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bstract

Bacillus spp. are Gram-positive bacteria that secrete a large number of extracellular proteins of industrial relevance. In this report, three Bacillus
xtracellular hydrolytic enzymes, i.e., alpha-amylase, mannanase and chitinase, were cloned and over-expressed in Gram-negative Escherichia
oli. We found that both the native signal peptides and that of E. coli outer membrane protein, OmpA, could be used to direct the secretion of
he recombinant enzymes. The expressed enzymes were observed as clearing zones on agar plates or in zymograms. Determination of enzyme
ctivities in different cell compartments suggested that the ability of the enzymes to be secreted out into the culture medium depends on the time of
nduction, the type of the signal peptides and the molecular mass of the enzymes. After overnight induction, most of the enzyme activities (85–96%)

ould be harvested from the culture supernatant. Our results suggest that various signal peptides of Bacillus spp. can be recognized by the E. coli
ecretion machinery. It seems possible that other enzymes with similar signal peptide could be secreted equally well in E. coli expression systems.
hus, our finding should be able to apply for cloning and extracellular production of other Bacillus hydrolytic enzymes as well as other proteins.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Protein secretion in bacteria is one of the important sub-
ects in biological researches in the past decade. The secretion
ystem of the Gram-negative bacterium Escherichia coli has
een extensively studied and much is known about the molec-
lar mechanism of protein secretion (for review see Baneyx,
999; Choi and Lee, 2004; Mergulhao et al., 2005). On the con-
rary, the understanding of protein secretion in Gram-positive
acteria such as Bacillus species have only recently been emerg-
ng and are still less characterized (Schallmey et al., 2004;

esters et al., 2004). Even though the structure of the cell
embrane and cell wall of E. coli and Bacillus spp. are signifi-
antly different, several lines of evidence have suggested that the
olecular mechanisms for protein export of both types of bac-

eria are related and share a number of similar features (Meens
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t al., 1993; Simonen and Palva, 1993). For example, both of
heir exported proteins are synthesized by membrane bound-
ibosomes, use a proton motive force to transport the protein,
nd the structure of the signal peptides of both Bacillus and E.
oli are quite similar (Simonen and Palva, 1993).

Enzymes or biocatalysts are the key components of indus-
rial biotechnology. Their abilities to convert the substrates
o desired products at mild conditions and in greatly specific

anners are essential for sustainable development of various
ndustries including food, textile and pharmaceuticals (Alcalde
t al., 2006). Both E. coli and Bacillus species are attractive sys-
ems for the production of enzymes and other secretory proteins
n industry (Alcalde et al., 2006; Olempska-Beer et al., 2006;
challmey et al., 2004). Secretion of recombinant proteins to

he culture medium or periplasm has several advantages over
ntracellular production such as facilitated downstream process-

ng, higher product stability and solubility, increased biological
ctivity, and correct folding and processing. E. coli expression
ystems have long been used for the production of recombinant
roteins either intracellulary or extracellulary (Baneyx, 1999;

mailto:montarop@sut.ac.th
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ergulhao et al., 2005; Pines and Inouye, 1999; Sorensen and
ortensen, 2005). Overexpression of recombinant enzymes in

. coli allows the engineering of the enzymes for the study
f structure-function relationships by site-directed mutagene-
is as well as improvement of the enzymes properties using
irected evolution technology (Alcalde et al., 2006; Arnold
nd Moore, 1997; Kaur and Sharma, 2006). The main limita-
ion of using E. coli for secretion of recombinant proteins is
hat not every protein can be secreted efficiently (Mergulhao et
l., 2005). Moreover, E. coli expression systems are not com-
on for large-scale production of products that are used in

ood industry because of its potential pathogenicity, only E.
oli K-12 has been approved for GRAS status by USA-FDA
Olempska-Beer et al., 2006). Bacillus species are important
ources and have long been used for the production of secre-
ory enzymes for industrial purposes (Schallmey et al., 2004).
ince many Bacillus species are non-pathogenic and have high
ecretion capacity, they are another attractive system for secre-
ion of recombinant enzymes to be used in food industries
Olempska-Beer et al., 2006). The drawback of using Bacil-
us systems for secretion of recombinant proteins is that they
lso secrete a large number of hydrolytic enzymes including
roteases into the medium, which will complicate downstream
rocessing and effect product stability (Simonen and Palva,
993). In addition there is still limited knowledge of their molec-
lar genetics and the mechanism of protein secretion, when
ompared to E. coli. Thus, in many cases, it will be advantageous
o overexpress Bacillus hydrolytic enzymes in E. coli expression
ystems.

In this report, three extracellular hydrolytic enzymes from
acillus species, namely alpha-amylase, chitinase and man-
anase, have been cloned and expressed in E. coli. The activities
f the enzymes in different compartments of the cell were ana-
yzed. We found that both the native and E. coli signal peptides
ould be used to direct the secretion of the recombinant enzymes
nto the periplasmic space and into the culture medium. These
esults suggest that various signal peptides of Bacillus can be
ecognized by the E. coli secretion machinery. We speculate that
ther enzymes with similar signal sequences could be secreted
qually well in E. coli. Thus, our finding should be able to
pply for the cloning and expression of other Bacillus hydrolytic
nzymes in E. coli expression system. Moreover, these systems
ay be useful for the production of other recombinant proteins

s well.

. Materials and methods

.1. Molecular cloning of recombinant enzymes

Bacillus licheniformis 13 (Veith et al., 2004) and Bacillus
icheniformis 8785 were obtained from DSM German Culture
ollection of Microorganisms and Cell Cultures (Braunschweig,
ermany). Bacillus subtilis strain 168 (Kunst et al., 1997)

as obtained from American Type Culture Collections. The
acteria were grown and kept in M1 medium. Genes of the
nzymes used in this study were cloned by a PCR-based method.
he primers were designed from previously published data
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ccording to the nucleotide sequence of the amylase, chitinase
nd mannanase genes (NCBI accession numbers AAU22245,
AU21943, Z99107, respectively), compatible with the cloning

ites of the pET21d(+) (Novagen) or pFLAG-CTS expression
ectors (Sigma). Thirty cycles of PCR were performed using
fu DNA polymerase (Promega).

The templates for the construction of the recombinant
nzymes used in this study were obtained from genomic DNA
f B. licheniformis DSM 8785 (for recombinant amylase); B.
icheniformis DMS 13 (for recombinant chitinase) and B. subtilis
68 (for recombinant mannanase). The amplified PCR products
ere ligated into pET21d(+) or pFLAG-CTS expression vec-

ors as appropriate. For protein expression, all the constructs in
ET vectors were transformed into E. coli strain BL21 (DE3)
Novagen), whereas the constructs in pFLAG vectors were
xpressed in E. coli strain Top10 (Invitrogen).

.2. Assay of enzyme activities on agar plates

The activity of the recombinant enzymes was assayed on agar
lates containing 100 �g/ml ampicillin, 0.1–1.0 mM IPTG and
ppropriate substrates. Freshly transformed cells were spotted
nto the plates and incubated at 37 ◦C overnight. E. coli colonies
xpressing recombinant amylase were spotted onto minimal agar
lates containing 1% soluble starch. Hydrolytic clear zones were
bserved after the plates were stained with iodine. E. coli cells
xpressing recombinant chitinase were spotted onto LB agar
ontaining 0.2% colloidal chitin from crab shells (Sigma, prod-
ct number C9752). Hydrolytic clearing zones were observed by
taining the plates with 2% Congo red. E. coli colonies express-
ng recombinant mannanase were spotted onto LB agar plates
ontaining 0.5% locus bean gum. Hydrolytic clear zones were
bserved after the plates were stained with iodine solution or 2%
ongo red. Every plate was also spotted with E. coli cells har-
oring the empty vector as negative control. The clear zone of
ative enzymes from B. licheniformis and Bacillus subtilis were
bserved by growing the bacteria on M1 + 2% potato extract
late containing appropriate substrates overnight.

.3. Zymograms

The activities of various enzymes were assayed in poly-
crylamide gels containing the appropriate substrates. Enzyme
reparations were run on an SDS-PAGE gel containing 0.01%
lycol chitin, 1% soluble starch or 0.25% locus bean gum for
he analysis of chitinase, amylase or mannanase, respectively.
or the analysis of chitinase, the protein samples were mixed

n the loading buffer (Laemmli buffer) without reducing agent
nd briefly heated at 100 ◦C in a heat block (Eppendorf) for
min before being separated using a 12% polyacrylamide gel
ontaining 0.01% glycol chitin. After electrophoresis, the gel
as rinsed with de-ionized water briefly, then soaked in 0.1 M

odium acetate buffer (pH 5.0) containing 1% Triton X-100

t 37 ◦C for 2 h under shaking condition. Then the gel was
insed with de-mineralized water, and stained with 0.01% Cal-
ofluor White M2R in 0.5 M Tris–HCl (pH 8.9). Protein bands
xhibiting chitinase activity were visualized under a UV transil-
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uminator. To prepare the zymograms of amylase, the enzyme
reparations were mixed in the loading buffer (Laemmli buffer)
ithout reducing agent and briefly heated at 100 ◦C in a heat
lock (Eppendorf) for 3 min before being separated using 10%
olyacrylamide gels containing 0.12% soluble starch. After elec-
rophoresis, the gel was rinsed with de-ionized water briefly,
hen soaked in 2.5% Triton X-100 for 1 h at 4 ◦C, then the gel
as incubated in sodium phosphate buffer pH 6.5 at 45 ◦C for
h. The gel was then rinsed with de-mineralized water, and

tained with iodine solution. Protein bands exhibiting amylase
ere observed as clear bands on the black background. For

he analysis of mannanase, a zymogram of mannanase activi-
ies was generated by in-gel activity assay using 0.25( locust
ean gum as substrate copolymerized with polyacrylamide. The
nzyme samples were mixed with the loading buffer (Laemmli
uffer) in the absence of reducing agent, and then applied on
10% (w/v) polyacrylamide gel. After electrophoresis, the gel
as rinsed with de-ionized water briefly, then soaked in 2.5%
riton X-100 for 1 h at 4 ◦C, then the gel was incubated in
00 mM sodium phosphate buffer (pH 7.0) for 1 h at 50 ◦C.
he gel was then stained with 0.1% Congo red solution with
entle shaking for 1–2 h prior to destained with 1 M NaCl for
–3 h and thereafter was placed in 5% acetic acid. Mannanase
ctivity was detected as clear zones against red (after staining
ith Congo red) or blue background (after soaking in 5% acetic

cid).

.4. Expression and preparation of recombinant enzymes
rom various compartments

Freshly transformed E. coli harboring appropriate recombi-
ant constructs were inoculated into 5 ml of LB broth containing
00 �g/ml of ampicillin at 37 ◦C for 16 h. After that, 1 ml of
vernight culture was inoculated into 200 ml of LB broth con-
aining 100 �g/ml ampicillin and grown at 37 ◦C until the optical
ensity (O.D.) at 600 nm reached 0.5. Then, IPTG was added
nto the culture broth to a final concentration of 1 mM. The cul-
ure was then incubated at 26 ◦C (room temperature) for 4 h, or
vernight (20 h). Fifty milliliters of the culture was then col-
ected and chilled in an ice box for 5 min and centrifuged at
000 rpm for 10 min at 4 ◦C to collected cells and supernatants.
o extract the periplasmic content, the cells were resuspended

n 2.5 ml of cold (4 ◦C) spheroplast buffer [100 mM Tris–HCl,
H 8.0, 0.5 mM EDTA, 0.5 mM sucrose, and 20 �g/ml phenyl-
ethylsulfonyl fluoride (PMSF)]. After incubation for 5 min on

ce, bacterial cells were collected by centrifugation at 8000 × g
t 4 ◦C for 10 min and resuspended in 1.0 ml of ice-cold sterile
ater supplemented with 1 mM MgCl2 and incubated on ice for
min with frequent shaking. The supernatant of nearly 1.0 ml
as then collected by centrifugation at 8000 × g at 4 ◦C for
5 min as the periplasmic fraction. To extract the cell lysate, the
recipitated cells from the previous step were washed once with
ysis buffer (50 mM Tris–HCl + 0.5 mM EDTA), resuspended

n 1 ml of lysis buffer and sonicated (Ultrasonic Processor; 60
mplitude, pulser 6 s, for 2 min) on ice. The cell debris was then
pun down at 10,000 × g and the supernatant of nearly 1.0 ml
as collected as the cell lysate.
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.5. Determination of enzymatic activities

.5.1. Alpha-amylase assay
The assay was performed by adding 50 �l of enzyme sample

nto 500 �l of 1% (w/v) soluble starch (Sigma, product num-
er S9765) in 50 mM potassium phosphate buffer (pH 7.0) and
hen incubated at 50 ◦C for 10 min. The enzyme hydrolysis reac-
ion was stopped by adding 200 �l of 3,5-dinitrosalicylic acid
DNS) reagent. The amount of reducing sugar was determined
y reading the optical density at 540 nm with a spectropho-
ometer (Nelson, 1944; Smogyi, 1952). One unit of enzyme is
efined as the amount of enzyme which liberates 1 �mol reduc-
ng sugar (using d-Glucose as a standard) per minute under the
xperimental conditions.

.5.2. Chitinase assay
The standard chitinase activity assay was performed accord-

ng to a previously published protocol (Frandberg and Schnurer,
994). Ten microliters of protein sample was added into 100 �l
f 0.18 mM p-NP-(GlcNAc)2 (Sigma, product number N6133)
n 50 mM sodium phosphate buffer, pH 6.0 and incubated at
7 ◦C in a Thermomixer (Eppendorf) for 1 h. The reaction was
erminated by adding 10 �l of 1 N NaOH, and the amount of
-nitrophenol released from p-NP-(GlcNAc)2 was measured
y recording an absorbance at 405 nm. One unit of enzyme
s defined as the amount of enzyme which liberates 1 �mol
-nitrophenol per minute at the experimental conditions.

.5.3. Mannanase assay
Mannanase activity was assayed using the DNS method.

he substrate, 0.5% locus bean gum (Sigma, product number
0753), was dissolved in 50 mM sodium phosphate buffer, pH
.0 by homogenizing at 80 ◦C, heating to the boiling point,
ooled and stored overnight with continuous stirring, after which
nsolubles were removed by centrifugation. The enzyme solu-
ion (0.1 ml) was then incubated with 0.9 ml of the substrate
olution at 50 ◦C for 5 min. The reducing sugar liberated in the
nzyme reaction was assayed by adding 3 ml of DNS-reagent
Nelson, 1944; Smogyi, 1952), boiling for 5 min, cooling and
easuring the absorbance at 540 nm. One unit of enzyme is

efined as the amount of enzyme which liberates 1 �mol reduc-
ng sugar (using d-Mannose as a standard) per minute under the
xperimental conditions.

. Results

.1. Cloning and expression of Bacillus hydrolytic enzymes
n E. coli

PCR cloning was used to generate the recombinant enzymes
ontaining either their native signal peptides or signal peptide
rom E. coli outer membrane protein, OmpA. Genes encod-
ng precursor enzymes containing native signal peptides were

loned into the pET21d(+) expression vector under the control
f T7 promoter; whereas genes for mature enzymes fused with
he E. coli OmpA signal sequence were cloned into the pFLAG-
TS expression vector under the control of tac promoter. All of
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ig. 1. Map of constructs used in this study. The different genes of precursors o
ere cloned into pET21d(+), whereas genes of the mature enzymes fused to
ET2d(+) were under the control of T7 promoter, whereas those of pFLAG-CT

he recombinant enzymes in either pET21d(+) or pFLAG-CTS
ector could be induced for overexpression by isopropyl-beta-d-
hiogalactopyranoside (IPTG) in E. coli BL21 (DE3) or Top10,
espectively. The maps and names of all of the constructs used in
his study are illustrated in Fig. 1. The signal peptides of the three
acillus hydrolytic enzymes share 7–23% similarity. They are
6–32 amino acids long, containing basic N-termini, followed
y stretches of hydrophobic residues, and polar C-regions. The
mpA signal peptide of E. coli is 21 amino acid long and has

imilar feature as those of the Bacillus hydrolases as shown in
ig. 2.

.2. Secretion of the recombinant enzymes

Secretion of the recombinant enzymes in E. coli was observed
n agar plate and by in-gel activity staining (zymogram). We
ound that all of the enzymes containing either their native sig-
al peptides or the OmpA signal could be highly expressed and
fficiently secreted out of the cells as shown as hydrolytic clear
ones on agar plates containing appropriate substrates (Fig. 3).
hese results suggested that both of the Bacillus native sig-
al peptides and E. coli signal peptide were able to direct the

ecretion of the enzymes.

Based on zymogram analysis, the enzymes were found in
he cell lysate (cytoplasm + periplasm) as well as in the culture

edia (Fig. 4). This result is in contrast to the secretion of native

c
v
i
c

ig. 2. Sequence alignment of signal peptide. The amino acid sequences of the signal
cids long. The signal peptide of E. coli OmpA is 21 amino acid long. Recombinant
he start codon due to the engineering into the expression vector. All of the signal pep
�). The alignment was performed using CLUSTAL W (1.83) multiple sequence alig
illus amylase, chitinase and mannanase containing their native signal peptides
li OmpA signal peptides were cloned into pFLAG-CTS vector. The genes in
e under the control of tac promoter.

nzymes from Bacillus spp., where the enzymes were only found
n the culture supernatant (Fig. 4, lanes 5 and 6). We specu-
ate that high-level expression of recombinant enzymes might
ave saturated the secretion machinery of E. coli, resulting in
ccumulations of the enzymes in the cytoplasm.

.3. Activities of the recombinant enzymes in various
ompartments

In order to determine the ability of the cells to secrete dif-
erent recombinant enzymes, the activities of the enzymes in
arious compartments were quantified at different periods after
nduction. The enzymatic activities in cell lysate, periplasm
nd culture media were measured at 4 and 20 h after induc-
ion with IPTG. The total and relative activities of recombinant
nzymes containing either the native signal peptide or the E.
oli OmpA signal peptide in different compartments at various
imes after induction are reported in Table 1. Routinely, 1.3 U/ml
f amylase, 0.004 U/ml of chitinase and 9 U/ml of mannanase
ere obtained after an overnight cultivation in shaken flasks
nder the induction condition described in Section 2. When the
elative enzyme activities and their distribution over different

ompartment were analyzed, it appeared that the results were
aried depending on the type of the construct and the time after
nduction. At 4 h after induction, differences in the secretion effi-
iencies of amylase and chitinase could be observed. We found

peptides of the three Bacillus hydrolytic enzymes in this study are 26–32 amino
signal peptide of B. subtilis mannanase contains an additional G residue after
tides contain basic N-termini (+), hydrophobic regions (�) and polar C-regions
nment program.
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Fig. 3. Enzyme activity assay on agar plates. Top panel illustrates the assay for amylase activities. From left to right, hydrolytic zone of wild-type B. licheniformis
DSM 8785 on M1 agar containing 1% soluble starch; clearing zone of E. coli expressing recombinant amylase from B. licheniformis containing the native signal
peptide (pETAmy), empty pET21d(+); and E. coli expressing recombinant amylase from B. licheniformis fused to the OmpA signal peptide (pFlagAmy) on minimal
plate containting 1% soluble starch. All the plates were stained with iodine solution. Middle panel illustrates the assay for chitinase activities. From left to right;
hydrolytic zone of wild-type B. licheniformis DSM 13 on M1 agar plate containing 2% colloidal chitin; clearing zone of E. coli expressing recombinant chitinase
from B. licheniformis the containing native signal peptide (pETChi); empty pET21d(+); and E. coli expressing recombinant chitinase from B. licheniformis fused to
the OmpA signal peptide (pFlagChi) on LB agar plate containing 0.2% colloidal chitin. Plates were stained with 2% Congo red. Bottom panel illustrates the assay
for mannanase activities. From left to right; hydrolytic zone of wild-type B. subtilis strain 168 on M1 agar plate containing 1% locus bean gum; clearing zone of
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. coli expressing recombinant mannanase from B. subtilis containing its nativ
annanase from B. subtilis fused to the OmpA signal peptide (pFlagMan) on L

olution whereas LB plates were stained with 2% Congo red.

hat the E. coli OmpA signal peptides seemed to be better in

irecting the secretion of the recombinant enzymes to the cul-
ure media when compared to the native signal peptides from
acillus spp. (68.2/90.4% of total activity found in the medium

or amylase, and 81.3/84.3% for chitinase). However, there is

n
m
o
t

able 1
nzymes in various compartments

nzyme/type of signal peptide (SP) (vector) Induction time

mylase/native SP (pETAmy)
4 h
Overnight

mylase/OmpA SP (pFlagAmy)
4 h
Overnight

hitinase/native SP (pETChi)
4 h
Overnight

hitinase/OmpA SP (pFlagChi)
4 h
Overnight

annanase/native SP (pETMan)
4 h
Overnight

annanase/OmpA SP (pFlagMan)
4 h
Overnight

outinely, 1.3 U/ml of amylase, 0.004 U/ml of chitinase and 9 U/ml of mannanase w
ondition described in Section 2.
* Unit of enzyme from 50 ml of culture medium.
al peptide (pETMan); empty pET21d(+); and E. coli expressing recombinant
r plate containing 0.5% locus bean gum. The M1 plate was stained with iodine

o significant difference in the secretion of recombinant man-

anase when either the native (94.4% of total activity found in the
edium) or the OmpA signal peptides (93.9%) were used. After

vernight induction, no significant difference was evident for
he different types of signal peptide with regard to the secretion

Enzyme activity (%)*

Cytoplasm Periplasm Culture broth

17.9 [4.59] 13.9 [3.58] 68.2 [17.50]
3.6 [2.64] 3.8 [2.76] 92.6 [67.50]

3.3 [1.48] 6.3 [2.81] 90.4 [40.50]
2.9 [1.90] 3.3 [2.15] 93.8 [60.50]

14.6 [0.018] 4.1 [0.005] 81.3 [0.100]
8.1 [0.019] 6.8 [0.016] 85.1 [0.200]

8.4 [0.015] 7.3 [0.013] 84.3 [0.150]
7.0 [0.016] 6.1 [0.014] 86.9 [0.200]

2.3 [8.44] 3.3 [12.22] 94.4 [347.0]
1.7 [8.27] 2.4 [11.43] 95.9 [461.0]

2.6 [8.78] 3.5 [11.60] 93.9 [311.5]
2.1 [9.65] 2.5 [11.83] 95.4 [446.0]

ere obtained after an overnight cultivation in shaken flask under the induction
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Fig. 4. Zymograms analysis Top panel illustrates in-gel analysis of amylase activity. Lanes 1 and 2 are hydrolytic bands of recombinant amylase from B. licheniformis
containing its native signal peptide from cell lysate (cytoplasm + periplasm) or culture medium (4 h after induction), respectively; lanes 3 and 4 are hydrolytic bands
of recombinant amylase from B. licheniformis containing the OmpA signal peptide from cell lysate or culture medium (4 h after induction), respectively; lanes 5
and 6 are hydrolytic bands of B. licheniformis wild-type amylase from cell lysate or culture medium (after cultivation in M1 broth for 72 h), respectively. Middle
panel illustrates in gel analysis of chitinase activity. Lanes 1 and 2 are hydrolytic bands of recombinant chitinase from B. licheniformis containing its native signal
peptide from cell lysate or culture medium (4 h after induction), respectively; lanes 3 and 4 are hydrolytic bands of recombinant chitinase from B. licheniformis fused
with the OmpA signal peptide from cell lysate or culture medium (4 h after induction), respectively; lanes 5 and 6 are hydrolytic bands of wild-type B. licheniformis
chitinase from cell lysate or culture medium (after cultivation in M1 broth for 72 h), respectively. Bottom panel illustrates in gel analysis of mannanase activity. Lanes
1 are 2 are hydrolytic bands of recombinant mannanase from B. subtilis containing its native signal peptide from cell lysate or culture medium (4 h after induction),
respectively; lanes 3 and 4 are hydrolytic bands of recombinant mannanase from B. subtilis containing OmpA signal peptide from cell lysate or culture medium (4 h
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fter induction), respectively; lanes 5 and 6 are hydrolytic bands of wild-type B
roth for 72 h), respectively. Please note that unequal amounts of proteins were
ell lysate were approximately 50-fold higher than those from culture medium.

fficiencies. The majority of the enzyme activities (85.1–86.9%
f chitinase; 92.6–93.8% of amylase; and 95.4–95.9% of man-
anase) could be found in the culture medium. The distributions
f the enzymes in cytoplasm and periplasm were varied. After
vernight induction, less than 10% of the enzyme activities were
eft in the cytoplasm. At 4 h after induction, only a small frac-
ion (2.3–2.6%) of mannanase was left in the cytoplasm, whereas
he recombinant amylase and chitinase were found to accumu-
ate more in cytoplasm when the native signal peptide was used
17.9% of total activity for amylase and 14.6% for chitinase) than
hen OmpA was used (3.3% for amylase and 8.4% for chitinase)

n periplasm, different amount of enzymes (2.4–2.5% of total
ctivity of mannanase, 6.1–6.8% of chitinase and 3.3–3.8% of
mylase) were found after overnight induction. However, there
s no significant different in the ability of native or OmpA sig-
al peptide on the secretion of the recombinant enzymes into
he periplasmic space (3.8/3.3% of total acitivity for amylase,
.8/6.1% for chitinase, 2.4/2.5% for mannanase). At 4 h after
nduction, less than 10% of the total acitivity of the recombi-
ant enzymes were found in the periplasmic extract except for
ecombinant amylase that was fused to native signal peptide

13.9%).

We would like to note that the data above came from the
nalysis of recombinant amylases from B. licheniformis DSM
785, recombinant chitinases from B. licheniformis DMS 13

c
D
m
e

ilis mannanase from cell lysate or culture the medium (after cultivation in M1
d onto the gel to enhance visualization. The total protein concentrations from

nd recombinant mannanases from B. subtilis 168. We found
hat there were no significant differences in the abilities of the
. coli to secrete recombinant enzymes from different strains of
acillus, i.e., B. subtilis, or B. licheniformis (data not shown).
hus, only the data from these constructs were collected and

eported for simplicity.

. Discussion

Bacillus species are important sources and have long been
sed for the production of various industrial enzymes, mainly
lpha-amylase and proteases, since these bacteria have a high
ecretion capacity (Schallmey et al., 2004), and many Bacillus
pecies are non-pathogenic with GRAS (generally recognized
s safe) status (Olempska-Beer et al., 2006). In this report, three
acillus hydrolytic enzymes, i.e., alpha-amylase, mannanase
nd chitinase, containing their native or the E. coli OmpA sig-
al peptides, have been cloned and expressed in Gram-negative
. coli to compare their secretion efficiencies. We found that
ctive enzymes could be expressed highly and secreted out of
he cells efficiently as shown by clearing zones on agar plates

ontaining appropriate substrates or by in-gel activity staining.
etermination of enzyme activities in different cell compart-
ents revealed that after overnight induction (20 h), most of the

nzyme activity (85–96%) could be harvested from the culture
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edium. These hydrolases were produced and secreted equally
ell when their native signal peptides were replaced with those
f the E. coli outer membrane protein, OmpA. Differences in
ecretion efficiencies of amylase and chitinase were observed at
h after induction. The E. coli OmpA signal peptide seemed to
e more efficient in directing the secretion of the recombinant
nzymes to the culture media (84–90%) when compared to the
ative signal peptides (68–81%). However, there is no signifi-
ant difference in the secretion of recombinant mannanase when
ither native or OmpA signal peptides (94%) were used. The E.
oli OmpA signal peptide was used for comparison in this study
s there had been previous reports that the OmpA signal peptide
ould be used to direct the translocation of different enzymes
cross B. subtilis plasma membrane (Collier, 1994; Meens et
l., 1993).

Amino acid sequence analysis revealed that the signal pep-
ides of the three Bacillus hydrolytic enzymes are 26–32 amino
cids long, whereas that of E. coli OmpA consists of 21 amino
cids. All of the signal peptides share similar features, which
re a basic N-terminus, a central hydrophobic region and a polar
-terminal region. The sequences of the signal peptides suggest

hat the secretory pathway used for secretion of the enzymes is
he type II, secB dependent pathway (Mergulhao et al., 2005).
his pathway is commonly used for the secretion of recombi-
ant enzymes into the periplasmic space. The mechanism for
ecretion of proteins into the extracellular space and hence in
he culture medium is still unclear (Mergulhao et al., 2005).
owever, since more enzymes are found in the culture medium

fter overnight induction, we speculate that the enzymes may
ave leaked out of the periplasm after shaking for more than
0 h.

The molecular masses of the three hydrolytic enzymes used
n this study are varied; amylase is approximately 59 kDa, chiti-
ase is 65 kDa and mannanase is 41 kDa. It seems possible that
he difference in the size of the enzymes could lead to the dif-
erence in their ability to secrete out into the culture media.

annanase is the smallest enzyme and it was shown that it can
e secreted the best (94% of the total activity found extracel-
ularly at 4 h, and 95–96% after overnight induction), whereas
3–94% of total amylase activity, and 85–87% of total chitinase
ctivity (the largest enzyme used in this study) were observed
n the culture supernatant after overnight induction.

Not only is the signal peptide required for the secretion of the
rotein, the sequence of the mature protein especially at the N-
erminus is also important for secretion efficiency (Brockmeier
t al., 2006; Li et al., 1988). Since all of the hydrolytic enzymes
rom Bacillus in this study are extracellular enzymes, it is likely
hat the structure of the mature proteins is favorable for secretion.
aken together our results suggest that the differences in the
ecretion efficiency of the enzymes are depending on the time
f induction, type of signal peptide and the molecular masses of
he enzymes.

All of the recombinant enzymes used in this study

ere induced for overexpression with isopropyl-beta-d-

hiogalactopyranoside (IPTG). This level of expression might
ot be optimal for efficient secretion of the enzymes, as it has
een formerly reported that translational level is a critical factor

S
w
D
o

technology 133 (2008) 50–57

or the secretion of heterologous proteins in E. coli (Simmons
nd Yansura, 1996). The overexpression of the recombinant
nzymes might also explain why the enzymes were found in
ytoplasm as well as in the culture media, which was in contrast
o the secretion of native enzyme from Bacillus spp., where the
nzymes were only found in the culture supernatant. The large
mount of enzymes produced might have saturated the secretion
achinery of E. coli. However, these effects were only signifi-

ant at 4 h after induction, as after growing the cells overnight
ost of the enzymes could be found in the culture media. It is
orthwhile to note that the promoters that were used to drive

he expression of enzymes containing native or OmpA signal
eptide were different. The T7 promoter was used to control the
xpression of enzymes containing native signal peptide, whereas
he tac promoter was used to control the secretion of OmpA
ontaining enzymes. Both of these promoters allowed the recom-
inant enzymes to be highly expressed when induced by IPTG
s demonstrated in this study. However, we cannot rule out the
ossibility that the differences in the levels of expression of the
ecombinant enzymes might be the results of the differences
n the promoters, which might lead to the differences in the
ecretion efficiency at 4 h after induction.

There have been previous reports on the secretion of native
acillus hydrolytic enzymes in E. coli, i.e., subtilisin (Ikemura et
l., 1987), alpha-amylase (Shahhoseini et al., 2003; Manonmani
nd Kunhi, 1999; Watanabe et al., 2006) and mannanase (Zhang
t al., 2006). However, our results demonstrate the direct com-
arison of three recombinant Bacillus hydrolytic enzymes under
imilar experimental condition. Taken together we hypothesize
hat various signal peptides of Bacillus can be recognized by
he E. coli secretion machinery, confirming the observation that
he basic mechanism of protein translocation is highly con-
erved in Gram-positive and Gram-negative bacteria, despite the
reat difference in the structures of cell membrane and cell wall
Mergulhao et al., 2005; Simonen and Palva, 1993). Thus, from
ur data and the previous reports, it can be speculated that other
nzymes with similar signal sequence can be secreted equally
ell using E. coli expression systems. Moreover, our results
as suggested that both E. coli OmpA signal peptide and the
hree Bacillus signal peptides could equally efficiently direct
he secretion of the recombinant proteins in the E. coli expres-
ion system. Since E. coli OmpA signal peptide has been shown
o be able to direct the secretion of a wide variety of proteins
Mergulhao et al., 2005; Yamabhai and Kay, 1997), thus the
hree Bacillus signal peptide used in this study should be able
o use for secretion of different recombinant proteins as well.
herefore, our finding should be able to apply for the cloning
nd extracellular production of not only other Bacillus enzymes
ut also for other proteins using E. coli expression system.
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