjacent sites between Ala-14 and
Val-15 and Val-15 and Ala-16 within the H-domain seem
to have been recognized by some other proteases. It
remains to be determined if the cleavage at these two sites
was associated with the translocation across the inner mem-
brane. Although processing of the prepro-sequence of Xynl
in E. coli left 10-20 residues of pro-sequence preceding the
N-terminus of the mature protein, the specific activities of
the purified recombinant XynA proteins suggested that the
remaining N-terminal extension did not reduce the enzyme
activities.

In contrast, cleavage of the pelB signal peptide in E. coli
(pEXP501) is expected to occur at a single potential recog-
nition site by signal peptidase that was located at the end of
the signal peptide as shown in Table 1. Although four vari-
ants of xylanase XynA with respect to the N-terminal
extension were secreted from E. coli (pEXP401), secretion
of the multiple proteins will not hamper the industrial appli-
cation. In addition, the A. pullulans Xynl signal peptide has
the advantage over the pelB signal peptide of bacterial
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origin owing to the former’s versatility to secrete recombi-
nant xylanases from E. coli as well as yeasts.
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