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Abstract

Enzymatic hydrolysis of racemic mixtures may provide an attractive method for the enantiopure production of chiral pharmaceuticals.
For example, the carboxylesterase NMBatillus subtilisThai I-8 is an excellent biocatalyst in the kinetic resolution of NSAID esters, such
as naproxen and ibuprofen methyl esters. Two homologues of this enzyme were identified when the genome seBueunbélisfl68
was revealed in 1997. We characterised one of the homologous, YbfK, as a very enantiosele@nsopydpylidenesn-glycerol caprylate
esterase, while only modest enantioselectivity towards the naproxen ester was observed. The other homologue, the carboxylesterase NA
has not been characterised yet. The purpose of the present study was to fully characterise these three highly homologous esterases witt
respect to their applicability towards the enantiospecific hydrolysis of a wide range of compounds. The esterase genes were cloned and
expressed iB. subtilisusing a combination of two strong promotors in a multi-copy vector. After purification of the enzymes from the
cytoplasm ofB. subtilis the biochemical and enantioselective properties of the enzymes were determined. Although all carboxylesterases
have similar physico-chemical properties, comparison of their specific activities and enantioselectivities towards several compounds revealed
rather different substrate specificities. We conclude that carboxylesterase NP and carboxylesterase NA are particularly suited for the enzymatic
conversion of naproxen esters, while YbfK offers enantiopure (+)-IPG from its caprylate ester. Given the carboxylesterase activities of the
esterases it has been proposed to renameapgene ofB. subtilis168 intocesAand theybfK gene intocesB
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction biocatalysts seem to originate frofacillus and Pseu-
domonasspecies (for a review sefr]). For example,
Carboxylesterases (E.C. 3.1.1.1.) represent a diversethe naproxen esterase &acillus subtilis Thai 1-8 was
group of hydrolytic enzymes catalysing the cleavage and for- characterised as a very efficient enantioselective biocatalyst
mation of ester bonds. In spite of their distribution throughout for the kinetic resolution of non steroidal anti-inflammatory
humans, animals, plants and microorganisms, their physio-drug (NSAID) esters, such as the naproxen and ibupro-
logical functions remain to be elucidated. Nevertheless, duefen methyl ester. Its modest selectivity towards chiral
to their high stability, their activity in organic solvents, and alcohols such as the interesting chiral intermediateQ,2-
their high regio- and stereo-specificity, carboxylesterasesisopropylideneglycero]8—10] is in sharp contrast with its
appear to be attractive biocatalysts for organic chemjsiry enantioselective properties towards chiral carboxylic acids.
Many bacterial esterases have been cloned and over- Although many well-established methods are available
expressed during the last decades in order to assess theitoday for the directed evolution of the enantioselective
enantioselective properties (e[8—6]). The most attractive  properties of a potential biocataly[dt1-19] the search for
homologous and paralogous genes in the sequence infor-
* Corresponding author. Tel.: +31 50 363 2558; fax: +31 50 363 3000. Mation derived from several genome projects, for example
E-mail addressw.j.quax@farm.rug.nl (W.J. Quax). the genome project dB. subtilis 168, offers an attractive
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alternative approach for finding alternative biocatalysts for ton (1.6%), bacto yeast extract (1%) and sodium chloride
rational drug preparation. (0.5%); (2) medium to preparB. subtiliscompetent cells

In B. subtilis168, nine genes have been functionally char- containing 100 mM potassium phosphate buffer, pH 7, 1%
acterised as intracellular or extracellular esterases. In ad-glucose, 0.4% potassiumglutamate, 3 mM trisodium cit-
dition, eight genes can be classified as potential esterasesate, 3 mM MgSQ, 0.0022% ferric ammonium citrate, 0.1%
[4,20-30] Two of these esterases Bf subtilis 168, car- casein hydrolysate and 0.002%ryptophar{31]. Antibiotic
boxylesterase NA (encoded by thepgene) and YbfKybfK agents were used in the following concentrations: ampicillin
gene) showed a high homology towards the carboxylesterasel00ug mi—1, kanamycin 2qug mi—2, and chloramphenicol
NP of B. subtilisThai I-8 (98 and 64% identity on protein  5ugml~—1.
level, respectively). Given the carboxylesterase activities of
the esterases it has been proposed to renameatigene oB. 2.2. Chemicals
subtilis168 intocesAand theybfK gene intocesB Recently,
the CesB protein was characterised as a very enantioselec- The methyl ester of §-naproxen was provided by
tive 1,2-O-isopropylideneglycerol esterase, while only mod- Prof. H.V. Wikstiom (Department of Medicinal Chemistry,
est enantioselectivity towards naproxen esters was observedJniversity of Groningen, Groningen, The Netherlands).
[22]. In contrast, CesA has not been characterised yet. (—)-IPG-acetate,)-IPG-butyrate, {)-IPG-caprylate, (+)-

In this paper, we describe the production of these three IPG-acetate, (+)-IPG-butyrate and (+)-IPG-caprylate were
highly homologous carboxylesterase®irsubtilis and their ~ kindly provided by M.T. Reetz (Max-Planck Institutirf
biochemical characterisation. A pH and temperature depen-Kohlenforschung, Nilheim, Germany)-Naphtylacetate,
dency profile was established for all three enzymes. In par- p-nitrophenyl esters, racemic ibuprofen methyl ester,
ticular, we have determined the specific activity of the three methylbenzylacetaté\-acetyl phenylalanines methyl ester,
enzymes towards several chiral compounds, with chirality re- a-methoxy phenylacetic acid methyl ester @apghenyllactic
siding in both the carboxylic acid part as well as the alcohol acid methyl ester were all purchased from Sigma Chem. Co.
part of the ester, in order to investigate the applicability of (Axel, The Netherlands).

these enzymes for kinetic resolution experiments.
2.3. Oligonucleotides

2. Experimental To construct the plasmid mentionedTiable 1, the follow-
ing primers were used (Life Technologies, UKhagforl: 5-
GTTACGGATCCCTCCATTGTGCTCG-3 (BanHl); nap
revl: B-GAGAAGCTTGAAGCATATTGCAGGACTTTAT-

The plasmids and bacterial strains that were used in3 (Hindlll); napfor2: 5-CTTATTTATGCTGGTACQCA-
the present study are listed Trable 1 The following me- CATTCATTTAAACAA-3’ (Kpnl). Newly created restriction
dia were used: (1) 2 TY medium containing bactotryp-  sites are indicated in bold italics.

2.1. Plasmids, bacterial strains and media

Table 1
Bacterial strains and plasmids
Genotype/properties Reference/source
Strains
E.coliTG-1 SufE, K 12 A(lac-pro), thi, hsdD5/F, traD36, proAB, Amersham Pharmacia Biotech,

B. subtilisThail-8

laglq, lacZA-M15

Uppsala, Sweden
CBS 679.85

B. subtils168 TrpC2 Kunst et al., 1997
B. subtilis1050 NprR2, nprE18,aprA3, est:Cm, ALipA Dartois et al., 1992, 1993
Bs1050(pMA) B. subtilis1050 transformed with pMA, a pMA5S Droge et al., 2001
derivative, containing thelpall and cesApromotor
Bs1050(pMAYbfK) B. subtilis1050 transformed with pMpbfK Droge et al., 2001
Bs1050(pMAnap) B. subtilis1050 transformed with pMAap This work
Bs1050(pMAhai) B. subtilis1050 transformed with pMthai Droge et al., 2001
Plasmids
puCis Rac, ColE1, ¢/fi80dlacZ Amp Norrander et al., 1983
pMAS5 ColE1,repB, Ned, Amp’, Pup ai Zyprian and Matzura, 1986;
Briickner et al., 1984
pMAybfK pMAS derivative, containing thé3. subtilis 168 cesB Droge et al., 2001
gene, downstream of thépall and cesApromotor
pMAnap pMAS5 derivative, containing thé. subtilis 168 cesA This work
gene, downstream of thépall and cesApromotor
pMAthai pMAS derivative, containing thB. subtilisThai I-8 nap Droge et al., 2001

gene, downstream of tHépall and cesApromotor
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2.4. DNA techniques equilibrated with 10 mM phosphate buffer, pH 8, contain-
ing 0.5 M ammonium sulphate. Elution was performed using

Recombinant DNA techniques were performed as de- a combination of a stepwise and linear gradient from 0.5
scribed by Sambrook et &]32]. Enzymes endonucleases to O0M ammonium phosphate in 10 mM phosphate buffer,
were purchased from Life Technologies. Plasmid DNA was pH 8. Fractions (10ml) were screened for activity and

prepared as described by Birnboim and Di@8]. DNA pu- the carboxylesterase containing fractions were pooled and
rification was performed by using the Qiaquick Gel Extrac- stored at-20°C. The protein concentration was determined
tion kit (Qiagen, Hilden, Germany). both by the Bradford and Lowry method (Pierce, Rockford,

lllinios, USA). CesB was purified as described previously
2.5. Construction of the plasmids [22].

The cesBgene was cloned as described previously by
Droge et al.[22]. The promotor of theeesAgene and the  2.7. Electrophoresis
cesAgene itself (both originating fromB. subtilis168) were
amplified using the primersapforl andnaprevl. All PCRs SDS-PAGE was performed on a 12% separating and a 4%
were performed usingfu DNA polymerase (Stratagene, La  stacking gel[37]. Molecular mass markers were purchased
Jolla, CA, USA). The PCR protocol was as follows: 4 min at from Bio-Rad (Bio-Rad, Hercules, CA, USA). Proteins were
94°C, followed by 25 cycles of 1 min at 9€, 1 min 50°C stained by the silver staining procedure of Pierce (Pierce,
and 1 min at 72C. At the end of the protocol, DNA produc-  Rockford, IL, USA) or by Coomassie Brilliant Blue R-250
tion was finished with 10 min heating at 7€. The amplified staining (Pierce, Rockford, IL, USA).
gene fragments were cloned into tipnl andHindlll sites
of pMA5, an Escherichia coliB. subtilisshuttle vector. In
this plasmid, pMAap, thecesAgene became located down- 2.8. Esterase activity assays
stream of thecesApromotor.BanHI digestion removed the
E.colireplicon and positioned the gene and tesApromo- 2.8.1. Naproxen methyl ester assay
tor downstream of the strong Gram positigall promo- Esterase activity was determined using the naproxen
tor [34—36] The shortened plasmid was used to transform methyl ester assay. Thirteen milligran®-(or (R)-naproxen
Bacillus strain BCL1050. Restriction analysis and DNA se- methyl ester was dissolved in 10 ml 14.3% (w/v) Tween 80
guencing were used to verify the sequence of the construct.in 0.07 M MOPS buffer, pH 7.5, at 6@ in an ultrasonic
Thenapgene oB. subtilisThai -8 was amplified from chro-  bath (60 min). The solution was diluted to 50 ml with 0.07 M
mosomal DNA ofB. subtilisThai I-8 using primersiapfor2 MOPS buffer, pH 14,38]. Samples were diluted with 0.1 M
andnaprevl. The gene was cloned in pMAS by replacing the MOPS buffer containing 0.2% (w/v) BSA to a volume of
Rsill and Hindlll fragment of pMAnap with the Rsill and 250pl. Ten millimolars phosphate buffer, pH 8, was diluted

Hindlll digested PCR fragment resulting in phHai. correspondingly and was used as a reference. The sample
solution and the substrate solutions were preincubated at
2.6. Enzyme purification 32°C in a water bath. Seven hundred and fifty microlitres

substrate solution was added to the sample solution and the

To produce enzyme®. subtiliswas grown in 21 shake final solutions were incubated in a water bath for 4 h &tG2
flasks, containing 500ml R TY medium, at 37C at The samples were analysed by HPLC. HPLC was performed
300 rpm with good aeration for 16 h. After harvesting the using an Isco pump 2350, an Isco gradient mixer 2360
cells, the cytoplasmic fraction was isolated as described (ISCO Inc., Lincoln, NE, USA), a Kontron autosampler 360
by Droge et al.[22]. CesA and carboxylesterase NP were (Kontron Instruments SpA, Milan, Italy), and a Shimadzu
purified by loading the cytoplasmic fraction on three cou- SPDM6A-Diode Array detector (Shimadzu Europe GmbH,
pled HitrapQ columns (1.6 cm 2.5cm; Amersham Phar-  Duisburg, Germany). The chromatographic conditions used
macia Biotech, Uppsala, Sweden), equilibrated with 10mM were as follows: an analytical column (LiChrospher 100
Tris—HCI, pH 8, containing 1 mM EDTA, using a flow of RP-18, Gum; LiChrocart 250-4), a guard column (LiChro-
5mlmin~!. Elution was performed with a linear gradient spher 100 RP-18, Bm; LiChrochart 4-4, Merck Darmstadt,
from 0 to 1 M of sodium chloride in 10 mM Tris—HCI, pH  Germany), an eluens consisting of methanol:10% acetic
8, containing 1 mM EDTA. The collected fractions (10ml) acid (90:10, v/v), an isocratic flow of 0.75mlmih with
were screened for the presence of CesA or carboxylesterasa pressure of 1500 psi, an injected volume ofx20a DAD
NP using a SDS-PAGE and the naproxen methyl ester as-wave length of 239 nm, a band width of 2nm, a spectrum
say. The fractions containing carboxylesterase were pooledabsolute scale (mAbs) 6f10 to 1000, and a normalisation
and 0.5 mM ammonium sulphate was added. This solution threshold of 10 mABS. The capacity factdf)(for naproxen
was loaded on a MT20 column (15 mxil10 mm; Bio-Rad, and the methyl ester of naproxen was 1.43 and 1.82,
Hercules, CA, USA) packed with 20 ml phenylsepharose respectively. The hydrolysis by the blanks was always
HP (Amersham Pharmacia Biotech, Uppsala, Sweden), andzero.
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2.8.2. B-Naphtylacetate and ibuprofen methyl ester tention time (min) of the compound ant the retention

assay time of methane (the void volume), which was 1.0505 min
Both substrates were dissolved in 10ml 14.3% (w/v) [39].

Tween 80 in 0.07 M MOPS buffer, pH 7.5. Naphtylacetate =~ The hydrolysis of butyrate and caprylate esters by the

was dissolved at 60C in an ultrasonic bath (60 min). The blanks was always zero, while the hydrolysis of acetate esters

solutions were diluted to 50 ml with 0.07 M MOPS buffer, was negligible.

pH 7.5. The assay was performed as described above. The

conversion of the ester was determined using HPLC analy- 2.8.4. a-Methylbenzylacetate, N-acetyl phenylalanines

sis as described for the naproxen methyl ester assay abovemethyl esterx-methoxy phenylacetic acid methyl ester

UV absorption was detected at wavelengths of 2748m (  andp-phenyllactic acid methyl ester assay

naphtylacetate) and 239 nm (ibuprofen methyl ester), respec-  All substrates were diluted to 10 mM in 10 mM Tris—HCI

tively. buffer, pH 7.5, according to the manufacturer’s instructions.
Samples were diluted with 10 mM Tris—HCI buffer, pH 7.5,
2.8.3. 1,2-O-isopropylideneglycerol (IPG) ester assay to a volume of 10@ul. One millilitre of substrate solution

The esters of IPG were dissolved in 10 ml 14.3% (w/v) was added and the final solutions were incubated in a water
Tween 80 in 0.07 M MOPS buffer, pH 7.5 and diluted to bath at 32C for 4h. The assays were performed using the
50 ml with 0.07 M MOPS buffer, pH 7.5. Samples were di- HPLC system as described above for the naproxen methyl
luted with 0.1 M MOPS buffer containing 0.2% (w/v) BSA ester assay. UV absorption was detected at a wavelength of
to a volume of 15Q.l. Ten millimolars phosphate buffer, pH 254 nm.

8, was diluted correspondingly and was used as a reference.

The sample solution and the substrate solutions were prein-2.8.5. p-Nitrophenyl ester assays

cubated at 32C in a water bath. Five hundred microlitres Ten millimolar solutions of the differenp-nitrophenyl
substrate solution was added to the sample solution and theesters in methanol were prepared. An amount of 0.5mM
final solutions were incubated in a water bath atGXor p-nitrophenylcaprylate (5@l) was added to 900l assay

4 h. After incubation, 50Q.1 saturated NaCl solution was buffer, containing 50 mM phosphate buffer (pH 8), 0.36%
added and the aqueous solution was extracted twice withTriton X100 (v/v) and 0.1% gum arabic. Samples were di-
1 ml ethylacetate. GC analysis was performed on a Hewlett luted with assay buffer to a volume of p and added
Packard 5890 series Il gas chromatograph equipped with ato the substrate solution. The absorbance was measured at
7673 injector and a Hewllet Packard 3365 Chemstation. Thea wavelength of 410nm. Concentrations were calculated
chromatographic conditions used were as follows: a WCOT using a molar extinction coefficient of 15,000W¥cm™1.
fused-silica CP-wax 52 CB column (10x0.25mm i.d., Corrections were made for spontaneous hydrolysis of the
film thickness 0.2fm, Chrompack International, Middel-  substrate.

burg, The Netherlands), an oven temperature programme of

50-125°C at 3°C min1, an injector temperature of 25, 2.9. pH optimum

a detector (FID) temperature of 300, the carrier gas was

helium, an inlet pressure of 5psi, a linear gas velocity of  The pH optimum was determined using the naproxen
26cms?, a split ratio of 56:1 and an injected volume of methyl ester assay as described above. The activity of the
1l enzymes at different pH was assessed usBenéproxen

Chiral GC analysis was performed on the same methyl ester solutions dissolved in: 0.07 M glycine HCI
Hewlett Packard 5890 series Il gas chromatograph. Thebuffer (pH 3), 0.07M potassium phosphate buffer (pH
used chromatographic conditions were as folld@8]: a 4), 0.07M potassium phosphate buffer (pH 6), 0.07M
WCOT fused silica heptakis(6-tbutyldimethylsilyl-2,3-di- Tris—HCI buffer (pH 7), 0.07M MOPS buffer (pH 7.5),
O-methyl)-cyclodextrin column (50% in OV-1701 (w/w), 0.07 M Tris—HCI buffer (pH 9), and 0.07 M glycine buffer
25mx 0.25mm i.d., film thickness 0.36m, Prof. W.A. (pH 11), respectively. In addition, after 4 h of incubation,
Konig, Institut fir Organische Chemie, Univer&itHam- some samples were analysed by SDS-PAGE and Coomassie
burg, Germany), an oven temperature programme of 10 minstaining.
at 90°C, 90-125C at 3°Cmin~%, 5min at 125C, an in-
jector temperature of 25, a detector (FID) temperature 2.10. Temperature optimum
of 300°C, the carrier gas was helium, an inlet pressure of
17 psi, a linear gas velocity of 40cm’ a split ratio of The temperature optimum was determined using the
11:1, and an injected volume oful (1 psi=6894.76 Pa).  naproxen methyl ester assay as described above. Enzymatic
A different oven temperature programme was applied to activity was determined by incubating the enzyme reac-
separate the enantiomers of IPG-caprylate. The programmetion at different temperatures of 4, 20, 30, 40, 50, and
consisted of 10 min at 9@C, 90-150C at 3°Cmin?, 60°C, respectively. In addition, after 4h of incubation,
15min at 150C. The capacity factork() was calculated = some samples were analysed by SDS-PAGE and Coomassie
using the formulak’ = (T; — Tg)/Tg. T, confers to the re- staining.
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2.11. Data analysis

One unit (V) is defined as the amount of enzyme that
hydrolyses Jumol of substrate ester per minute. Enan-
tiomeric ratios E, were defined as the ability of the enzyme
to distinguish between enantiomégd®,41] WhenE> 100,
the enantiomeric excess, ee, was calculated. All data were
the results of three experiments.

3. Results
3.1. Cloning of the carboxylesterase genes

After the elucidation of the genome sequencéotub-
tilis 168, it became clear that this organism contained two
genes with a high homology to the carboxylesterase NB of
subtilisThai I-8. These proteins, CesA (encoded bydbsA
gene) and CesB (encoded by ttesBgene) were, respec-
tively, 98 and 64% identical on protein levdti§. 1). The
characteristic pentapeptide for most lipases and esterases,
Gly-Xaa-Ser-Xaa-Gly, was present in all three carboxyle-
sterases.

CesBwas cloned in pMAbS ark. coli/B. subtilisshuttle
vector as described previoud¥2]. The cesAgene and its
promotor ofB. subtilis168 were cloned in the same plasmid.
In short, theKpnl and Hindlll digested PCR fragment was
ligated in the pMAS. After ligationE. coli DH5«a was trans-
formed. Digestion wittBanH| and subsequent self-ligation
of the resulting vector removed tle colireplicon and posi-
tioned thecesAgene and its promotor region downstream of
the strong Gram positivdpall promotor[34—36] Both pro-
motors are expressed constitutivelyBnsubtilis The short-

265
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Fig. 1. Comparison of the sequences of carboxylesterasB NRlftilisThali

ened plasmid was used to transform the lipase A and esterasé8), CesA . subtilis168) and CesBR. subtilis168). Carboxylesterase NP

A negativeB. subtilisstrain 105035,42] resulting in strain ~ (B. subtilisThai 1-8) upper lane, CesAB( subtilis 168) middle lane and

leOSO(pMAnap). Then, theRsiI/HindlIl fragment of the t(r:1esB B. subtilis168) lower Iar_]e_. The mgtchmg amino acids are in black,
. . . e Gly-Xaa-Ser-Xaa-Gly motif is underlined.

plasmid pMAnapwas exchanged with thesil/Hindlll frag-

ment of the PCR amplified gene fragmenbapof B. subtilis

Table 2
Purification of CesA, carboxylesterase NP and CesB from the cytoplasm of a 1| cul@ursuditilis 1050
Purification step Protein (mg) Activity (U) Specific activity (U mb Purification factor (%) Yield (%)
CesA B. subtilis168)
Sonication 561 1% 0.27 1 100
HiTrapQ 475 n.d. n.d. n.d. n.d.
Phenylsepharose 1m 280 4.21 155 57
Carboxylesterase NB( subtilisThai I-8)
Sonication 557 12 0.66 1 100
HiTrapQ 60 101 1.47 222 81
Phenylsepharose 8 B 4.56 690 62
CesB B. subtilis168)
Sonication 330 n.d. n.d. n.d. n.d.
HiTrapQ 14 17 0.12 1 100
Phenylsepharose 6 . 0.17 142 60

n.d.: not determined.
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Thai I-8. DNA sequencing confirmed that the sequences of 1 2 3
all constructs were correct. :

3.2. Expression in B. subtilis and isolation of the enzyme

Comparison of the cytoplasmic fractions of Bs1050
(PMAnap) and Bs1050(pM#hai) revealed comparable
overexpression levels of the esterases in the cytoplasm of
B. subtilis 1050 while the expression of CesB of strain
Bs1050(pMAYbfK) was somewhat lower (data not shown).
CesA and carboxylesterase NP were purified using a two- — o —
step purification protocolTgble 2. Firstly, anion exchange
chromatography at pH 8 was performed. Although many
proteins present in the cytoplasmBfsubtilisbound to a Hi-
trapQ column at pH 8, CesA and carboxylesterase NP were
detected in the flow-through. Surprisingly, SDS-PAGE and
Coomassie staining revealed that the flow-through fraction
contained almost purified carboxylesterase. Afterwards, a
second chromatography step based on hydrophobic interac-
tion was performed to remove the remaining contaminating
proteins. CesA and carboxylesterase NP bound strongly to
a phenylsepharose column and eluted during the isocratic
flow with a phosphate buffer without ammonium sulphate.
CesB was purified as described previoygg]. SDS-PAGE
and silver staining confirmed the purity of all samples Fig. 2. (A) Sodium dodecyl! sulphate-polyacrylamide gel electrophoresis,

(Fi 2) silver staining. Lane 1: purified CesA &. subtilis168; lane 2: purified
g. 9. carboxylesterase NP d@. subtilis Thai I-8; lane 3: purified CesB dB.
subtilis 168.

3.3. Enzymatic activity of the esterases

3.3.1. Hydrolysis of the methyl ester of haproxen Then, the activity of the three esterases towards the methyl
The catalytic activity towards theS|-methyl ester of ester of R)-naproxen was determined and compared with the
naproxen was determinedable 3 using a non chiral HPLC  hydrolysis of the §-naproxen methyl estefable 3sum-
method. The specific activities of CesA and carboxylesterasemarises these results. The three esterases displayed simi-
NP were not significantly different, 4.2 and 4.6 Unigre- lar specific activities towards th&)-naproxen methyl ester,
spectively. Comparison of the specific activities of CesB and ranging from a specific activity of 0.019 U m§ (CesB) to
CesA and carboxylesterase NP revealed an approximate 250.022 U mg ! (CesA). It should be mentioned that the pro-
fold lower specific activity of CesB towards the naproxen duction of R)-naproxen by the blanks was always below
ester (e.g. the specific activity was 0.17 UThdor CesB). It detection. Therefore, the specific activities towards e (
should be noted that the production 8f-haproxen by CesB  naproxen methyl ester can be attributed to enzymatic activity.
is still far above the detection limit of the HPLC system and Consequently, the enantioselectivity of these enzymes to-
for this, it can be attributed to enzymatic activity of CesB. wards the racemic naproxen methyl ester can be calculated
Moreover, the hydrolysis of the substrate by the blanks was from the activities towards both substrates. This results in an

always below detection. apparent selectivity towards th&{naproxen methyl ester
Table 3

Specific activities (U mgl) of CesA, carboxylesterase NP and CesB

Substrate CesAR( subtilis168) Carboxylesterase NB.(subtilisThai I-8) CesB B. subtilis168)
Rac-ibuprofen methyl ester 2% 209 0.55

(9-Naproxen methylester .43 460 0.17
B-Naphtylacetate 08 010 0.01

(R)-Naproxen methyl ester .04 004 0.03

(+)-IPG-C8 0051 Q036 0.022

(—)-IPG-C8 0031 Q023 Below detection
(+)-IPG-C4 0011 Q008 Below detection
(-)-IPG-C4 Q0014 Q010 Below detection
(+)-IPG-C2 0004 Q004 0.002

(—)-IPG-C2 0004 Q002 0.002
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Table 4
Enantioselective properties of CesA, carboxylesterase NP and CesB towards IPG esters
Enzyme IPG-C2 IPG-C4 IPG-C8

E-value ee (%) E-value ee (%) E-value ee (%)
CesA B. subtilis168) 1.0 20 1.3 2.3 19 261
Carboxylesterase NB( subtilisThai I-8) 1.1 26 11 3.6 19 241
CesB B. subtilis168) 1.3 101 1 1 >200 >999

* 1: below detection (0.6 ng IPG).

of at least 99% (carboxylesterase NP and CesA) and 85%methoxy phenylacetic acid methyl ester ghghenyllactic

(CesB) enantiomeric excess, ee, respectively.

3.3.2. lbuprofen methyl ester afidnaphtylacetate and
assay

The specific activities of the esterases towards the ibupro-

fen methyl ester ang-naphtylacetate are summarised in
Table 3 Comparison of the specific activities of CesA, car-

acid methyl ester were not hydrolysed at all. However, very
low specific activities were observed (data not shown). CesA
and carboxylesterase NP only hydrolysedtirecetyl pheny-
lalanines methyl ester with a comparable specific activity
compared to CesB.

3.3.5. Comparison of the specific activities and

boxylesterase NP and CesB revealed an almost 40-fold lowerenantioselective properties

specific activity of CesB towards the racemic ibuprofen ester.

The specific activities and enantioselective properties of

Furthermore, all three esterases have a low specific activityCesA, carboxylesterase NP and CesB are summarised in

towardsp-naphtylacetate.

3.3.3. Hydrolysis of 1,2-O-isopropylideneglycerol esters
The substrate specificity and enantioselectivity of the

Tables 3 and AComparison of the specific activities of CesB
with CesA and carboxylesterase NP towards chiral carboxylic
acid esters (e.g.§-naproxen methyl esterRj-naproxen
methyl ester; and ibuprofen methyl ester) revealed relatively

three esterases towards IPG esters with different aliphaticlower specific activities for CesB. In contrast, similar spe-

side chains were determinedaple 4 using non chiral

cific activities were observed when chiral alcohol esters were

GC analysis. Both CesA and carboxylesterase NP showedused as a substrate ((+)-IPG-caprylate anp éind (+)-IPG

affinity towards both stereoisomers of the IPG esters, rang-

ing from a specific activity 0.051Umd (IPG caprylate
esters) to 0.002Umd (IPG acetate esters). As reported

acetate). Most interestingly, CesA and carboxylesterase NP
showed highest enantioselectivity towards the production of
the chiral carboxylic acid naproxen, whereas CesB displayed

previously, the highest activity of CesB was measured when excellent enantioselective properties towards the chiral alco-

(+)-IPG-caprylate was used as a substrate (0.022 tUlng
Surprisingly, CesB was unable to hydrolyse){IPG capry-

hol IPG.

late esters. In contrast to CesA and carboxylesterase NP3.3.6. Hydrolysis of p-nitrophenyl esters

CesB was unable to hydrolyse Y- and (+)-IPG butyrate.
(—)- and (+)-IPG acetate were hydrolysed by CesB.

The enantioselectivity towards the IPG was determined in
a kinetic resolution experiment using a chiral GC method.

The hydrolytic activity of the three esterases was studied
using variougp-nitrophenyl esters, varying from a,Go a
Cis alkyl chain length. The three esterases showed activity
only towards short chain length esters (up tig) XCesA and

Table 4summarises these enantioselectivities. Both CesA carboxylesterase NP showed maximal activity where€-
and carboxylesterase NP showed only modest enantioselecters were used as a substrate whereas CesB had maximum

tivities towards the IPG esters, ranging from Bivalue of

activity towards the gester. Interestingly, CesB was unable

1.3 (CesA, IPG butyrate esters) to 1.0 (CesA, IPG acetateto hydrolyse the gester ofp-nitrophenol Fig. 3).

esters). As CesB was unable to hydrolyRe PG caprylate
esters (conversion below detection), the estim&tsdlue of

CesB towards IPG-caprylate was >200 (corresponding to an

estimated enantioselectivity of at least 99.9%). Additionally,
CesB was unable to hydrolyse)¢ and §-IPG butyrate, and
(R)- and ©-IPG acetate were hydrolysed but only modest
enantioselectivities were observdthalue is 1.9).

3.3.4. Hydrolysis ofi-methylbenzylacetate, N-acetyl
phenylalanines methyl estesmethoxy phenylacetic
acid methyl ester anfi-phenyllactic acid methyl ester
assay

CesB was able to hydrolyse themethylbenzylacetate
and N-acetyl phenylalanines methyl ester, whereas

3.4. Biochemical characteristics

The hydrolysis of the®)-naproxen methyl ester was stud-
ied at different temperatures in order to determine the influ-
ence of the temperature on the enzymatic reactig. @).
Maximal activities were observed at 30 for CesA and car-
boxylesterase NP, while maximal activity and stability of
CesB was observed at 4Q. Incubation at higher temper-
atures resulted in a rapid inactivation of esterase activity.
Above 50°C, no enzymatic activity could be observed. To
exclude proteolytic degradation of the enzymes during the
incubation at 40C, these samples were analysed by SDS-
PAGE and Coomassie staining. Comparison with the samples
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Fig. 3. Hydrolysis of-nitrophenyl esters with different aliphatic side chain,
ranging from G to C;g with C, stepwise, by CesA, carboxylesterase NP and
CesB. The assay conditions were described in material and methods.

120+ CesA (B. subtilis 168)
1 Carboxylesterase NP (B.subtilis Thai I-8)

CesB (B. subtilis 168)

-
o
oS

M N
7

% of maximal activity
D (o]
e 2
7. /|

S
o
1

n
o
1
(L7777 7774

777
ANNN]

—
2]

JA AN AN 4
4 20 30 40
Temperature (°C)

60

Fig. 4. Effect of the temperature (4, 20, 30, 40, 50 and®)pon the hy-
drolysis of the §-naproxen methyl ester by CesA, carboxylesterase NP and
CesB. The assay conditions were described in material and methods.

incubated at 30C revealed that no major additional protein
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pH 6. Compared to CesA and carboxylesterase NP, CesB
showed a relatively high activity at pH 11 (53; 28 and 5%
of maximal activity for CesB, carboxylesterase NP, CesA).
Analysis of the samples incubated at pH 7.5, 9 and 11 using
SDS-PAGE, revealed that the enzymes were not degraded.

4. Discussion

Today, more than 50% of the organic pharmaceuticals are
chiral[43]. Since chiral compounds represent more than 50%
of the world-wide most frequently prescribed drugs, the in-
terest in the preparation and isolation of chiral drugs has
increased dramatically. However, although it is commonly
accepted that the specific effect of a drug is caused by just
one enantiomer out of a racemic mixture of compounds, both
enantiomers are still frequently applied as it has been dif-
ficult to properly separate them up till no3,44]. In re-
cent years, the use of enzymes for preparation of optically
enriched compounds has become an alternative to chemical
synthesis. Bacterial enzymes, like lipases and esterases, are
capable of enantioselective hydrolysis and esterificationin an
environmental friendly and cheap process. The advantageous
characteristics of esterases reside in their stability, their ac-
tivity in organic solvents, the fact that they do not require
cofactors, and their high regio- and stereo-specificity. These
properties make esterases attractive biocatalysts for organic
chemistry[7].

Over the past years, many esterases have been cloned and
overexpressed. A large number of bacterial esterases have
been described as well (e[d.4,21,45-50] However, only
a few of them are useful biocatalyst in kinetic resolution ex-
periments. In the present study, we have shown that genome
analysis has provided an excellent tool for the isolation of
two novel bacterial esterases with marked enantioselective

bands in addition to the 34 kDa band could be observed on theproperties. One of these esterases, CesABofsubtilis

stained gel. Investigation of the influence of the pH 8 (

168 showed an identity of 98% to the carboxylesterase

naproxen methyl ester hydrolysis was performed at pH 3—-11 Np of B. subtilis Thai I1-8. This Thai I-8 esterase was

(Fig. 5. All three esterases displayed maximal activity at pH
7.5 (MOPS huffer), while the enzymes were inactive below

1204 — CesA (B. Subtilis 168)
== Carboxylesterase NP (B. subtilis Thai I-8)

| W CesB (B. Subtilis 168)

-
o
o

801

60 1

40

% of maximal activity

20

30 40 60 7075 2.0 11.0

Fig. 5. Effect of pH (3, 4, 6, 7, 7.5, 9, 11) on the hydrolysis of t8 (

characterised in 1994 as an effective biocatalyst in the
racemic resolution of propionate esters with an aromatic
ring containing a 2-substituent, such as 2-arylpropionates,
2-(aryloxy)propionates ani-arylalanine esters (>99% ee)
[4,8-10,38] Relatively slow hydrolysis and poor enantiose-
lectivities were observed when methyl acetate, 2-substituted
butyrates, 2-substituted pentanoates, 2-substituted 2-
phenylacetates or amino acid esters were used as a substrate
[10]. The activity and enantioselectivity towards substrates
with chirality residing in the alcohol part of the ester were
also investigated, but the majority of these substrates, such
as IPG and 1-phenylethanol esters, showed rather poor
enantioselectivitiefl0]. In this study we have compared the
activities and enantioselectivities of the homologous CesA
of B. subtilis168 with the carboxylesterase NP. No marked
differences were observed between these two enzymes and

naproxen methyl ester by CesA and carboxylesterase NP and CesB. ThdN€ highest enantioselectivities were obtained using sub-

assay conditions were described in material and methods.

strates with chirality residing in the carboxylic acid part of
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the ester, such as the NSAIDs naproxen and ibuprofen. TheCesA and carboxylesterase NP seem to be more suitable

obvious explanation for the observed similarities in specific for the enantioselective production of chiral carboxylic acid

activity is found mainly in the 98% identical sequence. such as the NSAIDs ibuprofen and naproxen, whereas CesB
The other esterase CesB, was identified as a paraloguecan be applied for the enantioselective production of the

of carboxylesterase NP. We have previously reported the chiral alcohol IPG.

isolation and cloning of this intracellular esterase Bf

subtilis168 in order to determine whether the 36% difference

in amino acid sequence resulted in altered stereospecificAcknowledgements
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