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An expression library was generated from a partial
Neel and Hind Il digest of genemic DNA from the ther-
mophilic bacterium. Bacillus stearothermopiitlus P1.
The DNA fragments were cloned into the expression
vector pQE-60 and transformed inta Escherichia coli
MI5|pREP4]. Sequence analysis of a lipase gene
showed an open reading frame of 1254 nucleotides cod-
ing a 29-amino-acid signal sequence and a mature
sequence of 388 amino acids. The expressed lipase was
isalated and purified to homogeneity in a single chro-
marographic step. The molecularmass of the lipase was
determined to be approximately 43 kDa by SDS-PAGE
and mass spectrometry. The purified lipase had anopti-
mum pH of 8.5 and showed maximal activity at 535°C.
Ir was highly stable in the remperature range of 30-
65°C. The highest activity was found with p-nitrophe-
nyl ester-caprate as the synthetic substrate and
tricaprylin as the triacylglycerol. Tts activity was
strongly inhibited by 10 mM phenylmethanesulfonyl
fluoride and 1-hexadecanesulfonyl chloride. indicating
that it contains a serine residue which plays a key role
in the catalytic mechanism. In addition, it was stable
for 1 h at 37°C in 0.1% Chaps and Triton X-100. oz
Avademile Press

Key Words: thermostable lipase: Baciflus stearother-
mophilus: cloning: sequence.

Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3},
which are widely distributed in animals, plants, and

' To whom correspondence should be addvessed. Fax: 886-2-
27883473, E-mnatl: bechen@gate sinica.edu.mw.
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microorganisms, catalyze the hydrolysis of the ester
honds of triglycerides and long-chain fatty acids. gener-
ating free fatty acid, diglyceride, monoglyceride, and
glycerol. They can also catalyze ester synthesis, trans-
esterification, and Interesterification in media con-
taining a low concentration of water or in anhydrous
organic solvents. Lipases are thus of particular impor-
tance in biotechnology because of diverse applications
in the food industry. in biclogical detergents. in medical
applications, in the enzymatic production of lipophilic
fine chemicals, and, potentially, in waste treatment
(1-5).

Recently, there has been considerable interest in the
basic properties and industrial applications of thermo-
stable lipases from mesophiles and thermophiles. Most
thermostable lipases exhibit higher thermodynamic
stability, both at elevated temiperatures and in organic
solvents, as a consequence of adaptation of the corres-
ponding micreorganisms to higher growth tempera-
tures (5~12). Although thermostable lipases have many
advantages, they are normalily preduced at low levels.
Since the advent of protein engineering techiniques, an
increasing number of lipases have been commercially
manufactured using recombinant bacteria and yeasts.
Several thermostable lipases, such as those from Pseu-
domonas fluorescens SIK W1 (13), Bacillus thermoca-
tenufaties {9}, and B. stearothermophitus{14), have been
produced by recombinant techniques for cloning and
overexpression. To obtain additional potentially useful
thermostable lipase, we were successful in isolating a
number of thermophilic bacteria from a hot spring in
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Chiang Mai, Thailand, that produce extracellular li-
pases. Among these is the bacterium B. stearothernoply-
flus strain P1 that produces highly thermostable lipase
and it also showed the highly stability on some erganic
solvents and detergents, whicl somewhat higher than
the other lipases (15).

The present report concerns an extracellular thermo-
stable lipase produced by a thernophilic bacterium, B,
stearothermophilus strain P1, in which the ability of
the native isolate to produce lipase is limited (16). So,
P1 lipase production has been markedly increased
by cloning and overexpression in Escherfoftia coli
M15[pREP4] using pQE-60 as vector, and the enzyme
has heen purified and characterized for industrial
application.

MATERIALS AND METHODS
Macerials

Restriction enzymes were from New England Bio-
Labs, Inc. {(Beverly, MA) and T4-DNA ligase was from
Serva Feinhiochemika {(Heidelberg, Germany). Thermo
Sequenase dye terminator cycle sequencing premix kit
with Thermo Sequenase polymerase was from Amers-
ham Life Science (U.S.A.). Lipase substrates were from
Sigma (St. Louis, MO) and inhibitors were obtained
from Roche Molecular Biochemicals (Germany). All
other chemicals used were of analytical grade.

Bacterial Strains and Plasmid

B. stearothermophilus P1 was isolated from a hot
spring at Chiang Maj, Thailand. E. coff M15[pREP4]
was grown in LB2? mediuin (Scharlau) contaiaing 25
pg/ml of kanamycin. The vector used for cloning and
expression was pQE-60.

DNA Marniipulation

Genomic DNA from B. stearotfiermophilus P1 was
prepared using the method described by Marmur (17).
Plasmid DNA was isolated using WizardPlus SV Mini-
prep and Midiprep DNA purification systems kit (Pro-
mega). Extraction of chromesomal and plasmid DNA
was performed vsing a gel extraction miniprep kit (Vio-
gene). Competent E. colif M15[pREP4] cells were pre-
pared using the Qiagen procedure (18).

Cloning of the Lipase Gene

Chromosomal DNA from B. stearorhiermophilus Pl
was partially digested with Neol and HindII and in-
serted into the same restriction sites of pQE-60. After

* Abbreviatians used: LB. Luria broth: IPTG, isopropyl-g-n-thioga-
lactopyranuside; p-NP, p-nitrophenyl ester: PDVE. polyvinylidene
difluoride: DTT. dithiothreitol: EDTA. ethylenediaminetetyaacetic
arid; PMSF. phenvimethanesulfonyl fluoride: Chaps, 3-{{3-cholamido-
propyl{dimethylammonio) - }-propanesulfonate,
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ligation, the recombinant DNA was transformed into
E. coli M15[pREP4] and transformants selected on LB
agar plates containing 100 gg/ml ampicillin, 25 ug/inl
kanamycin, and 1%{w/v) tricaprylin. The colonies sur-
rounded by a clear zone were selected. PCR amplifica-
tion was used to check the inserted DNA.

Expression in E. colf

Expression in E. coli M15[pREP4] containing the re-
combinant plasmid was tested by preparation of cell
lysates as follows. Cells were grown at 37°C o late
log phase in 3 ol of LB broth containing 100 ug/ml
ampicillin and 25 pg/ml kanamyein and then PTG
(MDBio Inc.) was added to a final concentration of 1
mbM. After 3 I of growth, the cells were centrifuged at
6500g for 20 min, the pellet was resuspended in 50 ml
of 20 mM Tris—HCIl huffer, pH 8.5, containing 10 mM
EDTA, and the cells were lysecd by sonication. After
centrifugation ar 12,000g for 20 min. the supernatant
was checked for lipase by SDS-PAGE and lipase assay.

Nucleoricle Sequencing

The DNA sequence was deternmined by cycle sequenc-
ing using the Therino Sequenase dye terminator cycle
sequencing pre-mix kit with Thermo Sequenase poly-
merase {(Amersham Life Science). The synthetic oligonu-
cleotides, pQE-F (5'-GGCGTATCACGAGGCCCTTTCG-
37) and pQE-R (5 -CATTACTGGATCTATCAACAGG-3'),
synthesized using the expression vector pQE-60 as tem-
plate, were used as primers to sequence both strands.
The nucleotide and amino acid sequence data were ana-
lyzed using the MacVector 6.5 program. Homelogy
searches were performed against the sequences in the
GenBank/EMBL/DDB] databases using the BLAST
program (19}). . .

Lipase Purification

The cell pellet from a 4-liter culture was suspended
irn 50 ml of 20 mM Tris—HC] buffer, pH 8.5, containing
10 mM EDTA. After sonication, the cell Iysate was cen-
trifuged at 12,000g for 30 min, and then streptomycin
sulfate (Sigma)} was added to the supernatant to a final
concentration of 1% {w/v} and the precipitate formed
was removed by centrifugation at 12,000g fer 15 min.
The crude enzyme preparation was simultaneously par-
tially purified and concentrated by ultrafiltration nsing
a membrane with a molecular weight cutoff of 10,000
Da. The concentrated protein sample (5 ml} was puri-
fied by FPLC using strong anion-exchange chromatog-
raphy on a Q HyperD!}0 prepacked column (3 X 15 cm,
Biosepra). The column was equilibrated with 20 mM
Tris—HCl huffer, pH 8.5, and eluted with a linear gradi-
ent of 0--1.0 M NaCl in the same buffer at a flow rate
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of 1 ml/min. Each fraction was assayed for lipase activ-
ity. The lipase-containing fractions were pooled and dia-
lyzed overnight against 20 mM Tris—HCl buffer pH 8.5.
The purified lipase was checked for purity and molecu-
lar mass with SDS-PAGE and mass spectrometry
(LCQ. Finnigan).

Lipase Assay

Unless otherwise stated. lipase activity was mea-
sured at 55°C.

Lipase activity was measured by titration of the free
fatty avids released by hydrolysis of olive oil using the
pH stat methorl (20). Anolive ol emulsion was prepared
by emulsifying 5 ml of ollve il in 485 mil of a selution
of 13 mM NaCl, 0.7 mM CaCl,. and 0.5%(w/v} gum
arabic for 2 min at naximum speed in a Waring blender.
After adjusting the pH of the substrate emulsion (50
ml) to 8.0 by addition of 0.01 N NaOH. 0.1 ml of enzyme
solution was addec and the rate of fatty acid release
was measured at 55°C for 5 min using a pH titrafor
{718 Stat Titrino. Metrohm). One lipase unit is defined
as the amount of enzyme releasing } _mol of fatty acict
per minute.

Lipase activity was also assayed using the synthetic
substrate, pNP caprate (Sigma) (21, 22}. Twenty micro-
liters of lipase solution was added to 880 w1 of reaction
buffer (20 mM Tris—HCI buffer, pH 8.5, 0.1% gum ara-
bic, and 0.2% sodium deoxycholate) and the reaction
mixture was prewarmed to 55°C and then mixed with
100 ! of freshly prepared 8 mM pNP caprate inisopro-
panol, The reaction mixture was incubated at 55°C for
2 min. and then the reaction was stopped by addition
of 0.5 ml of 3 M HCL After centrifugation, 333 u! of
supernatant was mixed with 1 mi of 2 M NaOH and
the absorbance at 405 nm was measured against an
enzyme-free blank. One enzyme unit is defined as the
release of 1 nmol of p-nitrophencl per milliliter per
minute. Under the conditions described, the extinction
meffilcient of pnitrophenol s &£ = 1.85 liters mmol™
mm™',

Pratein Determination

The protein concentration was measured spectropho-
tometrically at 280 nm or by using a dye-binding assay
based on the method of Bradford {23).

Polyacrylamide Gel Elécmphanﬂsis

SDS-PAGE on a 12.5% polyacrylamide slab gel (25
mA per gel) was used to determine the purity and ap-
parent maolecular weight of the lipase by the method of
Laemmili (24). The mulecular mass of the lipase was
calibrated by using a low-molecular-mass calibration
kit {(Pharmacia AB. Swelen) containing phosphorylase
1 (94 kDa), serum bovine albumin (67 kDa), ovalbunin
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(45 kDa}, carbonic anliydrase (3¢ kD), trypsin inhibi-
tor (20.1 kDa}, and e-lactalbumin (14.4 kDa).

NHy-Terminal Amine Acid Sequence Analysis

The purified lipase was separated by SDS-PAGE and
electroblotted onto a PVDF mesmbrane, as described
Iy Matsudaira (25). The lipase band was cut out and
analyzed by Edman degradation using an Applied Bio-
systems Model 492 procise sequencer {Applied Biosys-
ters, Weiterstadt, Germany),

Efect of pH onr Lipase Activity

To determine the optimal pH, enzymatic activity was
assayed at 55°C at various pH values (4.0-11.0}. The
buffers used for the pH ranges of 4.0-6.0.6.0-7.5, 7.0-
10.0, and 9.0,11.0 were, respectively. 30 mM sodium
acetate, 50 mM phosphate, 50 mM Tris-HCL, 50 mM
Tris-giycine.

Effect of Temperature on Lipase Activity and Stability

To determine the effect of temperature, enzymatic
activity was measured at 30, 40, 50, 55. 60, 65, 70. 75,
80, and 90°C in the usual assay at pH 8.5. Thermostabil-
ity of the lipase was investigated by measuring the
remaining activity after incubating the enzyme in 20
mM Tris—-HCI buffer, pH 8.5, at various temperatures
for times up to 15 h and then assaying a 0.1-ml sample
at 55°C.

Substrate Specificity

Substrate specificities for different p-NP esters and
triacylglycerols were determined by using the spectro-
phatometric assay (21, 22, 26). The p-NP esters between
C2 and C18 were determined using p-NP-acetate,
p-NP-butyrate, p-NP-caproate, p-NP-caprylate,
p-NP-caprate,  pNP-laurate,  p-NP-myristate,
- NP-palmitate, and p-NP-stearate as the synthetic
substrate, and triacylglycerols between C2 and C22
were alsa determined using triacetin, tributyrin, trica-
proin, tricaprylin, tricaprin, trilaurin, trimyristin, tri-
palmitin, tripalmitin, tripalmitelein. tristearin, tripe-
troselinin, trielein, trielaidin, trilinolein, trilinolenin,
triarachidin, tri-11-eicosenoin, tribehenin, and trieru-
cin. The highest actlvities of enzyme assay using the
substrates were defined as the 100% level.

Effecr of Metal Ions on Lipase Activity

Various metal lons (CaCl,, CuCly, MgCl,, MnCl,,
ZnCl,, CsCl, LiCl, KCI, NaCl, and FeS0,) at final con-
centrations of 1 and 10-mM were added (o the enzyme
in 20 mM Tris—HC1 baffer, pH 8.5. and the solutien
was preincubated at reom temperature for 5 min and
then assayed for lipase activity. The lipase activity of
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FiG. 1. Physical map of inserted lipase P1 after cluning of partial
Neol and Hindli] fragments into pQE-60. The arrow indicates the
region encaching the Jlipase pene and the direction of transcription.

the enzyme without added metal ion was defined as
the 100% level.

Effecr of Inhibitors on Lipase Activity

The effect of inhibitors on lipase activity was deter-
mined using DTT, 1-dodecanesulfonyl chloride, EDTA,
1-hexadecanesulfonyl chloride, _-mercaptoethanol, and
PMSF at final concentrations of 10 mM. It was exam-
ined as a function of incubation time of enzyme with
each inhibitor in 20 mM Tris-HCI buffer, pH 8.5. at
37°C for 5, 10, and 30 min. The enzyme/inhibitor imix-
ture was then taken to assay the lipase activity, Enzyme
solution without inhibitor was used as reference,

Effect of Detergents on Lipase Acrivity and Stability

This was determined by incubating the enzyme for
} hoat 37°C in 20 mM Tris—HCI buffer, pH 8.5, con-
taining 0.1% (wiv) or 1% (w/v) of the detergents Chaps,
$DS. sodium deoxychelate, Triton X-100, and Tween
20. Lipase activity was measured at the beginning and
end of the incubation period. The activity of the enzyme
preparation in the absence of detergent before incuba-
tion was defined as the 100% level.

RESULTS

Cloning and Overexpression in E. colf of the Lipase
Cene from B. stearotfermophifus Pl

E. coliM15[pREP4] transfornied with the vector con-
taining the B. stearothermophilus P1 lipase coding se-
quence were selected by plating on LB agar containing
100 pg/ml ampicillin, 25 ggfml kanamycin, and 1%
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(wiv) tricaprylin; colonies survounded by a clear zone
were selected and grown in the LB medium containing
100 pg/ml ampicillin, 25 xg/ml kanamycin. The recom-
binant plasmid DNA was isolated and amplified with
the primers and shown to contain a 4.5-kb insert on
agarose gel electrophoresis. This plasmid, designated
as pQE-P1, was sequenced and shown to contain a 1.2-
kb sequence coding for lipase. Its physical map is shown
inFig. 1. Overexpression of the cloned lipase P1 induced
by IPTG acklition resulted in a high expression of solu-
ble lipase activity of 212 X 10% Uliter compared with
8.1 Ulliter using B. stearothermopiiilus Pl ie. a
26 x 10%-fold increase. This high level of expression
was confirmed by SDS-PAGE analysis (Fig. 2}.

Nucleatide Sequerice and NH - Terminal Amino
Acid Sequerice

The lipase gene from B. stearothermophilus P1 was
cloned on a 1.2-kh Neol/ HindIII fragment into plasmid
pQE-60. The nucleotide sequence of the gene, submitted
to GenBank under Accession No. AF237623, revealed
anopen reading frame of 1254 bpencoding a 417-amino-
acid polypeptide (Fig. 3), consisting of a 29-amino-acid
sipnal sequence and a mature lipase of 388 amino acid
residues, with a cleavage site between the two alanine
residues at positions 29 and 30. This was confirmed by
NH;-terminal amino acid sequence analysis of purified
lipase which showed that the first 15-amine-acit resi-
dues had the sequence A-5-L-R-A-N-D-A-P-1-V-L-L-H-
G. These results show that the mature lipase lacks a
signal peptide as a consequence of secretion across the
outer membrane (27).

kDa 1 2 3

9390
7.0

20.]
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FIG. 2. SDS-PAGE shows IPTG induction of the cloned fipase from
B. stearothermophifus P1, Lane |, standard protein markers; Jane 2.
no added IPTG: tane 3, 1 mM IPTG.
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FIG. 4. SDS-PAGE of purified lipase from B. srearothermaphilus
Pt Lane I, molecular weight markers: fane 2, crude extract: lane 3,
Q HyperD 10-purified lipase.
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Purification of Lipase

The cruce extract obtained by centrifugation of eul-
ture broth, sonication. and precipitation with 1% (wv)
streptoniycin sulfate was concentrated and partially
purified by ultrafiltration using a membrane with a
molecular weight cutoff of 10,000 Da. The concentrated
enzyme was then purified by a single jon-exchange
chromatographic step by gradient elution from a strong
anion exchanger {Q-HyperD 10} using FPLC. Each frac-
tion was assayed for lipase activity and the lipase pool
prepared by selection of fractions with lipase activity.
The pooled fractions gave a single band an SDS-PAGE
with an apparent molecular mass of approximately 43
kDa (Fig. 4). The purity of the purified lipase and its
miolecular weight of approximately 43,209 Da were con-
firmed by mass spectrometer (Fig. 5). Both values for
the molecular weight agree well with that of 43,203 Da
calculated from the deduced amino acid sequence using
MacVector sequence analysis software. The purification
procedure is summarized in Table . The enzyme was

43209.0

FIG. 5. Mass spectrometry of the purified B, stearothermopiiiius P lipase.
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FIG. 6. Effect of pH on lipase activity. The purified lipase was
assaved in various pH buffers, as described in the text. #. sodium
acetate buffer; W, phosphate buffer: &, Tris~-HCE buffer: @. Tris-
glycine buffer,

purified 18-fold with a yield of 71% from the crude
extract.

Effect of pH on Lipase Activity

The effect of pH on lipase activity at 55°C with p-
NP-caprate as substrate was examined at various pH
values, The enzyme was active inthe pH range 7.5-10.0
and the optimal pH was shown to be &5 in 50 mM
Tris—-HCi buffer (Flg. 6). Consistently higher activity
was observed with the Tris-HC1 buffer than with so-
dium acetate, phosphate, and Tris-glycine buffer.

Fffect of Temperature on Lipase Activity and Stabifity

To test the effect of temperature on lipase activity.
assays were performed for 1 h at various temperatures.
The lipase was most active in the temperature range
45-65°C, with maximal activity at 55°C (Fig. 74). The
thermostability of the enzyme was examined by mea-
suring the residual activity at different times of incuba-
tion for up to 15 h at various temperatures at pH 8.5.
After incubation for 1 h, the enzyme was stable at 20~
65°C, with a residual activity greater than 50% of the
initial activity (Fig. 7B). At 55°C, the optimal tempera-
ture for activity, it was stable for more than 6 h and
had a half-life of about 7.6 h. Prolonged incubation at
all temperatures resulted in Joss of activity.

SINCHAIKUL ET AL

A
= 10H}
E
£
=
g o
=
w
40 4
&
[1] T T t T T
20 a0 40 50 0 70 40
Temperature {"C)
B
g 160 4 h*% ——xrc
Y b= at i
iy 80 R ~I —- 45T
3 o AT N e
H R, PTel IR e \ —t— g
< 60-.\ ‘b\ &.‘\. -;__\ \.“ ._\\_\ e
%’ N N e
. \‘_ | -wteC
20 1 \\ \ \“\‘_ .\\ \. —_—HrT
=] "o, bl Ny
& gl Vet
1 2 4 6 B 10 12 14 16
Time (h}

FIG. 7. Effect of temperature on lipase activity and stability. {A}
The effect of temperature on lipase activity was detrermined at various
temiperatures, as described in the text. {B) The effect of temperature
on lipase stabifity was derermined by incubating the pure lipase at
various temperatures for up to 15 h and measuring the remalning ac-
thvity.

Substrate Specificity

The lipase hydrolyzed synthetic substrates with acyl
group chain lengths of between C8 and C12, with opti-
mal activity with C10 {p-NP-caprate) (Fig. 8). The li-
pase actlvity on long chain of substrates was hetween
70 and 100% of optimal for C8 or C10 groups and 30
and 50% for C12 io C18, whereas, with short-chain
substrates (C2-C6}. lipase activity was less than 30%.
In addition, the lipase hydrolyzed triacylglycerols with
acyl-group chain lengths of hetween C8 and C12. with

TABLE 1
Summary of the Purification Procedure for the Thermostable Lipase from B. stearothermophilus P1
Steps Total activity (U} Total protein (mg} Specific activity (U/mg) Purification {fold) Yield (%)
Crude extract BG6.300 1860 46 L 100
Ultrafiltration 79.820 1224 65 14 92
Q HyperD column G1.650 76 811 18 71
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FIG. 8. Substrate specificity of the lipase using several pnitrophenyl esters and triacylglycerols.

optimal activity with CB (tricaprylin}. In addition, the
lipase hydrolyzed trilinolenin more than trilinolein
and triolein.

Effect of Metal Ions on Lipase Activity

The effect of metal ions was tested for studying the
influence of metal ions on the activity of lipase including
the determination of metal ions that can activate the
activity of lipase. In the presence of I mM most tested
metal ions, activity was decreased slightly: however,
ZnCl, and FeS0, reduced the lipase activity to 35 and
53%, respectively (Table 2). Using 10 mM metal ions,
the inhibitory effects were greater, ZnCl, and FeSO,
(10 mM) caused almost complete block of lipase ac-
tivity, and the activities were about 1.6 and 0.76%,
respectively.

Effect of Inhibitors on Lipase Activity

The effect of various inhibitors on lipase activity is
shown in Table 3. All inhibitors were effective at 10
mM. Significant inhibition was already observed at 5
min. and the inhibition increasing depending on the
time of incubation. The chelating agent EDTA did not

greatly affect the activity of the lipase, and this sug-
gested that it was not a metalloenzyme. The lipase was
strongly Inhibited by the addition of 10 mM PMSF (77%
inhibition) or 1-hexadecanesulfonyt chloride (93% inhi-
bitiory). showing that a serine residue plays a key role
in the catalytic mechanism. After a 10-min incubation,
the activities of lipases with PMSF, 1-dodecanesulfonyl
chloride, and 1-hexadecanesulfonyl chloride were sig-
nificantly decreased; in particular, 1-hexadecanesulfo-
nyl chloride completely abolished the activity of lipase.

Effect of Detergents on Lipase Activity

On addition of 0.1% (w/v) detergents, no effect on
lipase activity was seen, except in the case of 5DS,
sodium deoxycholate, and Tween 20 which slightly re-
duced activity (Table 4). At 1% detergent, a greater
effect was seen, especially with SDS, which reduced the
activity by about 50%. and Tween 20, which strongly
inhibited lipase activity. After incubation in the pres-
ence of 0.1% detergent at 37°Cfor 1 h, Chaps and Triton
X-100increased enzyme stability, whereas SDS, sodlum
deoxycholate, and Tween 20 decreased the stability, in
the presence of 1% detergents, activity was decreased
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TABLE 2
Effect of Meral Tons on the Purified Lipase

SINCHAIKUL ET AL

Metal ions Concentration (mM) Relative activity {%)

Control 0 100
Cally 1 3]
10 g2
Cullly 1 84
10 63
MeCl- 1 a8
10 s}
MnCl, i 2
{0 41
ncy, 1 15
0 1.6
CsCl 1 o0
10 84
KCl 1 87
10 72
LiCl t 84
10 7t
Nal’1 1 o7
1 90
Fes03, 1 43
(] Q.76

Nore. The lipase was preincubated st room temperature with vari-
ous metal fons at concentrations of 1 and 10 "M and then the activity
was assayed.

by more than 50%, except in the case of Chaps and
Triton X-100.

DISCUSSION

The lipase from B. srearothermophilus P1 is a novel
enzyme found in an organism growing in a hot spring
in Chiang Mal, Thailand. Due to the low lipase produc-
tion of native bacteria, we markedly increased produc-
tion of this enzyme by cloning it inte E. coil
M15[pREP4], using the QlAexpress system. The geal
of this strategy, using pQE-60 and based on the T5
promoter transcription—translation system, was to put

TABLE 3
Effect of Inhibitors on the Purified Lipase

Remaining activity (%)

Inhildrors 5 min 1 inkn 30 min
Control 100 97 095
DIT 83 79 74
EDTA 76 73 L]
B-Mercaptoethanol 88 87 80
PMSF 23 11 2
1-Dodecanesulfonyl chleride 42 20 5
1-Hexadecanesulfony] chleride 7 1] a

Note. The lipase was Incubated with each inhibitor in the final
concentration of 10 mM at 37°C for 5. 1€, and 30 min and then the
remaining activity was assayed.

TABLE 4
Effects of Detergenits on the Purified Lipase
Relative
Concenrration M
Detergents (%, wivy Oh 1k
Control 0 100 82
Chaps 0.1 100 91
B0 72 53
SDS D 80 57
1.0 57 37
Sodium deoxyrhiolate 0.1 ] 67
1.0 il 42
Triten X-10G0 tN ] 161 86
1.0 74 540
Tweernt 20 ol 95 GR
1.0 20 b4

Note. The lipase was incubaced a1 37°C for 1 Iz in 20 mM Tris-HCL
pulfer, pH 8.5, with detergenrs.

the gene under the control of IPTG incluction. Expres-
sion of recombinant protein was rapidly induced by
IPTG addition to levels that were 26,000-fold higher
that those seen in cultures of either B. stearothermopii-
Ius Pl or ef the transformed E. coli M15{pREP4] in the
absence of IPTG.

The NH,-terminal amino acid sequence of B. stearotfi-
ermophilus P1 is similar to that of other lipases cloned
In E. cofi (8. 14, 28, 29), which alse have a 29-amino-
acid signal sequence and a cleavage site between Ala-
29 and Ala-30. Its deduced mature sequence is similar
to that of the thermostable lipases from B. thermo-
{eovorans 1D-1, B. stearothermoplilus L1, and B, ther-
rrocatenurlatus, with which it shows 96, 93, and 91%
identity of residues, respectively. Based on the amino
acid sequence similarities of several lipases in the re-
gion of the catalytic triad His, Ser, Asp (30) and on the
modeled structures of several lipases, we suggest that
Ser-113, Asp-317, and His-358 form the catalytic triad
of the lipase from B. stearothermopitiius P1.

The lipase P1 was purified by a single fon-exchange
step on a Q HyperD column. The final product showed a
single band on SDS-PAGE with an apparent molecular
weight of approximately 43 kDa. The purity and molec-
ular weight were confirmed by reverse-phase HPLC,
which showed a single proteln peak eluting from the
HPLC column, and by miass spectrometry, which
showed a single protein peak with a molecular weight
of 43,209 Da. This single Q HyperD purification step
muakes if very easy to obtain pure lipase. The character-
izatton of the purified lipase was very interesting, and
showed that it was active over a wide range of pH values
from 7 to 10 and temperatures between 45 and 65°C.
In addition. the purified lipase was stable at a wide
range of temperatures between 30 and 65°C. Its half-
life at 55°C, the optimal temperature, was about 7.6 h,



147

THERMGSTABLE LIPASE FROM 8. stearnthermiopliiius Pl

showing that the stability of this enzyme is high at this
high temperature and somewhat higher than that of
other lipases from Bacillus sp. (8. 14. 29). Moreover,
lipase Pl is different fromn other Bacilfus sp. in the
respect of substrate specificity. It showed high activity
toward tricaprylin (C8) and p-NP-caprate (C10)
whereas the lipases from B, thermocatenulatus, B. ther-
mocaternilatus 1D-1, and B. stearothermophilus L1
showed high activity toward tributyrin (C4) and pNP-
caprate {C10), tricaprylin (C8) and pNP-caproate (CG),
and trilaurin (C12) and p-NP-caprylin (CB), respec-
tively. These results imply that there are some struc-
tural and functional differences between lipase P1 and
other lipases from Baciffus sp. in spite of the significant
amino ackl sequence similarity. Furthermore, the effect
of metal ions an the activity was that there are no metal
iens that can activate the activity of lipase but ZnCl:
and FeSQ; strongly inactivated the activity of lipase.
Comparison of the effect of metal ions on the activity
of the lipase P1 with other lipases showed that lipase
P1 was inactivated by 1 mM ZnCl; and FeS50,; and the
activity was maintained at 35 and 53%. respectively.
whereas the lipase from B. stearothermophifus L1 was
inactivated and the activity was mainrained at 75 and
81%, respectively. Otherwise, the lipase from B. thermao-
leovorans 1D-1 was activated in1 the presence of Ca?* or
Zn?*. Moreover, the lipase P1 was stable at 37°C for |
h in the presence of 0.1% detergents, such as Chaps
and Triton X-100. This enzyme can therefore be used
for environmental and industrial applications.

Most lipases have a catalytic triad consisting of Ser-
His-Asp/Glu (31, 32), similar to that in serine proteases.
The catalytic serine is embedded in a signature penta-
peptide sequence, Gly-X-Ser-X-Gly, located at the C-
terminal of a section of parallel strands of .-sheet. Ser-
ine, one part of the catalytic site, Is embedded in a tight
hend between an —-helix and a _-stand (32-34). We
confirmed that a catalytic serine was present in the
lipase molecule using 1-dedecanesulfonyl chioride or 1-
hexadecanesulfonyl chloride, which have an un-
branched alkyl sulfonyl chloride structure similar to
monoglyceride and a high affinity for the active site.
The results show that the lipase was strongly inhibited
by 10 mM I-hexadecanesulfonyl chloride and by 10
M PMSFE.

Secondary structure prediction, X-ray crystallization
for three-dimensional structure determination, com-
puter modeiing, and industrial applications are in
progress.
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Structural Modeling and Characterization of a
Thermostable Lipase from Bacillus stearothermophilus P
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The moderate thermophilic bacterium Bacilius steara-
thermoplilus P1 expresses a thermostable lipase thay
was active and stable at the high temperature. Based
on sccondary structure predictions and secondary
structure-driven mulliple sequence alignment with
the homeologous lipases of known three-dimensional
(3-1) structure, we constrocted the 3-D structure
model of this enzyme and the madel reveals the topo-
logical organization of the lold, corcaborating our pre-
dictions. We hypothesized for this enzyme the o/f-
hydrolase fold typical of several lipases and (dentified
Ser-113. Asp-317, and His-358 as the putative members
of the catalytic triad that are located close to each
other at hydrogen bond distances. In addition. the
strongly inhibited enzyme by 10 mM PMSF and
1-hexadecanesulfonyl chloride was indicated that i€
contains a serine residue which plays a key role in the
catalylic mechanism. It was alse confirmed by site-
directed mutagenesis that mutated Ser-113, Asp-317,
and His-358 to Ala and the activity of the mutant en-
zyme was drastically reduced. = 2000 Academic Piess

Key Words: ther mostalile lipase; Bacillus stearother-
maphiilus: structural modeling.

Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3),
which are lipolytic enzymes. catalyze the hydrolysis of
the ester bonds of triglycerides and long chain fatty
aclds. They can also catalyze ester synthesis, rranses-
terification. and interesterificatton in media containing
a Jow concentration of water or in anhydrous organic
solvents. Lipases are thus of particular importance In
bjotechnology because of diverse applications In the
food Industry, In biological detergents, in medical ap-
plications, and potentially, in waste treatment (1-5}.
Recently, there has been considerable interest in the
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basjc properties and industrial applications of thermo-
stable lipases Trom mesoephiles and thermophiles. Most
thermostable lipases exhibit higher thermodynamic
srability, both at elevared temperatures acd in organic
solvents, as a conseguence of adaptation of the corre-
sponding microorganisms to higher growth tempera-
tures {G-§2).

Over the years crystal structure determinations of
various lipases have shown that all tipases contain the
a/B-hydrotase fold. a structural metif conunon o a wide
variety of hydrolasés {13). Thefr active sites contain a
catalytic triad, Ser-His-Asp/Glu similar to those of
serine proteases. Despite the fact that the amino acid
sequences of the lipases, for which the structures were
determined, reveal ne homology (except around the
active site serine). there exist clear similarities in their
3D structures. According to the lipase structures, the
catalvtie serine Is embedded in a signature pentapep-
tide sequence, Gly-X-Ser-X-Gly, located at the C-terni-
nal of a sectlon of parallel strands of g-sheet. Serine,
one part of the cataiytic site, is embedded in a tight
bend between an a-hellx and a B-stand (14-16). The
His residue is often part of a special sequence pattern,
and further the active site Asp residue can be found in
the triacylgiycerol lipases approximately in the mid
between the Ser and the His restdues.

The present report concerns an extraceliular thermo-
stable lipase produced by a thermophilic bacterium.
Bactilus stearothermophilus strain P1. isolated from
a hot spring In Chiang Mal, Thailand. It has been
cloned and overexpressed in £, co/f M15|pREP4] using
pQE-60 as an expression vector. In current absence of
3.D structure for this thermostable lipase from B
stearothermaphifus PI. we decided to explolt a com-
bined approach of secondary structure predictions and
molecular modeling to investigate the structural fea-
tures of this enzyme as the first time. In addition. we
searched for an inhibitor with a higher affinity for the
serine residue in the active site of this lipase and then

@
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studied the serine-reactive inhibition. The site-
directed mutagenesis was also used for determining
the catalytic triad of this enzyme.

MATERIALS AND METHODS

Materkals, Thormo Sequenase dye terminator oycle seruencing
pre-mix kit with Therme Suquenase polymerase was fron Amer-
shan Life Science (Ohio). 1.8 broth was obtained from Scharlau
{Iaiwan). lsopropvi-g-nahiogalacropyranwside (11710) was obtained
frum MDBio Inc, ankd streptomycin sulfate was oblined from Sigma
{U.S.A). Lipase inhibitors woere ebtained from Roche Molecular Bie-
chemicals (Germany),

Bracterial strains apd coltivation. The doned thenmoscable lipase
frien B, stearothersmophifus P1owhich has been cloned fnto the ex-
pression vector pQE-60 and wansformed inte Escherichia colf
MI15IpREPA] was grown at 37°C 1w fate log phase in LB broth
containing 10 g/l of sunpicillin and 25 gg/nl of kanamycia, then
isopropyl-8-p-thiogalactopyranoside {IPTG) was added to a final con-
centration of 1L After 3 b of growth, the cells were centrifuged st
63Mg Tor 21 min, the pellet resuspended io 50wl of 20 mM Tris. HC)
befler, pll B.5, rontaining 10 1 EDTA, amd the cells lysed by
sunicatiom. Afier centrifogation at 12.000g for 20 min, streptomycin
sulfe was added to ihe supernatant 10 4 final concentration of 1%,
(Wi and the precipitace Tormed removed by centrifugation at
12,0008 Tor 15 win.

Newleotide sequencing. The DNA sequence was determined by cy-
de soquenicing using the Thermo Sequenase dye terminator oytle se-
quencitg pre-mix kit with Thermeo Sequensse polymerase. The syn-
thetic oliponme deotides, () COTATCACCALGUCLTTTCG
4 and pOE-R G -CATTACTGGATCTATCAACAGG-B), symlwesized
using the expression vector pOE-60 as tenaplate, were wed as pringess

L The puranive ~35, =10,
l.

o sequence Lotk stezuds, The nucleotide apd samin acild sequende dita
weere analyzed using the MacVector 63 program

Lipiwe avsav. Lipasie activity was sssayed asing (he penitroplienyl
saprate as the synthetic substrate (17, 183, Twenty microliters of lipase
sulution was added 10 830 pl of seaction buffer (20 1l Vris- FHCHbufer,
pll 85, 0% gum Arabic and (0.2% sdivin deoxyehobiate} and the
reartion mixture prewarmed o 55°C, then mixed with 100 gl ol freshiy
prepaved B i poadtrophicayd caprate in isopropanul, The renct lon
mixture was fncubated at 55°C for 2 win and then the roaetion wis
stopped Ly addition of (L5 ml of 3 M TICL Alter contrifugation, 333 plof
superiitanr was mived with 1 mb of 2 M NaCH and the absorbance au
405 un measured against an enzyne-Tree blank. One cneyme anit i
defined as the release af | nmol of p-nitrophenol per mi per min. Usder
the conditions desceibed. dw extincuon coofficient of praitroplenal is
£ = L85 Linmo!l ™ um™.

Polvacrylanide gel electrophoresis.  SDS-PAGE an a 12.5% poly-
acrylantide stab gel {25 mA per gel) wans used to determioe dhe purity
and apparent mwlecutar weight of (e fipase by e meshod of
Eaemmli {19}, The molecular mass of the lipase was calibrated by
using a Jow molecular mass calibeation Kit (Pharmiacia AB. Sweden).

Nt prerminad cuninw ackd segquenece anplysis. The purilied lipase
was sepacated by SDS-PAGE and eleciroblonted onte @ polyvingli-
dene difluoride (PVDT) meaibrane. oy described by Macsudalia (200,
The lipase band was cot out and aaalyced by Ediman degradation
using an Applicd Blosystems Maodel 492 procise sequencer (Applied
Rivsystems. Weiterstadt, Germany).

Secorclay sieucture prediction and liydroptudvicin protile. S
ondary structure prediction using Mac Veetor sequence analys
algoridun soliware (fnternational Biotechnologies. Ine. New Haven,
CTY was carried out on the Macintosh computer. The conformational
analysis of the lipase gene structure was bissed un the meihods of
Chou amd Fasman (21} and Garnier or 2/, (221, The surfare fvdro-
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RESULTS AND DHSCUSSION

Nucfoartele Sexpenee and NHe Terminal
Airia Acid Seqreeeid

[he nuckeotide sequence of the lipase gene from B
stearothermnopdillus P1, sulanitied to ‘GoenBank under
Accesston Moo AF237623, revealed an open reatding
frante of 1254 bp encoding a 417 amino ackd palypep-
tide (Fig. 13, consisting of 2 2% amina scld signal se-
eyoerice amid @ mature [Ese of 388 amino acid residues;
wiith s dlenvige siee Detween the tao alanine nsddoes
st postlions 29 wml 300 This was confirmed by M-
wrmill aming ackd sequence analysis of purified
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lipase, which showed that the first 15 amine actd res-
idues had the sequence A-S-L-R-A-N-D-A-P-I-V-L-L-
H-G. These resuits show thac the mature lipase lacks a
signal peptide as a consequence of secretion across the
outer membrane {33).

Secondary Stroetare Prediceion and
Solvenr Aceessibility

The secondary structure prediction and solvent
accessibility of the lipase gene are shown in Fig, 2. 1t
consisted of a-helix, B-sheet and turns in a different
ratio. The hydropathy profiie was shown the ratio of
hydrephiticity and hydrophobicity along the se-
quence of the lipase. The hydrophilicity of the lipase
was sligltly rather than its hydrephobicity and the
nonpolar amine actds were slightly rather than the
polar amino acids in the amino acld composition of
the lipase gene structure, In addition, the surface
probability and transmembrane of the lipase gene
structuse were showed the tew 1evel, Se. 1t Indieated
that the lipase melecular structure was turned the
nonpolar group of aming acid Into {65 core structure
and turned the polar group of the amino acid outside
the molecule.

Honology Modeling and Comprter Graplues
of Lipase

Results retrieved from the PredictProtein server in-
dicated that 3LIP {Pseudemonas cepacia) (34), 1ICVL
(Chromebaceerium viscosum) (38, 10IL (P, cepacia)
(36) and 1TAH (£, glumae) (37). lipases having known
3D structures appear to have the sequence ldentity
with our medel lipase about 40. 55, 40 and 55% iden-
titles, respectively. WU-blastp result also showed the
sequences of 3LIP, 1CVL, JOIL and ITAH producing
high-scoring segmen! pairs with score 68, 54. 68 and
54, respectively. It was indicated that the mode] lipase
contained low full-length sequence identity to these
reference sequences having known 3-D structures.
Structure alignment (Homology/Insight II) of these ref-
erences revealed with several structure-conserved re-
glons (SCRs) and dhe varlable reglons (VRs) that were
maostly en the surface of the protein. Using these align-
ments, the RMS deviations of the backbone atoms of
the structurally conserved regions between the model
lipase and the crystal structures of SLIP, 1CVL, 1011
and 1TAH were 0.98, .08, 1.03 and 1.89 A, respec-
tively. Otherwise, the major differences between the
model lipase and other lipases were on VRs, which are
the surface loops of varying length. Although the model
lipase preserved less sequence similarity in whole to
triacylglycerol lipases that have known 3-D structures,
the alignment of the model lipase with SCRs of refer-
ences was Indicated that it was generated much more
structure and sequence similarity. Most of SCRs bur-

BIOCHE AT CAL
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il in the protein core and rhe residues with greuter
RMS located in the outer surface with higher flexibil-
ita . Therefore. the sequence alignment ol the model
lipase to SCRs of references was adopted o be the lirst
step in building madel structure.

In study of Hpase structure, we used 3LIP as a key
ceference protein as suggested by MAXHOM showing
its 3D hemologeus structure appeared to have signifi-
cant sequence identity to the lipase P1 and WU-Blastp
result showing liigher-score of the sequence producing
high-scoring segment pairs. The palrwise alignment of
merclel” sequence with reference modeis. 1TAH and
3L IP. was drawn in the Fig. 3. The similar pairwise
alignment was input into Madeler (Homology/Insight
11y to build initial 3-D models of modeted structure. The
prodicted model was built by tollowing Homolegy/
Insight I procedure manually and then compared with
thes reference lipases. The model structure was sol-
vated in water shell and geometry uptimized by 2000
steps conjugate gradient energy minimization and
showed the force field energies with the rotal energy of
=5267 keal/mol in 2d4h28n136s, bond of 104G keal/muol,
angle of 2911 keal/mwol, torston, 2025 kealfmwl. im-
proper of 1007 keal/mol and electrostatics of —9816
keal/mol. The constructed model was overlald with
3LIP and 10IL and shown the RMS deviations to be
130 and [.O6 A with 1132 and 1148 backbone atoms
involved. respectively. One of the finally predicted
structures was drawrn as shown in Fig. 4A. Simtlar to
maost basic features of lipase. the model structure in-
cluded both a-helix and extended g-sheev secondary
structures In the folded protein and the B-sheet was in
the core region surrownding with e-helix. The unique
structure feature common to the most lipase was a lid
or flap composed by an amphiphilic helix peptide se-
quence that was posited on the top of the zleft on which
bottom sited of the catalytic triad. The helix span be-
tween Phe-180 to Val-197 forms the “lid” of the model
lipase as shown In Fig. 4B. Ser-113. Asp-317 and His-
358 were formed the catalytic triad within a range of
informartion H-bond as shown in Fig. 4C. The active
Ser-113 residue sites on the hairpin turn, where a
cenitral B-sheet was converted to e-helix.

Effect of Inhibitors on Lipase Activity

The effect of various inhibitors on lipase activity is
shown in Table 1. All inhibitors were effective at 10 mM.
The lipase was strongly inhibited by the addition of 10
mM PMSF (77% inhibitlon) or 1-hexadecanesulfenyl
chiloride (93% Inhibitlon) that have an unbranched alky!
sulfony! chloride structure simflar to monoglycerides and
a high affinity for the serine-active site. Therefore, this
result shows that a serine residue plays a key role In the
catalyric mechanism.
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TABLE 1
Effect of Inhibitors on the Purified Lipase

Inhihitors Remaining activity (%)

Controt 100
orr B3
LiDFA 76
B-Mercapracthanol 88
PMST 23
1-Dudecamesulfonyl chiloride 12
1-Hexadecanesukfonyl chloride 7

Nete, The lipase was preincubated at 37°C with various inhibitors
atconcentrations of 10 mM and 1lien the remairing activity assayed.

Stie-Direcred Mutagenesis

The mutant lipases, changing Ser-113, Asp-317 and
His-358 to Ala as non-polar amino acld were expressed
in E. coli M15|pREP4| with the same size of the lipase
gene and same molecular mass of 43 kDa on SDS-
PAGE of wild-type. They were then determined the
nucleotide sequences and found that the position at
Ser-113, Asp-317 and His-358 of each mutant were
changed to Ala carrectly. In addition. the lipase activ-
Ities of all mutant enzymes decreased significantly
34431-. 2925- and 3858-fold of the wide-type enzyme,
respectively. The present work corroborates that this
mutant could possibly cause conformational changes of
the surrounding residues in the active catalytic center.
Therefore, Ser-113, Asp-317 and His-358 are the active
site residues of a thermostable lipase from B. stearo-
thermophilus P1. In addition, the active stte Ser Is
most often found [n the consensus sequence Gly-X-Ser-
X-Gly, but the consensus sequence of this lipase was
found to be Ala-X-Ser-X-Gly which also appeared in the
homelogous sequence of the other lipases such as B.
thermocatenulatus (8). B. subtilis (38) and B. thermo-
leovarans 1D-1 (39). A more extensive kinetic and
structural analysis of the mutant is currently under
way.

CONCLUSION

This study is the first report of a predicted 3-D struc-
ture model of a thermostable Hpase from B. stearother-
mopiiies P1. The secondary structure of this lipase
was predicted and aligned with the other lipases,
which have known the 3-D structure. We found that
the major differences between this lipase and the other
hpases are on VRs which are surface loops of varying
length and may related to the characterization in the
high temperature. In additien, we correctly predicted
the amine acids belonging to the catalytic triad, Ser-
113, Asp-317, and His-358 that was also confirmed by
serine-reactive reagent and site-directed mutagenesis.
Therefore, the B, stearothermophilus P1 lpase is de-
finitively member of the o/ hydrolase fold family.
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Abstract

The gene encoding a thermostable lipase secreted by Bacillus stearothermophilus P1 (isolated
from a hot spring in Chiang Mai, Thailand) has been cloned and over expressed in Escherichia coli.
The recombinant lipase was purified to homogeneity using ammonium sulphate precipitation, strongly
anion-exchange chromatography (Poros 20 HQ) and Sephacryl S-200HR. The molecular mass was
shown to be 43,209 Da by mass spectrometry. Crystals suitable for X-ray diffraction analysis were
obtained by the hanging drop method of vapour diffusion with ammoniurn sulphate as the precipitating
agent. Determination of the structure by molecular replacement with existing mesdphilic lipase
structures has proved unrewarding because of structural divergence, but preliminary results with heavy
atom soaking indicate that this strategy will allow the structure to be solved. The availability of this
new lipase structure will be of particular significance because it will be the first thermostable lipase to
be described.

1. Introduction

Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3) are found in various organisms, including animals,
plants, fungi, and bacteria. They catalyze the hydrolysis and transesterification of triacylglycerols,
although some will degrade a fairly broad range of compounds containing an ester linkage. Microbial
lipases are of considerable interest for biotechnological applications such as detergents, oleochemistry,

cheese production,.pharmaccuticals and the industrial synthesis of fine chemicals (reviewed by Jaeger
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& Reetz, 1998). In particular, thermostable lipases isclated from thermophilic bacteria are playing an
increasingly important role in industrial processes because they exhibit relatively high thermodynarmic
stability both at elevated temperatures and in organic solvents (Omar et al., 1987; lizumi er af., 1990;
Sugihara et al., 1992; Schmidt-Dannert et al., 1996; 1997; Kim et al., 1998).

Numerous lipase structures have been investigated by X-ray crystallography, including
mammalian pancreatic lipase (Lombardo et al., 1989; Winkler et al., 1990; Moreau et al., 1992); fungal
lipases (Brady et al., 1990; Brzozowski er al., 1992; Schrag & Cygler, 1993; Grochulski er al., 1993;
Derewenda et al., 1994; Uppenberg et al., 1994; Lewis er al., 1997) and mesophilic bacterial lipases
(see review by Arpigny & Jaeger, 1999). A characteristic feature of these enzymes is the presence of a
catalytic triad consisting of Ser-His-Asp/Glu. The catalytic serine is embedded in a signature
pentapeptide sequence, Gly-X-Ser-X-Gly, that is located at the C-terminal portion of a parallel -sheet.
The serine is positioned in a tight bend between an  -helix and a  -strand (Brenner, 1988; Cygler et
al., 1992; Derewenda & Derewenda, 1991; Ollis ef a/., 1992).

We now report the over-expression, purification and first crystallographic analysis of a

thermostable lipase, that from Bacillus stearothermophilus P1.

2. Methods and results

2.1. Cloning and expression

Chromosomal DNA from Bacillus stearothermophilus P1 (isolated from a hot spring in
Chiang Mai, Thailand) was partially digested with Nco I and Hind III, and the fragments inserted into
the same restriction sites of plasmid pQE-60 (Qiagen). After ligation, the recombinant plasmids were
transformed into E. coli M15{pREP4] (Qiagen), and screening was done by plating on LB agar
containing 100 pg/mt of ampicillin, 25 pg/ml of kanamycin, and 1% (w/v) tricaprylin. Colonies
surrounded by a clear zone were chosen and grown in LB medium containing 100 pg/ml of amplicillin
and 25 pg/mi of kanamycin.

The recombinant plasmid DNA was isolated and amplified by PCR, and shown to contain a
4.5 kb insert by agarose gel electrophoresis. Both strands of the lipase gene were sequenced
automatically. The nucleotide sequence of the gene, submitted to GenBank under accession number
AF237623, revealed an open reading frame of 1,254 bp encoding a 417 amino acid polypeptide
(Sinchaikul ef al., 2001). The sequence was found to be 92% identical to lipases from the thermophilic
bacteria B. thermocatenulatus and B. stearothermophilus L1 (Schmidt-Dannert ef al., 1996; Kim et al.,
1998), but only 15-17% identical to mesophilic bacterial lipases for which crystal structures are
available (Burkholderia glumae, Chymobacterium viscosum, Burkholderia cepacia and Pseudomonas
aeruginosa) (Noble et al., 1993; Lang et al., 1996; Kim et al., 1997; Schrag et al., 1977; Nordini et al.,
2000).

Expression of the lipase enzyme was induced by the addition of isopropyl-p-D-
thiogalactopyranoside (IPTG) when the culture grown at 310 X had attained late log phase (ODgg of
0.6). The expression was optimized by testing various concentrations of IPTG (0.2, 0.4, 0.6, 0.3, 1, 2,
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3, and 5 mM) and various times of induction (1, 2, 3,4 and 5 h). Expression levels were measured by
SDS-PAGE (total cells lysed by SDS-PAGE sample buffer) and by assay of lipase activity in cell
lysates (see below). The best expression was achieved with 0.4 mM IPTG for 3 hat 310 K.

2.2. Purification of recombinant lipase

Cells were collected from four litres of culture by centrifugation at 6,500¢g for 30 min, and
suspended in 50 ml of 20 mM Tris-HCI buffer, pH 8.5 containing 10 mM EDTA, 5mM 34-
dichloroisocoumarin, 1 mM E64 and 100 mM 1,10-phenanthroline. After sonication, the cell lysate
was centrifuged at 12,000g for 30 min and the precipitate discarded. Streptomycin sulphate was added
to the supernatant to a final concentration of 1% (wfv), and the precipitate was removed by
centrifugation at 12,000g for 15 min. Protein precipitated between 20% saturated and 40% saturated
ammonium sulphate was collected by centrifugation at 12,000g for 30 min, and suspended in 20 mM
Tris-HC] buffer, pH 8.5. The protein was concentrated, and desalted and solvent exchanged into the
same Tris buffer with a Vivaspin 20 ml centrifugal concentrator (Vivasciences) with a molecular
weight cutoff of 10,000.

The lipase was then purified by anion-exchange perfusion chromatography and gel filtration
on Sephacryl S-200 (Fig. 1). The fractions with high lipase activity were pooled and characterised by
SDS-PAGE (Fig. 2) and specific activity (Table 1). The purified lipase showed a single band by SDS3-
PAGE and was purified 39-fold over the crude extract with a yield of 19%. The molecular mass of the
purified lipase was shown to be 43,209 Da by mass spectrometry (LCQTM, Finnigan).

Table 1. Purification of thermostable lipase from B. stearothermophilus P1.

Step Velume Total Total Specific Purification | Recovery
(ml) | activity | protein |  activity (fold) (%)
(x10°U) | (mg) (U.mg™)

Crude extract 118 40.6 611 66.5 1.00 100

(NH,);SO4 5.5 303 132 230 3.45 74.6

precipitation

HQ column 14.0 12.2 14.6 836 12.6 30.0

Sephacryl S-200HR 8.7 7.8 3.0 2,600 39.1 19.2

2.3. Lipase assay

Lipase activity was measured by the release of p-nitrophenol ﬁom p-nitropheny! caprate
(Lesuisse et al., 1993; Winkler & Stuckmann, 1979) Lipase solution (20 pl) was added to 880 pl
reaction buffer containing 20 mM Tris-HCI buffer pH 8.5, 0.1% (w/v) gum arabic and 0.2% (w/v)

sodium deoxycholate. The reaction mixture was pre-warmed at 55 °C, and then mixed with 100 pl of 8
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mM freshly prepared p-nitrophenyl caprate (Sigma) solubilized in isopropanol. The mixture was
incubated at 328 K for 2 min and the reaction stopped by addition of 0.5 ml of 3 M HCl. After
centrifugation, 333 pl of supemnatant was mixed with 1 ml of 2 M NaOH and the A was measured
against an enzyme-free control. One enzyme unit is defined as the amount of enzyme that releases 1
nmol of p-nitrophenol min"'. The protein concentration was measured spectrophotometrically at 280
nm or by using a dye-binding assay (Sedmak & Frossberg, 1977) with bovine serum albumin (Sigma)

as a standard.

(2)
©.10- -
FANAN
I -
2.5 /‘/ an g
- E:
K s
S s ¢ <
& ! 32
g k . r§
.03 ! "
) i .
: ? N
L 3y X = = 7.5
Elution time (min)
(b)
06 | - 180
160
0.5 > AZS0
04 L1205
] [3
- 100
203 80 2
< 3
0.2 80 »%
T
0.1
. ; 20
[1} i- 0

4 5 9 13 17 21 25 29 33 37 41 45 49 53 57 &1
Fraction number

Fig. 1. Purification of lipase. (a) The ammonium sulphate fraction (see text, total volume 5.5 mi) was
injected in 1 ml samples onto a Poros 20 HQ column (4.6 x 100 mm) using a BioCAD workstation
(Applied Biosystems). Elution was with 20 mM Tris-HCl buffer, pH 8.5 containing a linear gradient of
0.15 to 0.6 M NaCl at a flow rate of 10 ml min"'. The largest peak (eluting at 0.18 M NaCl) contained
high lipase activity, and the corresponding fractions were pooled and concentrated with a Vivaspin
tube. Separate traces indicate the NaCl gradient and conductivity. (b) The partially purified lipase was
then applied to a Sephacryl $-200 HR column (1.6 x 100 cm) and eluted with 20 mM Tris-HCI buffer,
pH 8.5 at a flow rate of 0.25 ml min’'; the fraction size was 2.5 ml.
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Fig. 2. SDS-PAGE analysis of lipase fractions. A 12.5 % gel was used, and marker proteins (lanes 1
and 6) were from a low Molecular Weight Calibration Kit (Amersham Pharmacia Biotech) containing
phosphorylase b (94 kDa), serum bovine albumin (67 kDa), ovalbumin (45 kDa), carbonic anhydrase
(30 kDa), trypsin inhibitor (20.1 kDa) and o-lactalbumin (14.4 kDa). Lane 2, crude cell extract; lane 3,
20-40% saturated ammonium sulphate precipitate; lane 4, Poros HQ pool; lane 5, Sephacryl pool.

2.4. Crystallization and data collection

The hanging-drop vapour-diffusion method was used to grow crystals in 24-well Linbro
plates. Tetragonal crystals grew rapidly after 24 h at 289 K, with 20% saturated ammonium sulphate as
precipitant in 0.1 M Hepes buffer, pH 6.8-7.0. The protein concentration was 15 mg ml”’ in 20 mM
Tris-HC] buffer, pH 8.5.

Table 2. Crystallographic statistics for B. stearothermophilus P1 lipase

Resolution (A) 30.0-2.5
Space group C2
a(A) 117.54
b(A) 80.82
c (A) 99.36
B 96.35
Rimesge 0.109
(top shell) 0.401
Completeness % 94.3
(top shell) 88.6
Number of observations 80044
Number of reflections 30531
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Data were collected to 2.5 A at the ESRF facility (A = 0.931 A), Grenoble. Data were
processed using DENZO and Scalepack (Otwinowski & Minor. 1997), and the statistics are presented
in Table 2. Therc is one molecule per asvmmetric unit [Vm = 2.92 01 A’ Da™' (Matthews, 1968)].
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Fig. 3. Comparison of lipases from B. stearothermophilus P1 and Burkhardia cepacia. A clustalW
alignment of the two sequences (designated Lipase P1 and 4LIP, respectively) is shown flanked by the
known secondary structure of the Burkhardia enzyme (taken from the pdb entry) and the predicted
structure of the B. stearothermophilus enzyme. Arrows indicate P-strands and bars show a-helices.
The shaded residues are identical in both sequences, The catalytic serine is denoted by an asterisk.
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3. Discussion
Lipases are a generally well characterised group of enzymes, with crystal structures available

for enzymes from mammals, fungi and mesophilic bacteria. However, there is as yet no detailed
structural information for a thermostable lipase, although this would be of considerable interest as the
basis for tailoring the enzyme for a range of biotechnological applications. We have thus over-
expressed, purified and crystallised a thermostable lipase from B. stearothermophilus P1.

The crystals were shown to diffract well, and an attempt was made to find a solution through
molecular replacement. The structure of a lipase from Burkholderia cepacia (4lip.pdb) (Lang et al.,
1998) with a sequence identity of 17% was used as a search model. Fig. 3 shows a clustalW sequence
alignment (Thompson ef al., 1994} of the two proteins with the corresponding secondary structure of
the  Burkholderia  lipase and the  predicted  secondary  structure  (PSIPRED,
http://insulin.brunel.ac.uk/psipred/) of the B. stearothermophilus enzyme. Of note is the relatively
good agreement between the predicted and known structures, despite the low sequence identity.
Molrep (Vagin & Teplyakov, 1997, Vaguine et al, 1999) was used to try to find the molecular
replacement solution, with the search model corresponding to the apoenzyme or to a truncated model
omitting the deletions shown in Fig. 3 as well as the two helices from Glu118 - Tyri29 and Leul34 -
Thr150. Neither procedure was successful, and it is likely that the Burkholderia lipase is too divergent,
especially in terms of sequence and loop structure, to permit molecular replacement to be feasible. It
was therefore concluded to attempt heavy atom soaking as an alternative method,

By contrast, the sequence of the lipase studied here is very similar indeed to the lipases
isolated from the thermophilic bacteria B. thermocatenulatus (Schmidt-Dannert et al., 1996) and B.
stearothermophilus L1 (Kim et al., 1998). The availability of the detailed structure of the B.
stearothermophilus P1 lipase will thus enable work on the other two enzymes to be placed in a

structural context.

This project is a part of the Royal Golden Jubilee Ph.D. project of Mr. Supachok Sinchaikul
that was supported by the Thailand Research Fund (TRF), Bangkok, Thailand. We gratefully
acknowledge the University of Edinburgh for research support.
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Running title: Thermostable lipase from B. stearothermophilus P1

The thermostable lipase from a thermophilic bacterium Bacillus stearothermophilus P1 has
been cloned and overexpressed in E. coli M15[pREP4] using pQE-60 as a vector. It was purified to
homogeneity by ultrafiltration and strong anion exchange Q HyperD chromatography. The molecular
mass of the purified lipase was determined to be approximately 43 kDa by SDS-PAGE and mass
spectrometry. The purified lipase had an optimum pH of 8.5 and showed maximal activity at 55°C. It
was stable for 1 h at pH 8.5-9.0 and 55°C and highly stable in the temperature range of 30-65°C. The
highest activity was found with p-NP caprate as the synthetic substrate and tricaprylin as the
triacylglycerol. The K, and ¥, values obtained for the lipase toward p-NP caprate were 2.86 mM and
88 U.ml.min', respectively. It was strongly inhibited by 10 mM PMSF and I-hexadecanesulfonyl
chloride, indicating that it contains a serine residue, which plays a key role in the catalytic mechanism.
In addition, it was stable at 37°C for 1 h in 0.1% CHAPS and Triton X-100. It was also stable in
various organic solvents (30%v/v) at 37°C for 1 h except acetonitrile and butanol. The chiral separation
of the lipase on 3-phenoxy-1,2-propanediol showed the lipase has a preference on S(~)-form, especially

in dichloromethane.

Keywords: Thermostable lipase; Bacillus stearothermophilus; Characterization

Abbreviations used: LB, Luria broth; IPTG, isopropyi—ﬁ-D-thiogalactépyranosidc; p-NP-, p-
nitrophenyl  ester; PDVF,  polyninylidene  difluoride; DTT, dithiothreitol; EDTA,
ethylenediaminetetraacetic  acid; PMSF, phenylmethanesulfonyl fluoride; CHAPS, 3-([3-

Cholamidopropyl]dimethylammonio)-1-propanesulfonate.
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1. Introduction

Lipases (triacylglycerol acylhydrolases, EC 3.1 .1.3), which are widely distributed in animals,
plants and microorganisms, catalyze the hydrolysis of the ester bonds of triglycerides and long chain
fatty acids, generating free fatty acid, diglyceride, monoglyceride and glycerol. They can also catalyze
ester synthesis, trans-esterification and inter-esterification in organic solvents. Lipases are thus of
particular importance in biotechnology because of diverse applications in the food industry, biological
detergents, medical applications, the enzymatic production of lipophilic fine chemicals, and potentiaily
in waste treatment [1-5]. Recently, there has been comsiderable interest in the basic properties and
industrial applications of thermostable lipases from mesophiles and thermophiles because they exhibit
higher thermodynamic stability, both at elevated temperatures and in organic solvents, as a
consequence of adaptation of the correspending microorganisms to higher growth temperatures [6-12]. |
For these reasons, lipases have found applications in various fields of biotransformations. These can be
classified according to the nature of the substrates into three main categories: i) modification of fats and
oils; ii) acylation/deacylation of carbohydrates and protecting/deprotecting of peptides; and 1i)
synthesis of chiral compounds. In this report, the major focus will be given to the last application. To
obtain additional potentially useful thermostable lipases, we were successful in isolating a number of
thermophilic bacteria from a hot spring in Chiang Mali, Thailand, which produce extracellular lipases.
Among there is the bacterium Bacillus stearothermophilus strain P1, which produces highly
thermostable lipase [13].

In this report, we present the characterization and application of the purified recombinant
lipase from a thermophilic B. stearothermophilus P1 that had been markedly increasing by cloning and
overexpressed in E. coli M15{pREP4] using pQE-60 as an expression vector [14]. Its properties are
very interesting in terms of its application, especially its highly stability. Not only it was stable in a
high temperature but also stable in various pH values, detergents and organic solvents, In addition, it
catalyzed the acetylation of racermic 3-phenoxy-1,2-propanediol as substrate that plays an important
role as target molecules in asyrﬁmetlic synthesis with enzymes as chiral catalysts.

2. Materials and methods

2.1. Bacterial strain and cultivation

A recombinant lipase from B. stearothermophilus P1, which had been cloned into E. coli
'M15[pREP4] using pQE-60 as an expression vector was grown at 37°C to late log phase in 4 liter of
LB broth containing 100 pg/ml of ampicillin and 25 pg/ml of kanamycin, then IPTG (MDBio Inc.) was
added to a final concentration of 1 mM. After 3 h of growth, the cells were ;:entriﬁlged at 6,500 g for
20 min, the pellet resuspended in 50 ml of 20 mM Tris-HCl buffer pH 8.5 containing 10 mM EDTA,
and the cells lysed by sonication. After centrifugation at 12,000 g for 20 min, streptomycin sulfate
(Sigma) was added to the supernatant to a final concentration of 1%(w/v) and the precipitate formed
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removed by centrifugation at 12,000 g for 15 min. The supernatant was checked for lipase by SDS-

PAGE and lipase assay.

2.2. Lipase purification

The crude enzyme preparation from the 4-liter culture was simultaneously partially purified
and concentrated by ultrafiltration using a membrane with a molecular weight cut-off of 10,000 Da.
The concentrated protein sample (5 ml) was purified by FPLC using anion-exchange chromatography
on a Q HyperD™10 prepacked column (3x15 cm, Biosepra). The column was equilibrated with 20 mM
Tris-HCI buffer, pH 8.5, and eluted with a lincar gradient of 0-1.0 M NaCl in the same buffer at a flow
rate of 1 m/min. Each fraction was assayed for lipase activity. The lipase-containing fractions were
pooled and dialyzed overnight against 20 mM Tris-HC! buffer pH 8.5. The purified lipase was checked
for purity and molecular mass with SDS-PAGE and mass spectrometry (LCQ™, Finnigan).

2.3. Lipase assay

The relative hydrolytic activity of the lipase towards different triacylglycerols was determined
by spectrophotometric assay using the formation of copper soaps for the detection of free fatty acids
[15]. The substrate solution consisted of triglycerides (100 mM) emulsified with homogenizer in
distilled water with gum arabic (0.2 mM) at maximum speed for 2 min. Copper (Il}-acetate-1-hydrate
aqueous solution (90 mM), adjusted to pH 6.1 with pyridine, was used as copper reagent. The
chromogenic reagent contained diethyldithiocarbamic acid (sigma) (5.8 mM) dissolved in absolute
ethanol. The reaction was started by addition of 0.1 ml substrate solution to 0.9 ml of enzyme solution
in 20 mM Tris-HCI buffer (pH 8.5). The enzyme reaction was carried out for 2 min at 55¢°C.
Immediately after incubation, 0.45 ml of reaction mixture was transferred to a test tube containing 0.25
ml of 3 M HCL Fatty acids were subsequently extracted by addition of 3 ml n-hexane and vigorous
vortexing for 2 min. The organic phase (2.5 ml) was transferred to a fresh test tube filled with 0.5 ml
copper reagent. The mixture was vortexed for 1.5 min and phase separation was achieved by
centrifugation. Then, the organic phase (2 mi) was mixed with 0.4 ml of the chromogenic reagent and
the absorption was measured at 430 nm. _

Lipase activity was also assayed using the synthetic substrate, p-NP caprate (Sigma) [16,17].
Lipase solution (20 pl) was added to 880 ul of reaction buffer (20 mM Tris-HCI buffer, pH 8.5, 0.1%
gum arabic and 0.2% sodium deoxycholate) and the reaction mixture pre-warmed to 55°C, then mixed
with 100 pl of freshly prepared 8 mM p-NP caprate in isopropanol. The reaction mixture was incubated
at 55°C for 2 imin and then the reaction was stopped by addition of 0.5 m! of 3 M HCL After
centrifugation, 333 pl of supernatant was mixed with 1 ml of 2 M NaOH and the absorbance at 405 nm
measured against an enzyme-free blank, One enzyme unit is defined as the release of 1 nmol of p-

nitrophenol per m! per min. Under the conditions described, the extinction coefficient of p-nitrophenol

isg=1.85 L.mmol.mm™.
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2.4. Protein determination
The protein concentration was measured spectrophotometrically at 280 nm or by the method

of Bradford [18] using bovine serum albumin (Sigma) as the standard.

2.5, Polyacrylamide gel electrophoresis

SDS-PAGE on a 12.5% polyacrylamide slab gel (25 mA per gel) was used to determine the
purity and apparent molecular weight of the lipase by the method of Laemmli [19]. The molecular mass
of the lipase was calibrated by using a low molecular mass calibration kit (Pharmacia ,AB, ‘Sweden)
containing phosphorylase b (94 kDa), serum bovine albumin (67 kDa), ovalbumin (45 kDa), carbonic
anhydrase (30 kDa), trypsin inhibitor (20.1 kDa), and «-lactalbumin (14.4 kDa).

2.6. NHj-terminal amino acid sequence analysis

The purified lipase was separated by SDS-PAGE and electroblotted onto 2 PVDF membrane,
as described by Matsudaira [20]. The lipase band was cut out and analyzed by Edman degradation
using an Applied Biosystems Model 492 procise sequencer (Applied Biosystems, Weiterstadt,

Germany).

2.7. Effect of pH on lipase activity and stability

To determine the optimal pH, enzymatic activity was assayed at 55°C at various pH values
(4.0-11.0). The buffers used for the pH ranges of 4.0-6.0, 6.0-7.5, 7.0-10.0 and 9.0-11.0 were 50 mM
sodium acetate, 50 mM phosphate, 50 mM Tris-HC] and 50 mM Tris-glycine, respectively. The pH
stability in the pH range 4.0-11.0 was measured by incubating the lipase at 55°C for 1 h in various

buffers and assaying the remaining activity in the usual assay at pH 8.5.

2.8. Effect of temperature on lipase activity and stability

To determine the effect of temperature, enzymatic activity was measured at 30, 40, 50, 55, 60,
65, 70, 75, 80 and 90°C in the usual assay at pH 8.5. Thermostability of the lipase was investigated by
measuring the remaining activity after incubating the enzyme in 20 mM Tris-HCl buffer pH 8.5 at

various temperatures for times up to 15 h, then assaying a 0.1 m! sample at 55°C.

2.9. Substrate specificity

Substrate specificities for different p-NP esters and triacylglycerols were determined by using
the spectrophotometric assay. The p-NP esters between C2-C18 were determined using p-NP-acetate,
p-NP-butyrate, p-NP-caproate, p-NP-caprylate, p-NP-caprate, p-NP-laurate, p-NP-myristate, p-NP-
paimitate and p-NP-stearate as the synthetic substrate. The triacylglycerols between C2-C22 was also
determined using triacetin, tributyrin, tricaproin, tricaprylin, tricaprin, trilaurin, trimyristin, tripalmitin,

tripalmitin, tripalmitolein, tristearin, tripetroselinin, triolein, ftrielaidin, trilinolein, trilinolenin,
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triarachidin, tri-11-eicosenoin, itribehenin and trierucin. The highest activities of enzyme assay using

the substrates were defined as the 100% level.

2.10. Kinetic study of lipase

The reactions were carry out at 55°C by using various p-NP'caprate concentrations of 2, 4, 6,
8, 10, 20, 30 and 50 mM and various reaction times of 30 sec, 1 min, 1.5 min, 2 min, 4 mir, 6 min, §
min and 10 min. The kinetic constants of apparent Michaelis constants {X;,) and maximum reaction

rates (¥ e} of the reactions were calculated from the Lineweaver-Burk plot. ‘

2.11. Positional specificity

The positional specificity of the lipase was determined by use of a method modified from that
described by Lesuisse et al. [21]. 40 mg of pure triolein, diolein and monolein were dissolved in 1 mi
of chloroform. The enzyme sample (~20 mg) was then added and the reaction mixture was incubated at
55°C for 1 h. After incubation, the reaction products were extracted by the addition of 1.0 ml diethyl
ether. The extract was concentrated by lyophilization and applied to a silica gel plate (0.2 mm, Merck).
A standard mixture of tri-, di-, and monoolein (Sigmaj was used as a reference. Plates were developed
with a 96:4:1 mixture (by volume} of chioroform/acetone/acetic acid. The spots of glycerides and fatty

acids were visualized by exposure to iodine vapor,

2.12. Effect of inhibitors on lipase activity

The effect of inhibitors on lipase activity was determined using DTT, 1-dodecanesulfonyl
chloride, EDTA, 1-hexadecanesulfonyl chloride, p-mercaptoethanol, and PMSF at final concentrations
of 10 mM. The enzyme solutions were pre-incubated at 37°C for 5 min with each inhibitor in 20 mM
Tris-HCI buffer pH 8.5, and then the lipase activity was measured. Enzyme solution without inhibitor

was used as reference.

2.13. Effect of detergents on lipase activity and stability

This was determined by incubating the enzyme for 1 h at 37°C in 20 mM Tris-HCl buffer, pH
8.5, containing 0.1% (w/v) or 1% (w/v) of the detergents: CHAPS, SDS, sodium deoxycholate, Triton
X-100 and Tween 20. Lipase activity was measured_ at the beginning and end of the incubation period.

The activity of the enzyme i)reparation in the absence of detergent before incubation was defined as the

100% level.

2.14. Effect of organic solvents on the lipase stability

The enzyme solutions were incubated in the presence of various organic solvents such as
acetone, acetonitrile, benzene, butanol, chloroform, cyclohexane, dichloromethane, diethyl ether,

ethanol, n-heptane, hexane, iso-octane, iso-propanol, methanol and toluene in the final concentration of
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30%(v/v) at 37°C for 1 h and the control contained no organic solvent as described by Sztajer et al.

[22]. The activity was determined at the beginning and the end of incubation time.

2.15. Chiral separation of lipase

A solution of racemic 3-phenoxy-1,2-propanediol (168.2 mg, 0.1 mmol) in various organics
solvents (acetone, chloroform, dichloromethane; 3 ml) was treated with vinyl acetate (0.2 mi} and
recombinant lipase P1 (l10 mg). The suspension was stirred at 55°C for 1 h. The monitoring of the
.reaction and the determination of enantiomeric excess of the remaining substrate (or the product) were
conducted simultaneously by HPLC analysis using Chiralcel OD-RH (4.6x150 mm, Daicel Chemical
Co.) with the conditions: mobile phase, 0.2 M HyPO4-KH,PO, pH 2/acetonitrile (70:30 v/v); flow rate,

0.5 ml/min; detection, UV 254 nm; retention time, 7 min.

3. Results

3.1. Purification of lipase

The crude ext.ract obtained by centrifugation of culture broth, sonication and precipitation with
1% (w/v) streptomycin sulfate was concentrated and partially purified by ultrafiltration using a
membrane with a molecular weight cut-off of 10,000 Da. The concentrated enzyme was then purified
by a single ion-exchange chromatographic step by gradient elution from a strong anion-exchanger (Q-
HyperD'™10) using FPLC. Each fraction was assayed for lipase activity and the lipase pool prepared
by selection of fractions with lipase activity. The pooled fractions gave a single band on SDS-PAGE
with an apparent molecular mass of approximately 43 kDa [14]. The molecular weight of the purified
lipase approximately 43,209 Da was confirmed by Mass spectrometer and calculating from the deduced
amino acid sequence using MacVector sequence analysis software. The cnzyme' was purified 18-fold

* with a yield of 71% from the crude extract.

3.2. Effect of pH on lipase activity and stability

The effect of pH on lipase activity at 55°C with p-NP-caprate as substrate was examined at
various pH values. The enzyme was active in the pH range 7.0-10.0, the optimal pH being 8.5 (Fig.
1A). At 55°C, the lipase was stable for 1 h in a wide range of buffers between pH 8.0-11.0 (Fig. 1B). It
showed greatest stability at pH 8.5-9.0, the same range as the optimal pH.

3.3. Effect of temperature on lipase activity and stability
To test the effect of temperature on lipase activity, assays were performed for 1 h at various
temperatures. The lipase was most active in the temperature range 45-65°C, with maximal activity at

55°C (Fig. 2A). The thermostability of the enzyme was examined by measuring the residual activity at
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different times of incubation for up to 15 h at various temperatures at pH 8.5. After incubation for 1 h,
the enzyme was stable at 30-65°C, with a residual activity greater than 50% of the initial activity (Fig.
2B). At 55°C, the optimal temperature for activity, it was stable for more than 6 h and had a half-life of

about 7.6 h. Prolonged incubation at all temperatures resulted in loss of activity.
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Fig. 1. Effect of pH on lipase activity (A) and stability (B). A: The purified lipase was assayed in
various pH buffers, as described in the text. B: The purified lipase was incubated in various pH buffers
for 1 h at 55°C, then assayed in the normal way. Symbols: ¢, Sodium acetate buffer; , Phosphate
buffer; , Tris-HCI1 buffer; o, Tris-glycine buffer.

3.4. Substrate specificity

The lipase hydrolyzed synthetic substrates with. acyl group chain lengths of between C8 and
C12, with optimal activity with C10 (p-NP-caprate) (Fig. 3). The lipase activity on long-chain of
substrates was between 70-100% of optimal for C8 or C10 groups and 30-50% for Ci2 to C18,
whereas, with short-chain substrates (C2-C6), lipase activity was less than 30%. In addition, the lipase
hydrolyzed triacylglycerols with acyl group chain lengths of between C8-C12, with optimal activity
with C8 (tricaprylin). In addition, the lipase hydrolyzed trilinolenin more than trilinolein and triclein.
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Fig 2. Effect of temperature on lipase activity and stability. A: The effect of temperature on lipase
activity was determined at various temperatures, as described in the text. B: The effect of temperature

on lipase stability was determined by incubating the pure lipase at various temperatures for up to 15 h

and measuring the remaining activity.
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Fig. 4. Michaelis-Menten type plot of lipase hydrolysis rate at different p-NP caprate concentrations.

Insert: Lineweaver-Burk representation of Michaelis-Menten plot.
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3.5. Kinetic study of lipase
The hydrolysis of p-NP caprate was found to follow a Michaelis-Menten type and
Lineweaver-Bur_k plot as shown in Fig. 4. The &, and Vpay values at 55°C values were found to be 2.86

mM and 88 U.ml'min”', respectively.

3.6. Positional specificity

All substrates; 1-mono-, 1,2-di- , 1,3-di-, and triolein, were hydrolyzed by the lipase. At 55°C,
the acyl migration was occurred, which could be seen in the control (without enzyme) but containing
1,2- and 1,3-diolein substrate solutions, respectively. After 1 h of incubation, more oleic acid was
released from 1,3-diolein as confirmed by running TLC (Data not shown). Otherwise, it was also
checked the lipase activity and found that their activities of the hydrolysis of monoolein, diolein and
triolein were 7.96, 2.39 and 6.80 U/ml, respectively. So, it indicated that the lipase P1 has a preference
for digestion at 1-positional ester bonds. This is similar to the enzymes from the other strains of

Bacillus sp. [12), B. subtilis 168 [16], and B. thermocatenulatus [10].

3.7. Effect of inhibitors on lipase activity

The effect of various inhibitors on lipase activity is shown in Table 1. All inhibitors were
effective at 10 mM. The chelating agent EDTA did not high affect the activity of the lipase, and this
suggested that it was not a metalloenzyme. On the other hand, the lipase was strongly inhibited by the
addition of 10 mM PMSF (77% inhibition) or 1-hexadecanesulfonyl chloride (93% inhibition),

showing that a serine residue plays a key role in the catalytic mechanism.

Table 1. Effect of inhibitors on the purified lipase. The lipase was pre-incubated with each inhibitor in

the final concentration of 10 mM at 37°C for 5 min and then the remaining activity assayed.

Inhibitors Remaining activity (%)
Control 100

DIT 83

EDTA 76
B-mercaptoethanol 88

FMSF 23
1-Dodecanesulfonyl chloride 42
1-Hexadecanesulfonyl chloride 7

3.8, Effect of detergents on lipase activity

On addition of 0.1% (w/v) detergents, no effect on lipase activity was seen, except in the case
of SDS, sodium deoxycholate and Tween 20, which slightly reduced activity (Table 2). At 1%
detergent, a greater effect was seen, especially with SDS, which reduced the activity by about 50% and
Tween 20, which strongly inhibited lipase activity. After incubation in the presence of 0.1% detergent
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at 37°C for 1 h, CHAPS and Triton X-100 increased enzyme stability, whereas SDS, sodium
deoxycholate and Tween 20 decreased the stability; in the presence of 1% detergents, activity was

decreased by more than 50%, except in the case of CHAP'S and Triton X-100.

Table 2. Effect of detergents on the purified lipase. The lipase was incubated at 37°C for 1 h in 20 mM
Tris-HCI buffer pH 8.5, with detergents.

Detergents Concentration Relative activity (%)
(Ya, Wiv) Oh 1h
Control 0 100 82
CHAPS 0.1 100 91
1.0 72 58
SDs 0.1 80 57
1.0 57 - 37
Sodium deoxycholate 0.1 95 67
1.0 71 42
Triton X-100 0.1 101 96
1.0 74 50
Tween 20 0.1 95 63
1.0 20 14

Table 3. Effect of organic solvents on the purified lipase. The lipase was incubated at 37°C for 30 min

in several organic solvents and then the residual activities was assayed.

Organic solvents log P* Relative activity (%)
Oh 1h
Control - 100 97
Methanol -0.77 83 45
Acetonitrile -0.34 66 0.2
Ethanol -0.32 79 66
Acetone . -0.24 72 78
Iso-propanol 0.05 52 39
Butanol 0.88 77 14
Diethyl ether 0.89 85 67
Dichloromethane 1.25 86 74
Benzene 2.00 90 92
Chloroform 2.24 92 92
Toluene 2.69 88 93
Cyclohexane 3.44 70 46
Hexane 3.48 61 54
n-Heptane 4,00 g8 95
Iso-octane 4,52 69 60 -

*The logarithm of the solvent partition coefficient between octanol and water.

3.9. Effect of organic solvents on the lipase stability
After the enzyme was incubated in the presence of 30%v/v organic solvents at 37°Cfor 1 h, it

was found that the enzyme could stable in the presence of ethanol, acetone, diethyl ether,
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dichloromethane, benzene, chloroform, toluene, hexane, n-heptane and isc-octane (Table 3). It was
highly stable in the presence of n-heptane, toluene, benzene and chloroform but it was inactive in the
presence of acetonitrile and butanol. Otherwise, its thermostability did not depend on the log P of

organic solvents.

;

L
T

R(+) $()

0 min 7 min

Fig. 5. Analysis of unreacted starting material of 3-phenoxy-1,2-propanediol catalyzed with lipase from
B. stearothermophilus P1 by Chiralcel OD-RH. A, reaction in dichloromethane; B, reaction in

chloroform; C, reaction in acetone; D, standard of 3-phenoxy-1,2-propanediol.

3.10. Chiral separation of lipase

The lipase P1 catalyzed the acylation of diol-substrate, 3-phenoxy-1,2-propanediol to form the
first product, 1-acetyl-3-phenoxy-1,2-propanediol or 2-acetyl-3-phenoxy-1,2- propanediol and then the
second product, 1,2-diacetyl-3-phenoxy-1,2-propanediol. The unreacted starting material of 3-phenoxy-
1,2-propanediol was analyzed by Chiral OD-RH column. R(+) 3-Phenoxy-],2-propanediol was eluted
at the retention time of 4.776 min and the S(-) 3-phenoxy-1,2-propanediol was eluted at the retention

time of 5.221 min (Fig. 5). The lipase P1-catalyzed acetylation has the enantiomeric preference of 8(-)
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3-phenoxy-1,2- propanediol when the reaction was performed in acetone, chloroform, and
dichloromethane. The ratio of unreacted substrate R(+)/S(-) in acetone and chloroform is 2:1 whereas

the ratio in dichloromethane is 3:1.

4. Discussion

The thermophilic bacterium B. stearothermophilus isolated from a hot spring in Chiang Mai,
Thailand could produce the highly thermostable proteases [23]. In this work, the bacterium strain B,
stearothermophilus P1 could produce a highly thermostable lipase [13]. Due to the limited production,
so it had been cloned into E. coli M15{pREP4] using a pQE-60 as an expression vector for markedly
increased production. The lipase P1 was purified by a strong ion-exchange chromatography using. Q
HyperD column. The final product showed a single band on SDS-PAGE with an apparent molecular
weight of approximately 43 kDa. The purity and molecular weight were confirmed by reverse-phase
HPLC chromatography, which showed a single protein peak eluting from the HPLC column, and by
mass spectrometry, which showed a single protein peak with a molecular weight of 43,200 Da,

The characterizations of the purified lipase were very interesting, and showed that it was
active over a wide range of pH from 7 to 10 and temperatures between 45 and 65°C. In addition, the
enzyme was stable at pH 8-10 and temperatures between 30-65°C. Its half-life at 55°C, the optimal
temperature, was about 7.6 h, showing the stability of this enzyme is high at this high temperature and
somewhat higher than that of other lipases from B. thermocatenulatus [8] and B. thermoleovorans [24].
Moreover, the lipase P1 is different from other Bacillus sp. in the respect of substrate specificity, It
showed high activity toward tricaprylin {C8) and p-NP caprate (C10) whereas the lipases from B.
thermocatenulatus, B. thermoleovolans 1D-] and B. stearothermophilus L1 showed high activity
toward tributyrin (C4) and p-NP caprate (C10), tricaprylin (C8) and p-NP caproate {C6), and trilaurin
(C12) and p-NP caprylin (C8), respectively. These results imply that there are some structural and
fumctional differences between lipase P1 and other lipases from Bacillus sp. in spite of the significant
amino acid sequence similarity. Otherwise, the lipase P1 wag stable at 37°C for 1 h in the presence of
0.1% detergents, such as CHAPS and Triton X-100. This enzyme can therefore be used for
environmental and industrial applications,

Most lipases have a catalytic triad consisting of Ser-His-Asp/Glu [25,26], similar to that in
serine proteases. The catalytic serine is embedded in a signature pentapeptide sequence, Gly-X-Ser-X-
Gly, located at the C-terminal of a section of parallel strands of B-sheet. Serine, one part of the catalytic
site, is embedded in a tight bend between an o-helix and a B-stand [27,28]. We confirmed that a
catalytic serine was present in the lipase molecule using 1-dodecanesulfonyl chloride or 1-
hexadecanesulfonyl chloride, which have an unbranched alkyl sulfonyl chloride structure similar to
monoglyceride and a high affinity for the active site. The results show that the lipase was strongly

inhibited by 10 mM 1-hexadecanesulfonyl chloride and by 10 mM PMSF.
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In this report, we chose acyclic racemic 3-phenoxy-1,2-propanediol as substrate for lipase-
catalyzed transesterification in order to obtain enantiomerically pure compounds. Particularly, 3-
(aryloxy)-1,2-propanediols in enantiomerically pure form are of interest as pharmaceuticals, as
intermediates in the synthesis of p-receptor blockers or for other synthetic purposes such as chiral
ligands for transition metal complexes or building blocks for crown ethers. In the acylation of 3-
phenoxy-1,2-propanediol with vinyl acetate catalyzed by lipase P1, the enantioselective adsorptions of
S(-) form in acetone, chloroform, and dichloromethane were found and highly enantioselectivity
adsorption of S(~) form was occurred in dichloromethane. This implied that the solvents did have much

influence on the enantioselectivity of the reaction.
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