Extremophiles (2007) 11:809-817
DOI 10.1007/s00792-007-0101-2

ORIGINAL PAPER

Cloning and expression of gene, and activation of an organic
solvent-stable lipase from Pseudomonas aeruginosa LST-03

Hiroyasu Ogino - Yoshikazu Katou - Rieko Akagi - Takashi Mimitsuka -
Shinichi Hiroshima - Yuichi Gemba - Noriyuki Doukyu - Masahiro Yasuda -

Kosaku Ishimi - Haruo Ishikawa

Received: 3 May 2007/ Accepted: 18 June 2007 /Published online: 27 July 2007

© Springer 2007

Abstract Organic solvent-tolerant Pseudomonas aeru-
ginosa LST-03 secretes an organic solvent-stable lipase,
LST-03 lipase. The gene of the LST-03 lipase (Lip9) and
the gene of the lipase-specific foldase (Lif9) were cloned
and expressed in Escherichia coli. In the cloned 2.6 kbps
DNA fragment, two open reading frames, Lip9 consisting
of 933 nucleotides which encoded 311 amino acids and
Lif9 consisting of 1,020 nucleotides which encoded 340
amino acids, were found. The overexpression of the lipase
gene (lip9) was achieved when T7 promoter was used and
the signal peptide of the lipase was deleted. The expressed
amount of the lipase was greatly increased and overex-
pressed lipase formed inclusion body in E. coli cell. The
collected inclusion body of the lipase from the cell was
easily solubilized by urea and activated by using lipase-
specific foldase of which 52 or 58 amino acids of N-ter-
minal were deleted. Especially, the N-terminal methionine
of the lipase of which the signal peptide was deleted was
released in E. coli and the amino acid sequence was in
agreement with that of the originally-produced lipase by P.
aeruginosa LST-03. Furthermore, the overexpressed and
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solubilized lipase of which the signal peptide was deleted
was more effectively activated by lipase-specific foldase.
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Introduction

Reactions catalyzed by enzymes are carried out in the
presence of organic solvents, when the substrates are wa-
ter-insoluble and when the thermodynamical equilibria are
desired to shift from hydrolysis to synthesis. However,
most enzymes including the lipase were not stable in the
presence of the organic solvents. Therefore, organic sol-
vent-stable enzymes are required for industrial applications
of enzymes (Ogino and Ishikawa 2001). A Pseudomonas
strain, Pseudomonas aeruginosa LST-03 was isolated from
natural sources (Ogino et al. 1994). This strain is organic
solvent-tolerant and secretes an organic solvent-stable
lipase, LST-03 lipase (Ogino et al. 1999, 2000).

Several Pseudomonas and related strains were found
and isolated as lipase producers (Gupta et al. 2004). Lip-
ases from these strains are characterized and cloned. Some
of these lipases require a molecular chaperone, a chap-
eronin, for activation. These molecular chaperonins were
lipase-specific and generally called as lipase-specific fold-
ases (Rosenau et al. 2004). The activation mechanisms of
the lipases from Burkholderia cepacia DSM3959 (Jor-
gensen et al. 1991; Hobson et al. 1993, 1995; Aamand et al.
1994), Pseudomonas sp. 109 (Ihara et al. 1992, 1995;
Tanaka et al. 1999, 2000), and P. aeruginosa TE3285
(Chihara-Siomi et al. 1992; Oshima-Hirayama et al. 1993;
Shibata et al. 1998a, 1998b, 1998c) were relatively well
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investigated and discussed. The lipase and foldase formed a
1:1 complex (Hobson et al. 1993, 1995; Aamand et al.
1994). Glutathione (Tanaka et al. 1999, 2000) and calcium
ion (Shibata et al. 1998a) were also important factors for
activation. Recently, the crystal structure of the complex of
the lipase and lipase-specific foldase from Burkholderia
glumae was determined (Pauwels et al. 2006). However,
the mechanism was still not fully clarified.

In this paper, the genes of the organic solvent-stable
LST-03 lipase and lipase-specific foldase were cloned and
sequenced. Overexpression of the lipase genes was at-
tempted. Furthermore, activation of the expressed LST-03
lipase by recombinant Escherichia coli using lipase-spe-
cific foldase was performed.

Materials and methods
Organisms

Pseudomonas aeruginosa LST-03, an organic solvent-tol-
erant microorganism that was isolated from soil and pro-
duced a lipolytic enzyme (Ogino et al. 1994), was used as a
donor of the LST-03 lipase and its gene. Escherichia coli
IM109 [recAl, supE44, endAl, hsdR17, gyrA96, relAl, thi,
~, A(lac-proAB), ¥ [traD36, proAB™*, lacl’ZAM15]]
(Yanisch-Perron et al. 1985) was used as a host cell of
cloning, subcloning, and expression. E. coli BL21(DE3)
[F~, ompT, hsdSg (1, mg), gal, dcm, (DE3)] was used as a
host cell of overexpression.

Preparation of Genomic DNA of P. aeruginosa LST-03

Pseudomonas aeruginosa LST-03 was grown in an L
medium containing 1.0% (w/v) Bacto-tryptone (Difco
Laboratories Ltd, Detroit, USA), 0.5% (w/v) yeast extract
(Dried Yeast Extract-S, Nihon Pharmaceutical Co. Ltd,
Tokyo, Japan), 0.5% (w/v) NaCl, and 1.0% (w/v) glucose,
which was adjusted to pH 7.2 with 1 M NaOH. The
genomic DNA of P. aeruginosa LST-03 was isolated by
modifying the procedure of Murray and Thompson (1980).
One milliliter of preculture of P. aeruginosa LST-03
incubated at 30°C overnight was inoculated into a 500-ml
baffled Erlenmeyer flask containing 100 ml of the L broth.
The cultivation was performed at 30°C with rotary shaking
(150 rpm, 7-cm-diameter shaking) until the late logarith-
mic phase for 8 h. The cells of the late logarithmic phase
were harvested by centrifugation at 5,100g for 10 min at
room temperature and washed with 50 ml of TE buffer (pH
7.5) containing 10 mM Tris—HCl and 1 mM ethylenedi-
aminetetraacetic acid (EDTA). The cells were collected by
centrifugation at 11,000g for 10 min at room temperature,
then resuspended in 9 ml of TE buffer containing 0.1 g/l
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lysozyme (from egg white, Wako Pure Chemical Indus-
tries, Ltd, Osaka, Japan) and incubated at 37°C with
shaking at 60 strokes per min for 1 h. After addition of
0.5 ml of 10% (w/v) sodium dodecyl sulfate (SDS) and
0.1 ml of 10 g/l protease K (E. Merck, Darmstadt, Ger-
many), the suspension was incubated at 50°C with shaking
at 160 strokes per min for 30 min, and then at 60 strokes
per min overnight for completing lysis. The lysate added
with 1.8 ml of 5 M NaCl and 1.5 ml of 10% (w/v) ce-
tyltrimethylammonium bromide (CTAB) in 0.7 M NaCl
was incubated at 65°C for 20 min. To the solution an equal
volume of a chloroform/isoamyl alcohol (24:1) mixture
was added and the mixture was mixed gently by inversing
the tube at room temperature for 10 min. Phase separation
was achieved by centrifugation at 11,000g for 20 min at
room temperature. After twice extractions with the chlo-
roform/isoamyl alcohol mixture, extraction using an equal
volume of phenol saturated with 1 M Tris—HCI1 (pH 7.5)
was performed. Following an additional extraction with the
chloroform/isoamyl alcohol mixture, a twofold volume of
cold ethanol (-20°C) was added to the mixture. The pre-
cipitated genomic DNA was collected by applying it onto a
glass rod and then rinsed with 70% (v/v) ethanol. After
evaporating the ethanol in vacuo, the nucleotide was sus-
pended in 3 ml of TE buffer and its concentration was
determined by measuring the absorbance of its 20-fold
dilution with TE buffer at 260 and 280 nm. Two hundred
microliters of a solution containing 1 g/l genomic DNA
and 0.01 g/l ribonuclease A (RNase A, Sigma Chemical
Company, St Louis, USA) in a microtube were incubated at
37°C overnight. Impurities were removed by extraction
with an equal volume of a phenol/chloroform/isoamyl
alcohol (25:24:1) mixture and precipitation of the genomic
DNA of P. aeruginosa by ethanol was performed before
the DNA was dissolved in TE buffer. The purity and the
concentration of the genomic DNA were determined by
measuring the absorbance at 260 and 280 nm. The solution
containing the DNA was kept at 4°C until utilization.

Construction of plasmids

For cloning of the genes of the LST-03 lipase and the
lipase-specific foldase, amplification of DNA by the poly-
merase chain reaction (PCR) was performed using genomic
DNA from P. aeruginosa LST-03 as a template, 5'-GCA
T*C*T A*GA CCA TTT CAG CCT GTT TTG CTC-3’
(asterisk and underlined sequence indicate mismatch and
Xba 1 site, respectively) and 5-CTT CC*C CG*G* GAT
CGT GGC GAT CTT CAG C-3’ (underlined sequence
indicates Sma 1 site) as primers, and LA-Taq (Takara
Shuzo Co., Ltd, Kyoto, Japan). Thirty repeated cycles of
thermal denaturation at 94°C for 30 s, annealing at 62°C
for 30 s, and extension/termination 72°C for 2 min were
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performed using a GeneAmp PCR System 2400 (The
Perkin-Elmer Corp., Norwalk, CT, USA). The PCR prod-
uct purified using a PCR purification kit and pUC19 were
cleaved with restriction endonucleases, Xba I and Sma 1.
After purification of cleaved PCR product and cloning
vector, they were ligated using T4 DNA ligase to construct
pLC9. E. coli IM109 was transformed with the constructed
plasmid by a chemical method (Hanahan 1983).

To construct expression plasmids, PCR was performed
using pLC9 as a template. The purified PCR products and
pET-21c(+) (EMD Bioscience, Inc., Madison, USA.) were
cleaved with Nde 1 and Xho I and ligated. To construct
pE_L9_F9 containing genes of Lip9 and Lif9, 5'-ATG
AGA ACC* AT*A TGA AGA AGA AGT CTC TGC-3
(underlined sequence indicates Nde I site) and 5’-TTT CCG
C*T*C G*A*G TCA GCG CTG CTC GGC C-3’ (primer
A, underlined sequence indicates Xho I site) were used as
primers. To construct pE_d25L9_F9 containing genes of
d25Lip9, Lip9 of which 25 amino acid residues of N-ter-
minal were removed, and Lif9, 5-CGC TGA TCC
AT*A*T*G* A GCA CCT ACA CCC AGA CC-3
(underlined sequence indicates Nde 1 site) and primer A
were used as primers. To construct pE_d52F9 containing a
gene of d52Lif9, Lif9 of which 52 amino acid residues of
N-terminal were removed, 5’-CGG GAG AAC* A*T*A*
TGC CGG CCC CCC AGG-3" (underlined sequence
indicates Nde I site) and primer A were used as primers. To
construct pE_d58F9 containing a gene of d58Lif9, Lif9 of
which 58 amino acid residues of N-terminal were removed,
5’-CCC CCC AGC* A*T*A TGC CGG CCA AGG TCG-
3’ (underlined sequence indicates Nde I site) and primer A
were used as primers. Sequencing of the cloned DNA in all
constructed plasmids was performed.

Cultivation of Transformants

The transformed E. coli was cultivated using a Luria—
Bertani (LB) medium (1.0% (w/v) Bacto-tryptone, 0.5%
(w/v) yeast extract, and 1.0% (w/v) NaCl) (Sambrook et al.
1989). For cultivation of E. coli IM109 and BL21(DE3), a
filtered ampicillin solution was added to be 50 and 100 mg/
1 ampicillin sodium salt, respectively. For preparation of
agar plates, 1.5% (w/v) agar was added. To check the
lipolytic activity of transformants on the plate, 0.5% (v/v)
tri-n-butyrin was added and emulsified.

For expression of the gene following T7 promoter on
pET-21c(+) vector, the transformed E. coli BL21(DE3)
was cultivated in a 500-ml baffled Erlenmeyer flask con-
taining 100 ml of the LB medium containing 100 mg/l
ampicillin sodium salt at 37°C with shaking at 150 rpm.
When the optical density reached about 1.0 by cultivation
for about 4 h, 0.2 mM isopropyl-f-p(-)-thiogalactopyr-
anoside (IPTG) was added. After 3 h-additional incubation

at 37°C with shaking, the cells were harvested by centri-
fugation at 10,000g and 4°C for 5 min.

Preparation of cell extract

Collected cells from 950 ml of the culture were suspended
in 95 ml of 20 mM Tris—HCI buffer (pH 8.0) and disrupted
by ultrasonic disintegration using an ultrasonic disruptor
UD-200 (Tomy Seiko Co., Ltd, Tokyo, Japan) at 60 W
intermittently in an ice bath. Disrupted cells were centri-
fuged at 10,000g and 4°C for 5 min. The supernatant and
the precipitation were collected as soluble and insoluble
fractions, respectively.

Solubilization and activation of inclusion bodies

The insoluble fraction was taken into the 20 mM Tris—HCl
buffer (pH 8.0) containing 5.3 M urea and the suspension
was mixed well. After storage of the suspension at 4°C for
over night, 100-fold dilution was made using 20 mM Tris—
HCI buffer (pH 8.0). Diluted solution was mixed with
soluble fractions prepared from transformants with
pE_d52F9 and pE_d58F9, which contained d52Lif9 and
d58Lif9, respectively, and then stored at 4°C for 24 h.

Measurement of lipolytic activity

Lipolytic activity was assayed by the BALB-DTNB
method, which is a modification of the method of Kurooka
et al. (1977). 2,3-Dimercaptopropan-1-ol tributyrate
(BALB) was used as a substrate and the thiol groups lib-
erated by hydrolysis were coupled with 5,5'-dithiobis(2-
nitrobenzoic acid) (DTNB). Then, 1.0 ml of 0.3 mM
DTNB in 100 mM Tris—HCI buffer (pH 8.0) and 10 pl of
an enzyme sample were mixed. After preincubation at
30°C for 5 min, 0.1 ml of 20 mM BALB in ethanol was
added to the reaction mixture and the reaction was allowed
to proceed at 30°C for 10 min. The reaction was then
stopped by adding 2.0 ml of acetone. The absorbance of
the resulting 5-thio-2-nitrobenzoate anion was measured at
412 nm. One unit (I.U.) of lipolytic activity was defined as
the amount of enzyme that produced 1 pmol of 5-thio-2-
nitrobenzoate anion per min at 30°C.

SDS-polyacrylamide gel electrophoresis

The purified enzyme was dissolved in an SDS treatment
solution consisting of 1% (w/v) SDS, 1% (w/v) 2-mer-
captoethanol, 10% (w/v) glycerol and 31.25 mM Tris—HCI
buffer (pH 6.8), and the resulting solution was heated in a
water bath at 100°C for 3 min. The sample was run in a
stacking gel consisting of 4.35% (w/v) polyacrylamide,
0.3% (w/v) N,N’-methylene-bis(acrylamide), and 0.1% (w/v)
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SDS and a separating gel containing 14.8% (w/v) poly-
acrylamide, 0.2% (w/v) N, N’-methylene-bis(acrylamide),
and 0.1% (w/v) SDS under the conditions developed by
Laemmli (1970).

Sequencing of N-terminal amino acids

The protein separated by SDS-polyacrylamide gel elec-
trophoresis was electrotransferred on a polyvinylidene
difluoride (PVDF) membrane (Immobilon-P, Millipore,
Bedford, USA) using 10 mM 3-(cyclohexylamino)-1-pro-
panesulfonic acid (CAPS) solution (pH 11) containing 10%
(v/v) methanol as a electroblotting buffer at 50 V for
30 min. The blotting membrane was stained with a solution
containing 0.1% (w/v) coomassie brilliant blue R-250, 50%
(v/v) methanol, and 1% (v/v) acetic acid. The stained single
protein band was cut out and destained in 50% (v/v)
methanol. The sequence of the N-terminal amino acids was
determined by the Edman degradation method using a
Protein Sequencing System (Model 491 Procise, Applied
Biosystems).

Results and discussion
N-terminal sequence of LST-03 lipase

Pseudomonas aeruginosa LST-03 was isolated as an or-
ganic solvent-stable lipolytic enzyme producer which had
organic solvent-tolerance (Ogino et al. 1994). The LST-03
lipase was purified by fractionation using ammonium sul-
fate, ion exchange column chromatography using DEAE-
Sepharose, hydrophobic interaction column chromatogra-
phy using Phenyl-Sepharose, and desalting column chro-
matography using HiPrep 26/10 from culture supernatant
of P. aeruginosa LST-03, as described in a previous paper
(Ogino et al. 2000). The purified LST-03 lipase was ana-
lyzed by SDS-PAGE, and then the protein band was
transferred on a PVDF membrane electrophoreticaly. The
transferred protein was analyzed to determine its N-termi-
nal sequence by the protein sequencer. The 20 N-terminal
sequence of the LST-03 lipase was Ser—Thr—Tyr-Thr-Gln—
Thr-Lys—Tyr—Pro-Ile-Val-Leu—Ala-His—Gly-Met-Leu—
Gly—Phe—Asp-.

Cloning and sequencing of the gene of LST-03 lipase

Sequence similarity search with N-terminal sequence of the
LST-03 lipase was performed by using the BLAST pro-
gram. The 20 amino acid sequence of N-terminal of the
LST-03 lipase completely coincided with those of several
lipases from Pseudomonas sp. 109 (Ihara et al. 1991) and
P. aeruginosa TE3285 (Chihara-Siomi et al. 1992), ATCC
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31156 (Shinkai et al. 1996), PAO1 (Wohlfarth et al. 1992),
and IGB83 (Martinez and Soberon-Chavez 2001). It had
been known that they need a lipase-specific foldase for
activation of the lipase, which was called as molecular
chaperone, modulator protein, activator protein, or helper
protein (Rosenau et al. 2004). Genes of lipase-specific
foldase locate in the downstream region of these lipase
genes. According to the previous findings (Ihara et al.
1992; Chihara-Siomi et al. 1992; Wohlfarth et al. 1992;
Shinkai et al. 1996), one pair of primers were constructed
to obtain the genes of the LST-03 lipase and lipase-specific
foldase, and polymerase chain reaction (PCR) was per-
formed using genomic DNA from P. aeruginosa LST-03 as
a template. A 2.6 kbps-DNA fragment was obtained. After
digestion of the PCR products and pUC19 with Xba I and
Sma 1, they were ligated. Escherichia coli IM109 cells
were transformed by the ligated plasmids. Some plasmids
of 5.3 kbps were extracted from E. coli cells and the cloned
fragments were confirmed by nucleotide sequencing. The
plasmid containing the genes of LST-03 lipase and its
foldase was named as pLC9.

Nucleotide sequence of the cloned DNA fragment of
2,629 bps which was shown in Fig. 1 was submitted to
DNA Data Bank of Japan (DDBJ) and the accession
number was assigned as AB290342. The sequenced DNA
contained 66.95% G + C base pairs and two open reading
frames. The open reading frame of upstream (lip9) con-
sisted of 933 nucleotides and encoded 311 amino acids of
the precursor of LST-03 lipase. The open reading frame of
downstream (/if9) consisted of 1,020 nucleotides and en-
coded 340 amino acids of the foldase of the LST-03 lipase.
Although the primary structures of the LST-03 lipase and
lipase-specific foldase from P. aeruginosa LST-03 were
very similar to some lipases and foldases from Pseudo-
monas sp. 109 (Ihara et al. 1991, 1992) and P. aerugiosa
PAO1 (Wohlfarth et al. 1992), ATCC31156 (Martinez and
Soberon-Chavez 2001), TE3285 (Chihara-Siomi et al.
1992), and PA7 (NCBI Microbial Genomes Annotation
Project 2006; Accession No. ZP_01293163), respectively,
there were some differences between the putative amino
acid sequences of the lipase and the foldase from P aeru-
ginosa LST-03 and those from other strains.

The putative amino acid sequence of the LST-03 lipase
had high homology with those from other bacteria such as
Vibrio choletae N16961 (Heidelberg et al. 2000, similarity
is 58.8%), V. parahaemolyticus RIMD 2210633 (Makino
et al. 2003, similarity is 54.7%), Chromobacterium viola-
ceum ATCC12472 (Vasconcelos et al. 2003, similarity is
55.7%), Acinetobacter sp. SY-01 (Han et al. 2003, simi-
larity is 50.0%), Burkholderia cepacia ATCC 21808
(Jorgensen et al. 1991, similarity is 38.6%), and B. glumae
PGl (Frenken et al. 1992, 1993, similarity is 38.1%).
Although the N-terminal sequence analyzed using the
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Fig. 1 Sequenced nucleotide
and deduced amino acid
sequences of the Lip9 (LST-03
lipase) and Lif9 (lipase-specific
foldase). The reduced amino
acid sequences of the Lip9 and
Lif9 are given below the
nucleotide sequence. The
numbers written on both sides
of the lines of nucleotides and
amino acid sequences indicate
the nucleotide and amino acid
positions, respectively. “***”
indicates the terminal codon of
translation. The underlined
amino acid sequences are
determined by the Edman
degradation of the purified LST-
03 lipase. “Cat”, “S-S”, and
“Ca2+” indicate catalytic site,
site of disulfide bond, and
calcium binding site,
respectively

ACCAT: 5
:TTCAGCCTGTTTTGCTCGCAAAACGACGCCGCGGGCGTGCGCTACCGCACACTCGGTCGC: 65
66: TGGGCGTTGTGCGGGGAAGATTCAAACGAGCGTTTCGCGCCGTAACAACCCGCCTCTTCG: 125
126:GCTCTGCCACGCAGGTTATGACCGGCCGCCAGGAAGCCGCGGATTTCCTGGCCTGGAGGA: 185
186: AAAAAGCCGAAGCTGGCACGGTTCCTGCGCAAGGGACAGCGAAGCGGTTCTCCCGGAAGG: 245
246 ATTCGGGCGATGGCTGGCAGGACGCGCCCCTCGGCCCCATCAACCTGAGATGAGAACAAG: 305

o=

306 : ATGAAGAAGAAGTCTCTGCTCCCCCTCGGCCTGGCCATCGGCCTCGCCTCTCTCGCTGCC: 365
—-26:MetLysLysLysSerLeuLeuProlLeuGlylLeuAlal leGlyLeuAlaSerLeuAlaAla: -7

366 : AGCCCGCTGATCCAGGCCAGCACCTACACCCAGACCAAATACCCCATCGTGCTGGCCCAC: 425
—6:SerProLeul leGInAlaSerThrTyrThrGInThrLysTyrProl leVallLeuAlaHis: 14
Mature—>

426: GGCATGCTCGGCTTCGACAACATCCTCGGGGTCGACTACTGGTTCGGCATTCCCAGCGCC: 485
15:GlyMetLeuGlyPheAspAsn| leLeuGlyValAspTyrTrpPheGlylleProSerAla: 34

486: TTGCGCCAGTGACGGTGCCCAGGTCTACGTCACCGAAGTCAGCCAGTTGGACACCTCGGAA: 545
35:LeuArgArgAspGlyAlaGInValTyrValThrGluValSerGinLeuAspThrSerGlu: 54

546: GTCCGCGGCGAGCAGTTGCTGCAACAGGTGGAGGAAATCGTCGCCCTCAGCGGCCAGCCC: 605
55:ValArgGlyGluGInLeuLeuGInGInValGluGlulleValAlaLeuSerGlyGInPro: 74

606 : AAGGTCAACCTGATCGGCCACAGCCACGGCGGGCCGACCATCCGCTACGTCGCCGCCGTA: 665
75:LysValAsnLeul leGlyHisSerHisGlyGlyProThr | leArgTyrValAlaAlaVal: 94
Cat

666: CGTCCCGACCTGATCGCTTCCGCCACCAGCGTCGGCGCCCCGCACAAGGGTTCGGACACC: 725
95:ArgProAspLeul leAlaSerAlaThrSerValGlyAlaProHisLysGlySerAspThr: 114

726:GCCGACTTCCTGCGCCAGATCCCACCGGGTTCGGCCGGCGAGGCAATCCTCTCCGGGCTG: 785
115:AlaAspPheLeuArgGinl leProProGlySerAlaGlyGluAlal leLeuSerGlyLeu: 134

786: GTCAACAGCCTCGGCGCGCTGATCAGCTTCCTTTCCAGCGGCAGCACCGGTACGCAGAAT : 845
135:ValAsnSerLeuGlyAlaLeul |eSerPhelLeuSerSerGlySerThrGlyThrGInAsn: 154

846: TCACTGGGCTCGCTGGAGTCGCTGAACAGCGAGGGGGCCGCGCGCTTCAACGCCAAGTAC: 905
155:SerLeuGlySerLeuGluSerLeuAsnSerGluGlyAlaAlaArgPheAsnAlalysTyr: 174

906 : CCGCAGGGCATCCCCACCTCGGCCTGCGGCGAAGGCGCCTACAAGGTCAACGGCGTGAGC: 965
175:ProGInGlylleProThrSerAlaCysGlyGluGlyAlaTyrLysValAsnGlyValSer: 194
S-S

966: TATTACTCCTGGAGCGGTTCCTCGCCGCTGACCAACTTCCTCGATCCGAGCGACGCCTTC: 1025
195:TyrTyrSerTrpSerGlySerSerProlLeuThrAsnPheleuAspProSerAspAlaPhe: 214
Ca2+

1026: CTCGGCGCCTCGTCGCTGACCTTCAAGAACGGCACCGCCAACGACGGCCTGGTCGGCACC: 1085
215:LeuGlyAlaSerSerLeuThrPheLysAsnGlyThrAlaAsnAspGlyLeuValGlyThr: 234
Cat

1086: TGCAGTTCGCACCTGGGCATGGTGATCCGCGACAACTACCGGATGAACCACCTGGACGAG: 1145
235:CysSerSerHisLeuGlyMetVal | |eArgAspAsnTyrArghetAsnHisLeuAspGlu: 254
S-S Cat  Ca2+

1146: GTGAACCAGGTCTTCGGCCTCACCAGCCTGTTCGAGACCAGCCCGGTCAGCGTCTACCGC : 1205
255:ValAsnGInVal|PheGlyLeuThrSerLeuPheGluThrSerProValSerValTyrArg: 274

1206: CAGCACGCCAACCGCCTGAAGAACGCCAGCCTGTAGGACCCCGGCCGGGGCCTCGGCCCC: 1265
275:GInHisAlaAsnArgleulysAsnAlaSerLeusksk © 285

1266: GGCCCTTTCCCGGAAGCCCCCTCGCGTGAAGAAAATCCTCCTGCTGATTCCACTGGCGTT: 1326
1: MetLysLys| leLeuLeuleul leProLeuAlaPhe: 12

1326 CGCCGCCAGCCTGGCCTGGTTCGTCTGGCTGGAACCT TCCCCCGCCCCCGAGACGGCGCC : 1385
13: AlaAlaSerLeuAlaTrpPheValTrpLeuGluProSerProAlaProGluThrAlaPro: 32

1386 : CCCGGCCAGCCCGCAGGCGGGCGCAGACCGCGCCCCGCCAGCAGCCTCCGCGGGAGAAGC : 1445
33: ProAlaSerProGInAlaGlyAlaAspArgAlaProProAlaAlaSerAlaGlyGluAla: 52

1446 GGTGCCGGCCCCCCAGGTCATGCCGGCCAAGGTCGCGCCGCTGCCAACCTCCTTCAGGGG: 1505
53: ValProAlaProGInValMetProAlalysValAlaProLeuProThrSerPheArgGly: 72

1506 CACCAGCGTCGATGGCAGTTTCAGTGTCGACGCCAGCGGCAACCTGCTGATCACCCGCGA: 1565
73: ThrSerValAspGlySerPheSerValAspAlaSerGlyAsnLeuLeul leThrArgAsp: 92

1566 : CATCCGCAACCTGTTCGACTACTTCCTCAGCGCCGTCGGCGAAGAGCCCCTGCAGCAAAG: 1625
93: lleArgAsnLeuPheAspTyrPheLeuSerAlaValGlyGluGluProleuGInGInSer:112

1626 CCTGGACCGCCTGCGCGCCTACATCGCCGCCGAACTCCAGGAGCCGGCGCGCGGCCAGGC: 1685
113: LeuAspArgleuArgAlaTyr|leAlaAlaGluLeuGInGluProAlaArgGlyGIinAla:132

1686 GTTGGCGCTGATGCAGCAATACATCGACTACAAGAAGGAACTGGTGCTGCTCGAACGCGA: 1745
133: LeuAlaLeuMetGInGInTyr | leAspTyrLysLysGluLeuVallLeulLeuGluArgAsp:152

1746: CCTGCCGCGCCTGGCCGACCTCGACGCCCTGCGCCAGCGGGAAGCCGCGGTGAAAGCCCT < 1805
153: LeuProArgleuAlaAspLeuAspAlaleuArgGinArgGluAlaAlaVallysAlaleu:172

1806: GCGCGCGCGGATCTTCAGCAACGAAGCGCACGTGGCGTTCTTCGCCGACGAGGAAAGCTA: 1865
173: ArgAlaArgllePheSerAsnGluAlaHisValAlaPhePheAlaAspGluGluThrTyr:192

1866: CAACCAGTTCACCCTGGAGCGCCTGGCGATCCGCCAGGACGGCAAGCTCAGCGCCGAGGA: 1925
193: AsnGInPheThrLeuGluArgleuAlal leArgGInAspGlyLysLeuSerAlaGluGlu:212

1926 : AAAGGCCGCCGCCATCGACCGCCTGCGCGCCAGCCTGCCGGAAGACCAGCAGGAAAGCGT : 1985
213: LysAlaAlaAlal leAspArgleuArgAlaSerLeuProGluAspGInGInGluSerVal:232

1986: GCTGCCGCAACTGCAAAGCGAACTGCAGCAGCAGACCGCCGCCCTCCAGGCCGCTGGCAC : 2045
233: LeuProGInLeuGInSerGluLeuGInGInGInThrAlaAlalLeuGInAlaAlaGlyAla:252

2046 : CGGCCCGGAAGCCATCCGCCAGATGCGTCAGCAACTGGTGGGCGCCGAAGCCACCACCCG: 2105
253: GlyProGluAlal leArgGinMetArgGInGinLeuValGlyAlaGluAlaThrThrArg:272

2106: CCTGGAGCAACTCGATCGGCAACGCTCGGCCTGGAAGGGCCGGCTGGACGACTATTTCGC: 2165
273: LeuGluGInLeuAspArgGInArgSerAlaTrpLysGlyArgleuAspAspTyrPheAla:292

2166 CGAGAAGAGCCGGATCGAAGGCAATACCGGGCTGAGCGAAGCCGACCGCCGCGCGGCGAT : 2225
293: GluLysSerArglleGluGlyAsnThrGlyLeuSerGluAlaAspArgArgAlaAlaVal:312

2226 CGAACGCCTGGCCGAGGAGCGCTTCAGCGAACAGGAACGCTTGCGCCTGGGCGCGCTGGA: 2285
313: GluArglLeuAlaGluGluArgPheSerGluGInGluArgleuArgleuGlyAlaleuGlu:332

2286 : ACAGATGCGCCAGGCCGAGCAGCGCTGACCGGCACGGAAACGCCGAGAACGCGGCGAAGG : 2345
333: GInMetArgGinAlaGluGlnArgsskx 1340

2346 :GCGCTTCGGCGGATAACGCTACCCTCAGGGGTGCAGCCCTGGCGTGGCCGGCGAGGCGGA : 2405
2406 :AACCTGTGCTGCGCGCCGCAACGAAAAAGGGCGGCCACCCGAAGGTGTCCGCCCTTTTTC: 2465
2466 :GTCGCCAGCCCGGTTCAGCGGGACAGCTTGCCGTCCAGCGAGAACTTGCCGGCGCCATCG: 2525
2526 :ATCAGCAGCGCCACGCTGATCATCAGCAGGGTCAGGGCATATTCATAGCCGTTGTCGGTG: 2585
2586 :ATGAAGAAGCCATTGCCGATGTGCACGCTGAAGATCGCCACGAT 12629

purified LST-03 lipase was not agreement with that of the
putative primary structure from the open reading frame in
the cloned DNA fragment, it was found within the putative
primary structure. It was suggested that the LST-03 lipase
was synthesized as a 32.7 kDa-precursor consisting of 311
amino acids and N-terminal peptide consisting 26 amino
acids which was removed as a signal peptide during
translocation across the cytoplasmic membrane. This was
supported by the evidence that the LST-03 lipase was se-
creted by P. aeruginosa LST-03 (Ogino et al. 1994, 1999,
2000) and by the algorithm for predicting signal sequence
cleavage sites (von Heijne 1986). The consensus sequence
found in lipases, -Gly—Xaa—Ser—Xaa—Gly-, was found in
the LST-03 lipase at amino acid position 80-84. Three-
dimensional structures of lipases from P. aeruginosa PAO1
(Nardini et al. 2000), B. cepacia ATCC21808 (Lang et al.
1998), and B. glumae (Noble et al. 1993) were clarified. It
was suggested that the active center of the LST-03 lipase
was constructed by Ser-82, Asp-229, and His-251. It has a
disulfide bond between Cys-183 and Cys-235 and a cal-
cium ion which is bound to Asp-209 and Asp-253. These
amino acids residues which constructed the consensus

sequence, the active center, the disulfide bond, and the
calcium ion binding site were well conserved in all lipases
from Vibrio choletae N16961, V. parahaemolyticus RIMD
2210633, Chromobacterium violaceum ATCC12472, Aci-
netobacter sp. SY-01, Burkholderia cepacia ATCC 21808,
and B. glumae PG1.

Lipases which are similar to the LST-03 lipase need
foldases for activation. However, the similarities between
the foldase from P. aeruginosa LST-03 and those from
Acinetobacter sp. SY-01, C. violaceum ATCCI12472, B.
glumae PG1, B. cepacia ATCC 21808 (Quyen et al. 1999),
V. parahaemolyticus RIMD 2210633, and V. choletae
N16961 were between 20.1 and 32.7%. Amino acid se-
quence of the foldase is variable compared with that of
lipase. N-terminal region of the foldase was hydrophobic
(data not shown) and suggested to be assembled in the
cytoplasmic membrane.

Expression of lip9 and [if9

The transformant harboring pLC9 (E. coli IM109/pLC9)
showed lipolytic activity on a plate media containing tri-n-
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butyrin in the absence of isopropyl-f5-p(-)-thiogalactopyr-
anoside (IPTG). When E. coli IM109/pLC9 was cultured in
the LB broth containing ampicillin in the absence of IPTG,
the lipolytic activity was not detected in its supernatant, but
in the cell extract. The lipolytic activity of E. coli increased
by transforming with pLC9, however it was not so high.
The amount of the expression of the LST-03 lipase, Lip9,
without promoter of E. coli was negligible, and the protein
was not detected on SDS-PAGE (data not shown).

Overexpression was attempted by using pET system.
The DNA fragment containing two open reading frames
was amplified by PCR using the forward and reverse
primers containing Nde I site and Xho I site, respectively.
pE_L9_F9 encoding Lip9 (LST-03 lipase) and Lif9 (lipase-
specific foldase), pE_d25L9_F9 encoding Lip9 of which
the signal peptide consisting 26 amino acids of N-terminal
was deleted and into which methionine was added as start
codon, pE_d52F9 encoding Lif9 of which 52 amino acids
of N-terminal were deleted, and pE_d58F9 encoding Lif9
of which 58 amino acids of N-terminal were deleted, were
constructed by ligating the digested PCR products and
pET-21c(+) with Nde I and Xho 1.

The transformants of E. coli BL21(DE3) by pE_L9_F9,
pE_d25L9_F9, pE_d52F9, and pE_d58F9 were cultivated
in the presence of ampicillin until the optical density at
660 nm of the culture attained about 1.0 for about 4 h.
After addition of IPTG to be 0.2 mM, the cultivation was
continued for more 3 h for induction of protein expression.
The cells were harvested by centrifugation and disrupted
by sonication. Supernatant and precipitation of centrifu-
gation of the disrupted cells were separately collected as
the soluble and insoluble fractions, respectively. The pro-
teins contained in the soluble and insoluble fractions were
analyzed by SDS-PAGE as shown in Fig. 2. When E. coli
BL21(DE3) transformed by pE_L9_F9 and pE_d25L9_F9
were cultivated, expressed proteins, Lip9 and d25Lip9
were not only found in the soluble fractions, but also in the
insoluble fractions. The large amounts of Lip9 and d25Lip9
were found in insoluble fractions. The amount of the ex-
pressed Lip9 was increased by the overexpression using
pET system with T7 promoter. However, the expressed
Lip9 formed insoluble inclusion bodies. Furthermore, the
expressed amount of d25Lip9 in insoluble fractions was
larger than that of Lip9. By removing signal peptide of
Lip9, the expressed amount of the LST-03 lipase, d25Lip9,
dramatically increased. Although the accurate concentra-
tion in cells is not clear, the expressed amount by using T7
promoter and deleting the signal sequence of the LST-03
lipase increased more than 100-fold according to the esti-
mation using the result of SDS-PAGE.

Lip9 and d25Lip9 were expressed using pE_L9_F9 and
pE_d25L9_F9, respectively, with the gene of the foldase
which was located in the downstream region of gene of the
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Fig. 2 SDS-PAGE analysis of soluble and insoluble fractions of the
disrupted recombinant E. coli transformed with expression plasmids.
Recombinant E. coli transformed with different expression plasmids
were cultivated for about 4 h at 37°C. After addition of IPTG for
induction of gene expression, 3 h-additional incubation was per-
formed at 37°C. The harvested recombinant cells were disrupted by
sonication. The supernatant and precipitation of disrupted cells were
collected by centrifugation as soluble and insoluble fractions,
respectively. Soluble and insoluble fractions prepared from 0.12
and 0.24 ml of culture, respectively, were analyzed by SDS-PAGE

lipase. However, the amounts of foldases were negligible
and they were not detected by SDS-PAGE. The gene of
lipase-specific foldase was expressed without the gene of
lipase. Some N-terminal amino acid residues of the foldase
were deleted, because membrane-associating motif was
found at the N-terminal of the Lif9. When E. coli
BL21(DE3) transformed by pE_d52F9 and pE_d58F9 were
cultivated, expressed lipase-specific foldases, d52Lif9 and
d58Lif9, respectively, were mainly found in the soluble
fractions. The expressed amounts of the foldases, d52Lif9
and d58Lif9, also increased by locating T7 promoter in just
upstream region of the genes of the foldases and by
expressing solely. However, the amounts of the expressed
foldases were not so much in comparison with those of
Lip9 and d25Lip9 using T7 promoter.

Lip9 and d25Lip9 contained in insoluble fractions pre-
pared from the transformants harboring pE_L9_F9 and
pE_d25L.9_F9, respectively, were transferred on PVDF
membrane from the gel of SDS-PAGE. The N-terminal
sequences of the expressed proteins, Lip9 and d25Lip9,
were Met-Lys-Lys—Lys—Ser- and Ser-Thr-Tyr-Thr-Gln-,
respectively. Although the N-terminal amino acid of the
Lip9, methionine, was not released, the N-terminal
methinine of the d25Lip9 was released in E. coli. The
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methionine of N-terminal of the d25Lip9 may be removed
by methionyl aminopeptidase of E. coli. The amino acid
sequence of the expressed d25Lip9 was in agreement with
that of the LST-03 lipase secreted by the original stain of P.
aeruginosa.

Activation of lipase

It was expected that the expressed Lip9 and d25Lip9 by
E. coli using T7 promoter form inclusion bodies in the
cells. The lipolytic activities of the inclusion bodies of Lip9
and d25Lip9 were negligible. Inclusion bodies of Lip9 and
d25Lip9 in the insoluble fractions prepared from the
transformants with pE_L9_F9 and pE_d25L9_F9 were
solubilzed by using urea. After 100-fold dilution, the sol-
uble fractions prepared from the transformant of E. coli
BL21(DE3) by pE_d52F9 containing d520if9 and
pE_d58F9 containing d58lif9, were added. The lipolytic
activities of Lip9 and d25Lip9 before and after incubation
with and without d52Lif9 and d58Lif9 are shown in Fig. 3.
The Lip9 and d25Lip9 were co-expressed with Lif9 using
pE_L9_F9 and pE_d25L9_F9, respectively, both of which
contained /if9. Although the lipolytic activities of the sol-
ubilized Lip9 and d25Lip9 before incubation and after
incubations without lipase-specific foldase were found,
they were both very low. It was estimated that the Lip9 and
d25Lip9 were activated by small amounts of the foldases
contained in insoluble fractions of the transformants of
E. coli BL21(DE3) by pE_L9_F9 and pE_d25L9_F9. The
activities of Lip9 and d25Lip9 before incubation were 0.13
and 23.3 LU./ml-culture, respectively. However, by the
addition of d52Lif9 or d58Lif9, and incubation with one of
them, the lipolytic activities of solubilized Lip9 and

Lip9 before incubation

Lip9 incubated without foldase
Lip9 incubated with d52Lif9 .
Lip9 incubated with d58Lif9 :
d25Lip9 before incubation .
d25Lip9 incubated without foldase :

d25Lip9 incubated with d52Lif9 |

d25Lip9 incubated with d58Lif9 |

T T T T

0 1 2 3 4 5 6
Relative activity [-]

Fig. 3 The lipolytic activities of lipases before and after incubation
with and without lipase-specific foldases. Inclusion bodies of Lip9
and d25Lip9 were solubilized using urea and diluted. Before and after
incubation of the solutions containing Lip9 and d25Lip9 with and
without d52Lif9 and d58Lif9 at 30°C, the lipolytic activities were
measured by the BALB-DTNB method

d25Lip9 were greatly enhanced. The activities of Lip9 and
d25Lip9 after incubation with d52Lif9 were 0.35 and
117 I.U./ml-culture, respectively. The activities of Lip9 of
which the signal peptide was deleted (d25Lip9) by the
incubation with the lipase-specific foldase were more
enhanced compared with those of Lip9. However, the
difference of the foldases of which 52 or 58 amino acids of
N-terminal was deleted was not found. By the incubation
with the foldase, the activities of the Lip9 and d25Lip9
were about 2.7-fold and 5.0-fold increased, respectively.
Although only the rough specific activities of the d25Lip9
which were solubilized and incubated with d52Lif9 and
d58Lif9 were measured, they were almost the same level
with that of the LST-03 lipase purified from the culture
supernatant of P. aeruginosa LST-03 according to the
estimated concentration of d25Lip9 using the result of
SDS-PAGE (Ogino et al. 2000).

In our previous papers, two lipolytic enzymes, Lip3
(Ogino et al. 2004a) and Lip8 (Ogino et al. 2004b) were
cloned from genomic DNA of P. aeruginosa LST-03 that
was the same strain used in this study. These genes were
expressed in E. coli and recombinant enzymes were puri-
fied and characterized. However, Lip3 and Lip8 were quite
different from Lip9, the LST-03 lipase, by both the struc-
ture and characteristic properties, and did not require any
foldases for their activation.
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