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Abstract

Esterase (PpEST) from Pseudomonas putida IFO12996 catalyzes the stereoselective hydrolysis of methyldl-�-acetylthioisobutyrate (DL-
MATI) and dl-�-acetylthioisobutyramide (DL-ATIA) to gived-�-acetylthioisobutyric acid (DAT). DAT is a key intermediate for the synthesis
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f a series of angiotensin converting enzyme inhibitors. To use enzyme for the DAT production, thePpEST gene ofP. putida IFO12996 wa
loned and expressed inEscherichia coli. PpEST with a molecular weight of 33 kDa could hydrolyze DL-MATI and DL-ATIA to give DAT w
nantiometric excess value (e.e. value) about 97% and enantioselectivity value (E-value) >150, respectively. The kinetic constants ofPpEST for
L-MATI and DL-ATIA were examined and they showed that DL-ATIA was a poorer substrate than DL-MATI forPpEST. However, DL-ATIA
as 20-fold more soluble in water than DL-MATI, it was more stable than DL-MATI and it did not show substrate inhibition of thePpEST up

o 780 mM. This result suggested thatPpEST is an esterase but with amidase activity, which can kinetically resolve DL-ATIA to yield DA
L-ATIA is a better choice than DL-MATI for industrial production of DAT by the enzymatic resolution method.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Enzymes and whole-cell biocatalysts with unique regio- and
tereo-selectivity are suited for the manufacture of optically
ure stereoisomers[1]. The demand for optically pure com-
ounds has been increased significantly in pharmaceutical and
hemical industries, and there were over 300 biocatalytic pro-
esses up to date that have been implemented in industry[2].
-�-Acetylthioisobutyric acid (DAT) also known asS-(−)-3-
cetylthio-2-methylpropionic acid is an optically active inter-
ediate required for the synthesis of a series of angiotensin

onverting enzyme inhibitors, such as captopril and alacepril
hich are used for the treatment of hypertension and congestive
eart failure. With respect to the preparation of DAT, it can be
cquired from crystal optical resolution[3] and enzymatic opti-
al resolution[4–7]. However, the crystal optical resolution was

∗ Corresponding author. Tel.: +886 6 2080476; fax: +886 6 2740552.
E-mail address: syshaw@mail.ncku.edu.tw (S.-Y. Shaw).

time consuming and required expensive agents. The enzy
optical resolution has gained more attention recently. Gu
used lipase to hydrolyze DL-ester to produce D-acid that
ing 80% enantiomeric excess value (e.e. value)[4]. Bianchi and
Cesti also used lipase to hydrolyze DL-MATI and produce
MATI with an e.e. value of 88%[5]. Sakimae et al. reported t
enzymatic hydrolysis of DL-MATI by using an esterase fr
Pseudomonas putida MR-2068 to give DAT with e.e. valu
of 98.5%[6]. Honda et al. reported that 3,4-dihydrocoum
hydrolase was able to hydrolyze DL-MATI to produce DAT w
high optical purity (>99.9% e.e.)[7].

To be successfully implemented in industrial process,
enzyme and substrate need to have unique propertie
enzymes need to have high stereo-selectivity toward its
strate, can be over expressed in recombinant form, and
high thermal and pH stability. The substrate needs to be k
ically good substrate for the enzymes, water soluble and
tively stable under enzymatic reaction condition. In this rep
we have cloned and over expressed thePpEST gene fromP.
putida IFO12996, examined its thermal and pH stability,

381-1177/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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characterized its kinetic resolution activity toward two sub-
strates, DL-MATI and DL-ATIA, which have different water
solubility and stability.

2. Materials and methods

2.1. Chemical and enzymes

Methyl methacrylate (MMA) was obtained from Janssen
(Geel, Belgium). Thioacetic acid was purchased from TCI
(Tokyo, Japan). Methacrylamide (MAA) was obtained from
Acros (Geel, Belgium). All other reagents used in this work
were of analytical grade and are commercially available. A unit
of esterase activity was defined as using 1 mg enzyme to produce
1 mM DAT per minute at 37◦C and pH 7.0.

2.2. Strains, plasmids and growth media

P. putida IFO12996 was from Institute for Fermentation,
Osaka.Escherichia coli JM109 andE. coli BL21 (DE3) were
used for gene cloning and expression, respectively. Microorgan-
isms were cultured on Luria–Bertani (LB) medium at 30◦C for
P. putida IFO12996 and at 37◦C forE. coli. In selective medium,
100�g/ml of ampicillin was used. pET21d (Invitrogen) was used
as cloning and expression vector.
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and the cells were harvested 3 h. Cells were collected from cul-
ture by centrifugation at 10,800× g at 4◦C for 20 min. Cell
pellets were suspended with 20 ml Tris–HCl buffer (0.5 M, pH
7.0) per gram of cell pellet and disrupted by using the Microflu-
idizer M-110Y (Microfluid Corp., MA, USA) at 4◦C. The dis-
rupted cell mixture was centrifuged at 12,000× g for 20 min
at 4◦C and the supernatant was collected and precipitated with
ammonium sulfate at final concentration of 3 M. The precipi-
tant was collected by centrifugation at 12,000× g for 30 min at
4◦C and then resuspended in 5 ml of Tris–HCl buffer (50 mM,
pH 7.0) per 100 mg of precipitant. The resuspended solution
was dialyzed overnight against 2 l of Tris–HCl buffer (20 mM,
pH 8.0).

The dialyzed sample was clarified by centrifugation at
12,000× g for 20 min and then by filtration through nylon
0.22�m membrane. After filtration, the sample was loaded onto
a FPLC system (Amersham Pharmacia Biotech) with an ion
exchange column (Resource Q-6) that had been previously equi-
librated with 20 mM Tris–HCl buffer, pH 8.0 (buffer A) at a flow
rate of 3 ml/min. The adsorbed proteins were eluted by a linear
gradient with buffer B (containing 20 mM Tris–HCl, pH 8.0 and
0.5 M NaCl) while 3-ml fractions were collected. The enzyme
activity of each fraction was detected as acid-production by pH
indicator.

2.5. SDS-PAGE of P. putida esterase
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.3. PCR amplification and nucleotide sequencing of the
pEST gene from P. putida

To amplify the fragment of DNA encodingPpEST from the
otal genomic DNA ofP. putida IFO12996 by PCR, two prime
anking the easterase gene sequence ofP. putida MR2068[8]
ere used. Total genomic DNA was isolated from IFO12
y using the DNeasy Tissue Kit (Qiagen). The primer

ncluded a 5′-end primer; 5′-GCGAGATCATGAGCTATGTA-
CCACGAA GGAC-3′ and a 3′-end primer; 5′-ACTGCC-
AATTCACATCAGCTACGGATAA ACGCCAGCAAATC-3′
ith added restrictionBspHI and EcoRI sites (underlined

espectively. The PCR reaction mixture contained 100 n
enomic DNA, 10 pmol each of the two primers, 100�M of
NTP, 1.2 mM Mg2+ and 0.5 units ofPfu polymerase in 25�l
olume. The reaction was run for 30 cycles of 94◦C (30 s), 50◦C
30 s) and 72◦C (90 s). The PCR products were digested w
spHI and EcoRI, purified by agarose gel electrophoresis

igated into an ampicilin resistant vector pET21d. The nucleo
equence of the insert was determined by the dideoxy cha
ination method using T7 primers. The recombinant plas
as designated pET-PpEST.

.4. Expression and purification of P. putida esterase

The recombinant plasmid pET-PpEST was transformed in
. coli BL21 (DE3) competent cells. A single colony was pic
p and grown in LB medium containing 100�g/ml ampicillin.
he overnight culture was diluted 1:100 with LB medium c

aining 100�g/ml ampicillin and allowed to grow until A60
eached 0.3. IPTG was added at final concentration of 0.1
f

r-

The molecular weight ofPpEST was estimated by sodiu
odecyl sulfate polyacrylamide gel electrophoresis (S
AGE) carried out in gels (Bio-Rad) containing 10% a

amide gel. Protein standards (Amersham Pharmacia Bio
sed for the estimation of molecular masses were phosp

ase b (97 kDa), albumin (66 kDa), ovalbumin (45 kDa),
onic anhydrase (30 kDa), trypsin inhibitor (20.1 kDa) and�-

actalbumin (14.4 kDa). Gels were stained with Coomassie
nzyme concentration was measured by BCA protein a

eagent (Pierce).

.6. Synthesis of DL-MATI from MMA

DL-MATI was synthesized according to a previous p
ished procedure[6]. Briefly, it was prepared by allowing 22
0.22 mol) of MMA to react with 25 g (0.33 mol) of thioace
cid at 95◦C for 6 h, and was purified by distillation und
educed pressure. The reaction mixture was distilled at 78–◦C
o give 37 g (yield 95.5%) of a distillate as pure DL-MATI. T
tructure of DL-MATI was analyzed by1H NMR spectrum from
ruker AC-200, FT NMR (200 MHz) in CDCl3 with TMS as an

nternal reference. The chemical identification of DL-MATI w
nalyzed by1H NMR (CDCl3, 200 MHz)δ (ppm): 1.23 (3H, d
H3), 2.30 (3H, s, CH3COS), 2.69 (1H, m, CH), 3.0–3.2 (2
, SCH2), 3.67 (3H, s, COOCH3).

.7. Synthesis of DL-ATIA from MAA

17.2 g (0.2 mol) MAA was dissolved in 100 mln-propyl alco-
ol and then added 30.4 g (0.4 mol) thioacetic acid and
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(10 mmol) piperidine. The mixture reacted at room tempera-
ture for 4 h. Then the reaction mixture was added with 150 ml,
0.5 M Tris–HCl buffer (pH 7) and adjusted pH to 1 with con-
centrated H2SO4. The mixture was extracted with 100 ml hex-
ane three times and the most of unreacted thioacetic acid was
extracted to the hexane layer, then the aqueous solution was
adjusted pH to 7 with 10N NaOH and extracted with 100 ml
ethyl acetate three times and the DL-amide was extracted to
the ethyl acetate layer. Crude DL-amide was obtained followed
by condensation of the ethyl acetate extract and pure DL-
amide was prepared by crystallization and gave 20.1 g (yield
62.4%). The chemical identification of DL-ATIA was analyzed
by 1H NMR (CDCl3, 200 MHz) δ (ppm): 1.21 (3 H, d, CH3),
2.32 (3 H, s, CH3COS), 2.49 (1 H, m, CH), 2.9–3.1 (2 H, m,
SCH2).

2.8. Measurement of the solubility of DL-MATI and
DL-ATIA

Saturated solution of DL-MATI and DL-ATIA were pre-
pared by dissolving each compound in 0.5 M Tris–HCl buffer
(pH 7.0) at 37◦C for 30 min. The excess amount of solutes
were removed by centrifugation at 10,800× g for 5 min and
clear supernatants were injected into HPLC system to quan-
tify the concentration of each sample by comparing to a
linear calibration curve of DL-MATI and DL-ATIA, respec-
t
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2.10. Enzyme activity assay and DAT purification from
DL-MATI and DL-ATIA

Two grams (11 mmol) of DL-MATI and 370�g of pure
PpEST were mixed with 100 ml of 0.5 M Tris–HCl buffer (pH
7.0), followed by reaction at 37◦C for 2 h (Scheme 1). The pH of
the reaction mixtures was kept at 7.0 by adding 0.1N NaOH solu-
tion by a pH stat (Suntex pH controller PC-310). The concentra-
tion of hydrolyzed product from DL-ester in the reaction mixture
were determined in a HPLC system (Shimadzu LC-10AT) with
a reverse phase C-18 column (Hypersil BDS). Injected samples
were eluted with isocratic 50% solvent A (25 mM phosphate
buffer, pH 6.5) and solvent B (acetonitrile) and monitored at
UV 229 nm. The concentration of eluted sample was quantified
by comparing to a linear calibration curve for each sample.

After the reaction, unreacted DL-ester and L-ester in the solu-
tion was extracted with 50 ml ethyl acetate three times. The pH
of the aqueous layer of the resultant extract was adjusted with
diluted sulfuric acid to 2.0. The mixture was then extracted with
50 ml ethyl acetate three times to give a DAT extract. Anhy-
drous MgSO4 was added to the extract. After dehydration, the
solvent was vaporized to give crude DAT and then distilled under
reduced pressure to give pure DAT. The optical rotation of the
resulting sample was analyzed by a polarimeter (JAS.CO DIP-
370). The DAT from DL-ATIA was also purified by the same
procedure as it from DL-MATI. The optical rotation of DAT
w value)
a ly
d s
a ,
C H,
m

2

ana-
l trate

ptica
ively.

.9. Stability assay of DL-MATI and DL-ATIA

Ten milligrams of DL-MATI or DL-ATIA was dissolved
n 1 ml Tris–HCl buffer (50 mM) with three different pH (p
–9) and incubated at 67◦C. The concentration of hydrolyz
roduct from DL-MATI or DL-ATIA in the reaction mixture a
ifferent time points were determined in a HPLC system (
adzu LC-10AT) with a reverse phase C-18 column (Hyp
DS).

Scheme 1. Esterase-catalyzed o
as used to calculate the enantiometric excess value (e.e.
nd enantioselectivity value (E-value) according to previous
escribed method[12]. The chemical identification of DAT wa
nalyzed by1H NMR (CDCl3, 200 MHz)δ (ppm): 1.28 (3H, d
H3), 2.33 (3H, s, CH3COS), 2.70 (1H, m, CH), 3.0–3.2 (2
, SCH2).

.11. Substrate inhibition

Degree of enzyme inhibition by substrates was
yzed by measuring the initial rates under various subs

l resolution of DL-MATI and DL-ATIA.
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concentrations. Reactions were performed by adding 1.5�g of
PpEST into 1 ml of reaction buffer (50 mM Tris–HCl, pH 7.0)
containing 0–780 mM DL-ATIA. After incubation at 37◦C for
10 min, the reaction was stopped by adding equal volume of
acetonitrile. The concentration of DAT was analyzed by HPLC
as described above.

2.12. Kinetics of the enzyme reactions

The kinetic studies of DL-MATI was performed by adding
2.125�g PpEST in 500�l of Tris–HCl buffer (0.5 M, pH 7.0)
containing 40 mM DL-MATI and the mixtures were incubated at
37◦C for 80 min. The concentrations of DL-MATI/L-MATI and
DAT at different time intervals were determined by HPLC sys-
tem as described above. The kinetic constants (Km andKcat) were
obtained by fitting experiment data with the Microsoft Office
program that performs non-linear regression based on the least-
square method[9]. The kinetic parameters for DL-ATIA were
also determined by adding 170.0�g PpEST in final volumes of
1000�l of Tris–HCl buffer containing 780 mM of DL-ATIA and
the mixtures were incubated at 37◦C for 250 min.

2.13. Effect of pH on enzymatic conversion

The reaction mixtures (1 ml) containing 15�g PpEST,
4 H
( n-
t

2

4 H
7
5 ribe
a

2.15. pH stability on enzymatic conversion

The pH stability of the purified enzyme was measured by
incubating the enzyme in a series of buffer (pH 3.0–11.0) at 4◦C
for 12 h. Each enzyme solutions were then adjusted to pH 7.0
and the remaining activities of the enzymes were determined
by incubating with 40 mM DL-MATI at 37◦C for 5 min. The
concentration of DAT was determined as described above.

2.16. Thermal stability on enzymatic conversion

The thermal stability measurement forPpEST was done
by incubatingPpEST solution at temperature of 57, 67, 72
and 77◦C. Every 15 min, 10�l (7.5�g) enzyme solution was
removed and added in 1 ml Tris–HCl buffer (0.5 M, pH 7.0)
containing 40 mM DL-MATI at 37◦C for 5 min. The remaining
enzyme activity was determined by measuring DAT as described
above.

3. Results and discussion

3.1. Nucleotide sequence and deduced amino acid
sequence of PpEST gene

The nucleotide sequence analysis of the PCR amplified prod-
u of
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A esidu
0 mM DL-MATI and buffered solution with different p
3.0–11.0) were incubated at 37◦C for 5 min and the conce
ration of DAT was determined as described above.

.14. Effect of temperature on enzymatic conversion

The reaction mixtures (1 ml) containing 15�g PpEST and
0 mM DL-MATI were incubated in 0.5 M Tris–HCl buffer (p
.0) at various temperature of 17, 27, 37, 47, 57, 67 and 77◦C for
min and the concentration of DAT was determined as desc
bove.

ig. 1. Alignment of esterase sequences fromPseudomonas putida MR-2068
cinetobacter calcoaceticus F46 (F46). Ser97, Asp227 and His256 ofPpEST r
d

ct (854 bp) fromP. putida IFO12996 revealed the sequence
pEST gene coding for a protein of 276 amino acid resid
nd the deduced amino acid sequence exhibited high sim

o esterase fromP. putida MR-2068 (96% identity)[8] and 3,4
ihydrocoumarin hydrolase fromAcinetobacter calcoaceticus
46 (73% identity)[10] (Fig. 1). The catalytic triad of typica
erine hydrolases, i.e. Gly-X-Ser-X-Gly, aspartate (residue
f IFO12996) and histidine (residue 256 of IFO12996) was
erved in these enzymes. The esterase fromP. putida MR-2068
nd the 3,4-dihydrocoumarin hydrolase fromA. calcoaceticus
46 are able to hydrolyze linear methyl ester and recogniz
onfiguration at the two-position[7,11].

) and IFO12996 (PpEST), and 3,4-dihydrocoumarin hydrolase sequence
es in the catalytic triad are denoted by an asterisk.
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Table 1
Purification of recombinant esteraseE. coli

Steps Volume (ml) Total protein (mg) Total activity unit (U) Specific activity (U/mg) Fold Yield (%)

Cell-free extract 80 240 8301 35 1.00 100
3 M (NH4)2SO4 precipitation 20 114 5231 46 1.33 63
Resource Q 6 ml 30 7.5 3114 415 12.00 38

3.2. Expression and purification of esterase

A cell-free extract ofE. coli BL21 (DE3) transformed with
pET-PpEST exhibited specific DL-MATI hydrolyzing activity of
35 U/mg. A purification procedure involved ammonium sulfate
precipitation and ion-exchange chromatography was established
to obtain homogeneous esterase for enzyme activity analysis.
Specific activity of the esterase during each stage of purification
is summarized inTable 1. The molecular weight and purity of
PpEST was examined in a SDS-PAGE stained with Coomassie
blue (Fig. 2). A major band at 33 kDa was detected in recom-
binant E. coli before and after purification ofPpEST, and its
mobility did not affect by the presence or absence of reducing
agent. This result indicatedPpEST with a protein subunit of
33 kDa.

3.3. Measurement of the solubility of DL-MATI and
DL-ATIA

Two different racemic compounds, DL-MATI and DL-ATIA,
were synthesized as substrates for esterase. The maximum sol-
ubility of DL-MATI and DL-ATIA in 0.5 M Tris–HCl buffer
(pH 7.0) at 37◦C was 40 and 780 mM, respectively. Since the
major difference between DL-MATI and DL-ATIA is in the
methyl ester and the amide functional group, it is reasonably
expected that DL-ATIA has greater solubility in aqueous solu-
t yme
a ighe

F
M e
3 rase
w l
t

solubility of DL-ATIA in aqueous solution made it more avail-
able for esterase hydrolysis and resulted higher yield of DAT in
the final reaction mixtures (Fig. 3). The design of DL-ATIA to
make it more water soluble and more accessible to the enzyme
was based on the substrate engineering concept reported previ-
ously[15].

3.4. Stability of DL-MATI and DL-ATIA

If the ester or amide bond of DL-MATI or DL-ATIA is
hydrolyzed chemically, it will cause the decrease of the optical
purity of DAT. Therefore, it is important to know the stability of
DL-MATI or DL-ATIA under various pH and temperature. The
stability of DL-MATI and DL-ATIA was examined by incu-
bating them in various pH solution and at 67◦C for 120 min.
The data inFig. 3 shows that the hydrolysis of DL-MATI was
increased in higher pH and it was significantly higher than that
of DL-ATIA under the same pH. This result indicated that DL-
ATIA was more stable than DL-MATI.

3.5. Hydrolytic activity toward DL-MATI and DL-ATIA

The hydrolytic activities ofPpEST toward two different sub-
strates, DL-MATI and DL-ATIA, were detected by monitoring
t tem
( is
o
1 ded
D d
4 alue)
a
w from
D

F
a

ion than DL-MATI does. Esterase is a water-soluble enz
nd it prefers catalyzing reaction in aqueous solution, the h

ig. 2. SDS-PAGE analysis of the recombinantPpEST fromE. coli. Lane 1:
olecular weight markers. Lane 2:E. coli lysate with�-mercaptoethanol. Lan
: E. coli lysate without�-mercaptoethanol treatment. Lane 4: Purified este
ith �-mercaptoethanol. Lane 5: PurifiedPpEST without�-mercaptoethano

reatment.
r

he concentration of DAT in a reverse phase HPLC sys
Fig. 4). The time course of DAT formation from hydrolys
f DL-MATI and DL-ATIA is shown in Fig. 5. After 30 and
80 min reaction, 49.5% of added DL-MATI and 49.0% of ad
L-ATIA was converted to DAT with final yield of 45.4 an
2.4%, respectively. The enantiometric excess value (e.e. v
nd enantioselectivity value (E-value) of DAT from DL-MATI
as 97% and >150 while it was also 97% (e.e.) and >150
L-ATIA.

ig. 3. Substrate stability of DL-MATI (hollow) and DL-ATIA (solid) at 67◦C
nd different pH. Triangle: pH 7.0; square: pH 8.0; rhombus: pH 9.0.
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Fig. 4. Typical HPLC chromatogram of the hydrolytic reaction of DL-MATI
and DL-ATIA.

3.6. Catalytic property and substrate specificity

The kinetic constants (Km andKcat) were obtained by fitting
experimental data with the Microsoft Office program that per-
forms non-linear regression based on the least-square method
[9]. TheKm, Kcat andKcat/Km values ofPpEST for DL-MATI
were 34 mM, 786 s−1 and 23 mM−1 s−1 and for DL-ATIA was
614 mM, 55 s−1 and 0.09 mM−1 s−1, respectively. This data

F
C
c

Fig. 6. Effect of substrate concentration on the esterase activity. The initial rate
of hydrolysis was plotted against concentration of DL-ATIA.

Fig. 7. Effect of pH on enzymatic conversion of DL-MATI byPpEST.

indicated thatPpEST hydrolyzed DL-MATI 255-fold more effi-
cient than it did DL-ATIA. However, the aqueous solubility of
DL-ATIA was 20-fold higher than that of DL-MATI. The effect
of substrate concentration on esterase activity was also exam-
ined. As shown inFig. 6, the concentration DL-ATIA up to
780 mM did not show substrate inhibition of the esterase activ-
ity, which suggested the DL-ATIA could be a better choice for
industrial process of production of DAT.

3.7. Optimum reaction pH and temperature

The highest activity ofPpEST were seen at pH 8–10 and
57–67◦C (Figs. 7 and 8) which is similar to that of esterase
from P. putida MR-2068 at pH around 8 and near 70◦C [11].
ig. 5. Asymmetric hydrolysis of DL-MATI and DL-ATIA withPpEST. (a)
ourse of DAT production from DL-MATI: DL-MATI (�-) and DAT (�); (b)
ourse of DAT production from DL-ATIA: DL-ATIA (�-) and DAT (�). F
ig. 8. Effect of temperature on enzymatic conversion of DL-MATI byPpEST.
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Fig. 9. pH stability ofPpEST.

Fig. 10. Thermal stability ofPpEST at various temperatures: 57◦C (�); 67◦C
(�-); 72◦C (�); 77◦C (♦).

3.8. pH stability and thermal stability

As shown inFig. 9, PpEST was fairly stable at alkaline pH
but unstable at acidic pH and lost its activity completely at pH 3.
As to the thermal stability of the enzyme (Fig. 10), it is expected
that the stability was greater in lower than higher temperature
PpEST remained stable for 1 h at 57◦C but lost its activity com-
pletely in 45 min at 77◦C.

4. Conclusion

To prepare an optically pure DAT from DL-MATI by enzy-
matic resolution method, it is necessary to select an enzym
that asymmetrically hydrolyzes the ester group and recog
nize the configuration at two-position. It was reported that the
esterase fromP. putida MR-2068 and the 3,4-dihydrocoumarin
hydrolase fromA. calcoaceticus F46 were able to hydrolyze
methyl ester group of DL-MATI to give DAT with high opti-
cal purity [7,11]. In an effort to screen microorganisms that
were capable of producing optical pure DAT from DL-MATI,
several microorganisms were also identified which included
Pseudomonas fluorescens (IFO12180, IFO3081 and IFO12055)
andP. putida (IFO12996)[6] but none of the esterase gene from
these strains were cloned, expressed and characterized. In th
report, thePpEST gene fromP. putida IFO12996 was cloned by

PCR method, its nucleotide sequence was revealed and it was
expressed inE. coli. The deduced amino acid sequence exhib-
ited high similarity to the esterase fromP. putida MR-2068[8]
and 3,4-dihydrocoumarin hydrolase fromA. calcoaceticus F46
[10]. The recombinantPpEST fromE. coli existed as a subunit
molecular mass of 33 kDa. The kinetic constants (Km andVmax)
of PpEST for DL-MATI were 34 mM and 1429�mol/min/mg
which were very similar to those of 3,4-dihydrocoumarin hydro-
lase fromA. calcoaceticus F46 for DL-MATI [7] (26 mM and
1440�mol/min/mg).PpEST exhibited thermal and alkaline sta-
bility, which is similar to the esterase fromP. putida MR-2068
[11].

DL-MATI has two functional groups in a molecule, i.e. a
methyl ester and a thiol ester group.PpEST like the esterase
from P. putida MR-2068 and 3,4-dihydrocoumarin hydrolase
from A. calcoaceticus F46 showed stereoselective hydrolysis of
the methyl ester bond of DL-MATI to give DAT with high opti-
cal purity (97% e.e.). However, it has also been reported that the
methyl ester bond of DL-MATI was unstable at pH above 7 and
at temperature above 50◦C and this could cause the decrease
of the optical purity of DAT prepared by the enzymatic resolu-
tion method[11]. In addition, the low solubility of DL-MATI
in aqueous solution (40 mM) results in low product concentra-
tion, which limits its industrial application. To overcome this
problem, a new substrate DL-ATIA with an amide functional
group to replace the methyl ester group of DL-MATI was syn-
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hesized. The amide bond is more stable than the methyl
ond under alkaline pH and high temperature, which can re

he side reaction. Furthermore, the amide functional group
ncreases the aqueous solubility of DL-ATIA to 780 mM (co
ared to 40 mM of DL-MATI). DL-ATIA was asymmetrical
ydrolyzed byPpEST in quantitative manner and produced D

n high optical purity (e.e. 97%). Enzyme kinetic analysis of D
TIA for PpEST revealed that it was a poorer substrate
L-MATI. However, it could be asymmetrically hydrolyzed
pEST in a reasonable time to yield a final product con

ration 18-fold higher than that of DL-MATI. The higher fin
roduct concentration is one of the requirements for succe
evelopment of an industrial process. The enzymes and
trates that have been used for production of DAT or its ana
re summarized inTable 2. Three enzymes catalyzed resolut
f DL-MATI with high stereoselectivity (e.e. value >97%) a
L-MATI was the most frequently used substrate for the e
atic reaction. However, low water solubility of DL-MATI h

imited its industrial application. To solve this problem, it c
e achieved either by addition of emulsifier in two-phase sy

13–14]or by engineering the substrate to make it more sol
n water[15]. In this report, substrate-engineering approach
hosen to prepare DL-ATIA to improve its water solubility.

PpEST catalyzed the hydrolysis of both ester and am
onds but it hydrolyzed the ester bond 255-fold more effic

han it hydrolyzed the amide bond. In other words, it has st
sterase activity and weak amidase activity. It has been rep

hat some amidase showed this characteristic[16]. The crysta
tructure ofPpEST recently was solved by us and it clea
hows the active site contain catalytic triad Ser97-Asp
is256 but not the catalytic triad of amidase (Lys-Ser-Ser)[17].
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Table 2
Enzymes and substrates used for production of DAT or its analogs

Enzyme Substrate Product Yield (%) e.e. (%) Ref.

Mucor meihei lipase Substrate 1 Product 1 35 80 4
Porcine pancreatic lipase DL-MATI Product 2 51 88 5
3,4-Dihydrocoumarin hydrolase (F46) DL-MATI DAT 49 99.9 7
Pseudomonas putida esterase (MR-2068) DL-MATI DAT 49.7 98.2 11
PpEST (Pseudomonas putida IFO12996) DL-MATI DAT 45.4 97
PpEST (Pseudomonas putida IFO12996) DL-ATIA DAT 42.4 97

Substrate 1: (±)-methyl-3-3′,5′-dimethoxybenzoylthio-2-methylpropionate; Product 1: (−)-3-3′,5′-dimethoxybenzoylthio-2S-methylpropionic acid; Product 2: (R)-
(+)-methyl 3-mercapto-2-methylpropionate.

In addition,PpEST does not contain the consensus sequence of
the amidase signature family[16].

In conclusion, thePpEST gene fromP. putida IFO12996 was
cloned and expressed inE. coli. PpEST was able to asymmet-
ric hydrolyze DL-MATI and DL-ATIA to give DAT with high
optical purity. The higher stability and solubility of DL-ATIA
in aqueous solution makes it a better choice for industrial pro-
duction of DAT by enzymatic resolution method.

5. Accession numbers

The nucleotide sequence of esterase (PpEST) fromP. putida
IFO12996 has been deposited in the GenBank under accession
number DQ187948.

Acknowledgements

We gratefully acknowledge the financial support from
National Research Council of the Republic of China (NSC 92-
2751-B006-001-Y).

References

[1] S. Pankle, M. Held, M. Wubbolts, Curr. Opin. Biotechnol. 15 (2004)
272.

[2] G.J. Lye, P.A. Dalby, J.M. Woodley, Org. Proc. Res. Dev. 6 (2002)
434.

[3] T. Sawayama, M. Tsukamoto, T. Sasagawa, S. Naruto, J. Matsumoto,
H. Uno, Chem. Pharm. Bull. 37 (1989) 1382.

[4] Q.M. Gu, D.R. Reddy, C.J. Sih, Tetrahedron Lett. 27 (1986) 5203.
[5] D. Bianchi, P. Cesti, J. Org. Chem. 55 (1990) 5657.
[6] A. Sakimae, A. Hosoi, E. Kobayashi, N. Ohsuga, R. Numazawa, I.

Watanabe, H. Ohnishi, Biosci. Biotechnol. Biochem. 56 (1992) 1252.
[7] K. Honda, M. Kataoka, S. Shimizu, Appl. Microbiol. Biotechnol. 60

(2002) 288.
[8] E. Ozaki, A. Sakimae, R. Numazawa, Biosci. Biotechnol. Biochem. 59

(1995) 1204.
[9] A. Dhar, K. Dhar, J.P.N. Rosazza, J. Ind. Microbiol. Biotechnol. 28

(2002) 81.
[10] M. Kataoka, K. Honda, S. Shimizu, Eur. J. Biochem. 267 (2000) 3.
[11] A. Sakimae, E. Ozaki, H. Toyama, N. Ohsuga, R. Numazawa, I.

Muraoka, E. Hamada, H. Ohnishi, Biosci. Biotechnol. Biochem. 57
(1993) 782.

[12] C.S. Chen, Y. Fujimoto, G. Girdaukas, C.J. Sih, J. Am. Chem. Soc. 104
(1982) 7294.

[13] H. Griengl, N. Klempier, P. P̈ochlauer, M. Schmidt, N. Shi, A.A.
Zabelinskaja-Mackova, Tetrahedron 54 (1998) 14477.

[14] M. Bauer, H. Griengl, W. Steiner, Enzyme Microb. Technol. 24 (1999)
514.

[15] A. de Raadt, H. Griengl, Curr. Opin. Chem. Biol. 13 (2002) 537.
[16] Y.L. Wei, T. Kurihara, T. Suzuki, N. Esaki, J. Mol. Catal. B: Enzyme

23 (2003) 357.
[17] F. Elmi, H.T. Lee, J.Y. Huang, Y.C. Hsieh, Y.L. Wang, Y.J. Chen, S.Y.

Shaw, C.J. Chen, J. Bacteriol. 187 (2005) 8470.


	Enzymatic resolution of methyl dl-beta-acetylthioisobutyrate and dl-beta-acetylthioisobutyramide using a stereoselective esterase from Pseudomonas putida IFO12996
	Introduction
	Materials and methods
	Chemical and enzymes
	Strains, plasmids and growth media
	PCR amplification and nucleotide sequencing of the PpEST gene from P. putida
	Expression and purification of P. putida esterase
	SDS-PAGE of P. putida esterase
	Synthesis of DL-MATI from MMA
	Synthesis of DL-ATIA from MAA
	Measurement of the solubility of DL-MATI and DL-ATIA
	Stability assay of DL-MATI and DL-ATIA
	Enzyme activity assay and DAT purification from DL-MATI and DL-ATIA
	Substrate inhibition
	Kinetics of the enzyme reactions
	Effect of pH on enzymatic conversion
	Effect of temperature on enzymatic conversion
	pH stability on enzymatic conversion
	Thermal stability on enzymatic conversion

	Results and discussion
	Nucleotide sequence and deduced amino acid sequence of PpEST gene
	Expression and purification of esterase
	Measurement of the solubility of DL-MATI and DL-ATIA
	Stability of DL-MATI and DL-ATIA
	Hydrolytic activity toward DL-MATI and DL-ATIA
	Catalytic property and substrate specificity
	Optimum reaction pH and temperature
	pH stability and thermal stability

	Conclusion
	Accession numbers
	Acknowledgements
	References


