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INAGAKI, Yukio YAMAMOTO, Jun HIRATAKE, Naomichi BABA, and Jun’ichi ODA

Institute for Chemical Research, Kyoto University, Uji,
Kyoto 611, JAPAN

SUMMARY

Lipases catalyze reactions not only in water but also in organic
solvents. We have developed several asymmetric organic syntheses using
lipase from Pseudomonas fluorescens in organic solvents. However, all
attempts to acylate [1,1’-binaphthyl]-2,2’-diol with the lipase using
enol esters failed. BAmong the lipases we screened for this substrate,
lipase from Pseudomonas sp. is the only enzyme that catalyzes both
stereoselective acylation of the diol and deacylation of its esters in
organic solvents. The lipase shows higher activity in the hydrolysis of
triglyceride into glycerol when compared with other lipases. Because of
these characteristic reactivities of the lipase from Pseudomonas sp., we
were interested in the cloning and sequencing of the gene of the enzyme
and amino acid sequence analysis. The gene cloned from Pseudomonas sp.
genome DNAwas 933 base pairs and inserted in plasmid pKK233-2. E. ‘coli
JM109 transformed with the recombinant plasmid showed lipolysis as a
zone of clearing around a colony on agar plate containing tributyrin.
Amino acid sequence deduced from the DNA sequence is similar to that of
lipase from Pseudomonas fragi (47 % identical). Content of serine
residue is unusually high as 12 %. Sequence alignment with other 19
amino acid sequences of lipases suggested that Ser82, His251, and Asp209
are the catalytic residues.
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1 INTRODUCTION

We have developed several nonenzymatic stereoselective reactions for
the synthesis of chiral synthons in stoichiometric and catalytic pro-
cesses (1-5). In these reactions, differentiation between the enantio-
topic carboxyl groups of prochiral or meso-dicarboxylic acids was per-
formed by nucleophilic ring-opening of cyclic acid anhydrides with
chiral amines such as axially dissymmetric binaphthyldiamines (in stoi-
chiometric process) or with methanol in the presence of catalytic amount
of cinchona alkaloids (in catalytic process). For example, cis-2,4-
dimethylglutaric anhydride reacted with (S)-2-amino-2’-piperidino-1,1’-
binaphthyl to give the corresponding diastereomeric half-amide in a 92 %
diastereomeric excess. This half-amide was then successfully converted
to optically active (+)-(2R,4S)-2,4-dimethyl-§-valerolactone with 92 %
optical purity. Other lactones including (-)-(R)-mevalonolactone were
synthesized in 42 -74 % optical yields.
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However, it is very difficult to achieve high selectivity in non-
enzymatic catalytic processes with readily available chiral sources.

Asymmetric synthesis and kinetic resolution with enzymes have been
well appreciated as an efficient strategy to prepare optically active
compounds. Especially, lipases compared with other enzymes have been
successfully used in asymmetric organic synthesis (6-8). Lipases cata-
lyze reactions not only in water but also in organic solvents and remain
active in organic solvents during long experimental period at room tem-
perature.

First, we review our recent approaches to the applications of lipases
to asymmetric organic synthesis in organic solvents.

2 APPLICATIONS OF LIPASE TO ENANTIOSELECTIVE REACTIONS IN ORGANIC
SOLVENTS

2.1 Enol esters as acylating agent for transesterification.
To attain a reasonable degree of conversion, thermodynamic equilibri-

um of the reaction have to be shifted to the acylation of alcohol by
using activated esters. Castaining et al., (9) found that enol esters
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such as vinyl or isopropenyl esters were the acylating agent excellent
for lipase-catalyzed esterification. Because the leaving groups re-
leased from such esters tautomerize to aldehydes or ketones, they pro-
posed that the tautomerization shifted the equilibrium of the reaction.
Our experiments clearly demonstrated the irreversibility of the reaction
(10). Lipase from Pseudomonas fluorescens (Amano P: Amano Pharmaceuti-
cal Co., Nagoya), 500 mg, was added to the solution of dry diisopropyl
ether (20 mL) containing l-hexanol (10 mmol) and enol esters (10.5
mmol). Time course of the reactions at 25°C showed that the reactions
attained 100 % conversion in 10-20 hr. Enol esters have been used in
the following experiments.

2.2 Kinetic resolution of alcohols and hydroperoxides with enol esters.

The above observation was applied to kinetic resolution of racemic 2-
halo-l-arylethanols (10). Racemic alcohol (4-13 mmol) was allowed to
react with two molar equivalent of enol ester in the presence of lipase
Amano P (2-6.5 g) in dry diisopropyl ether (20-65 mL) at 25°C for 5-42
hr. The product ester and unreacted alcohol were obtained in high
optical (92-97 % ee) and chemical yields (47-52 %). In each case the
lipase acylated the S isomer exclusively.

Enol esters were also successfully applied to the resolution of
chiral hydroperoxides (11,12). To a solution of l-phenylethyl hydroper-
oxide (4.1 mmol) and isopropenyl acetate (3.1 mmol) in cyclohexane (20
mL) was added lipase Amano P (2 g) and the mixture was stirred at 25%€
for 32 hr. Acylated hydroperoxide was unstable and disintegrated spon-
taneously to carboxylic acid and ketone. Enantiomeric excess of the
hydroperoxide recovered was dependent on the extent of conversion. As
the conversion was raised from 49 to 62 %, enantiomeric excess increased
from 71 to 100 %.

Amano P
HiC + AcO —=-H3C ™ CHs —_— CH. + AcOH
cyclohexane N 3

H OOH H' YOOH HYY00AC X

racemic S

2.3 Asymmetric ring opening of substituted cyclic anhydrides of dicar-
boxylic acids and synthesis of optically active lactones.

3-Substituted glutaric anhydride (1 mmol) reacted with l-butanol (2
mmol) in diisopropyl ether (10 mL) in the presence of lipase Amano P
(200 mg) at 25°C for 6-48 hr to give the corresponding (R)-mono ester at
8-91 % ee whereas no formation of the diester was observed (13-15).
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a:R=Me, b:R:Et, c:R=n-Pr, d:R=/-Pr

Mono esters were easily converted to optically active 3-substituted
§-valerolactones, which are useful chiral building blocks. When dimethyl
3-methylglutarate was hydrolyzed by the lipase in sodium phosphate buffer
(pH 7.0, 37°C, 65 hr), (S)-mono ester with 74 % ee was obtained in 50 %
yield. Pair of enantiomeric mono esters has been accessible with lipase.

Lipase Amano P also catalyzed a ring-opening of alpha-substituted
cyclic anhydrides preferentially at the less hindered carbonyl group to
give monoesters with high regioselectivity (16) and hydrolysis of thiol-
acetates (17).

3 REACTIONS OF LIPASE FROM Pseudomonas sp. IN ORGANIC SOLVENTS.

3.1 Screening of lipases for [1,1’-binaphthyl]-2,2’-diol as substrate.

Although lipase Amano P gave sufficient results for most alcohols,
acylation of [1,1’-binaphthyl]-2,2'-diol with enol esters resulted in
failure (18,19). We screened various lipases for this diol. Lipase
(Toyobo, Osaka) from Pseudomonas Sp. isolated from Tsuruga, Japan is the

only enzyme that catalyzes both stereoselective acylation of the diol
and deacylation of its ester.

3.2 Kinetic resolution of [1,1’-binaphthyl]-2,2’~diol and deacylation
of its ester in organic solvent (18).

lipase o
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Racemic (i)—[l,l’—binaphthyl]-Z,2’-diol (100 mg, 0.35 mmol) and vinyl
ester (7 mmol) were disolved in dry diisopropyl ether (4.5 mL) and dry
acetone (0.5 mL). Lipase preparation (lyophilized powder of lipase, 41
% mg, was adsorbed on Hyflo Super-Cel, 6.2 g), 400 mg, was added to this

solution and the Suspension was stirred at 40°c.
silica gel column chromatography, (R)

After separation on
-(+)-monoester, 90-95 % ee, was
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obtained at 43-53 % chemical yield and (S)-(-)-diol, 69-89 % ee, was
recovered at 53-55 % yield. No diesters was detected.

Racemic (+)-monoacetate (50 mg, 0.15 mmol) and alcohol (1.5 mmol)
were disolved in dry diisopropyl ether (5 mL). To this solution, lipase
(100 mg) was suspended. Reaction reached 46 % conversion within 4 days
to give the product (R)-(+)-diol with 96 % ee and (S)-(-)-monoacetate
with 91-96 % ee. Under the same conditions, no diacetate was hydro-
lyzed.

3.3 Kinetic resolution of benzaldehyde cyanohydrin in organic solvent
(20).

Solution of racemic (+)-benzaldehyde cyanohydrin (1 g, 7.5 mmol) and
isopropenyl acetate (3 g, 30 mmol) in dry diisopropyl ether (38 mL) was
mixed with lipase (760 mg) and stirred for 53 hr at 40°cC. (S)-1-Cyano-1-
phenylmethyl acetate and cyanohydrin were obtained at 83 and 78 % ee,
respectively.

4 CLONING AND EXPRESSION OF THE GENE OF THE LIPASE FROM Pseudomonas sp.
(21).

4.1 Cloning.

Chromosomal DNA isolated from Pseudomonas sp. was partially digested
with MboI and separated on agarose gel electrophoresis. DNA fragments,
7 to 23 kb, were isolated and ligated into A EMBL3.

To synthesize oligonucleotide probe for screening of DNA library, N-
terminal amino acid sequence of the purified preparation of the lipase
was determined with gas phase sequencer. The first 25 residues were
determined. In addition, the lipase was digested with cyanogen bromide
in 70 % formic acid for 24 hr at 25°C. Two peptide fragments were sepa-
rated on 12.5 % SDS-polyacrylamide gel electrophoresis. N-terminal
amino acid sequence of one of the fragments was same to the sequence
following to the Met-16 in the N-terminal sequence of the untreated
lipase. Based on the complement of the sequence Met-16 to Ile-22, probe
for the screening was synthesized as a mixture of eight oligonucleotides
(21 mers) degenerated at three sites.

The DNA library was screened by plaque hybridization with the 5’[32P]
labeled mixed probe. DNA from the positive clones was digested with
Sall, KpnI, BglII, and PstI restriction endonucleases and subjected to
Southern blot analysis. XKpnI-BglII 4.3 kb fragment contained only one
open reading frame of 933 bp that was supposed to be the gene of the
enzyme. The G+C content of the gene was high as 66 % and extremely high
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(91 %) at the third position of the codon triplets.

The deduced amino acid sequence is composed of 311 residues (Fig. 1)
and showed complete match to the N-terminal sequences of the peptide
fragments obtained from enzymatic and chemical partial digestions of the

Ps. sp. -26 MKKKSLLPLGLAIGLASLAASPLIQA STYTQTKYPIVLAHGMLGFDNILGVDYWFGIPSALRRD
Ps.fragi 1 MDDSVNTRYPILLVHGLFGFDRIGSHHYFHGIKQALNEC
Ps. sp. 39  GAQVYVIEVSQLDTSEVRGEQLLQQVEETVALSGQPKVNLIGHSHGGPTIRYVAAVRPDLIASAT
Ps.fragi 40  GASVFVPIISAANDNEARGDQLLKQIHNLRRQVGAQRVNLIGHSQGALTARYVAAIABEL 1Aove

sp. 104 SVGAPHKGSDTADFLR QIPPGSAGEAILSGLVNSLGALISFLSSGSTGTQNSLGSLESLNSEGA
.fragi 105 SVSGPNHGSELADRLRLAFVPGRLGETVAAALTTSFSAFLSALSGHPRLPQNALNALNALTTDGV

]

sp. 168 ARFNAKYPHGVPTSACGEGAYKVNGVSYYSWSG ------- SSPLTNFLDPSDAFLGASSLTFKNG

fragi 170 AAFNRQYPQGLPDRWGGMGPAQVNAVHYYSWSGI IKGSRLAESL NLLDPLHNALRVFDSFFTRE

® 3

sp. 226 T ANDGLVGTCSSHLGMVIRDNYR.MNHLDEVNQVFGLTSLFETSPVSVYRQHANRLKNASL

fragi 234 TRENDGMVGRFSSHLGQVIRSDYPLDHLDTINHMARGSAGASTR

F I

Fig.l. Sequence of Pseudomonas sp. lipase aligned with Pseudomonas fragi lipase

lipase. Because the amino acid sequence of the purified preparation of
the lipase begins from Ser-1, the 26 residues from the initiator Met-
(-26) to Ala-(-1) were predicted as signal sequence.

Molecular weight of the mature protein was calculated as 30,144 Da
from 285 residues and is in good agreement with the apparent molecular
weight 28,000 determined on SDS-PAGE. Amino acid composition determined
from the purified preparation well corresponded to that deduced from the
gene. Serine residues accounts for 12 % of the amino acid composition
of the lipase. The amino acid composition being biased toward serine
seems to be responsible for the affinity of the enzyme to glasswares; it
is adhesive and remains on the surface of glasswares after washing.

4.2 Expression of lipase gene.

We designed to express the gene under the control of E. coli trc pro-
moter. For the construction of expression vector, endonuclease restric-
tion site, NcoI, was created near the initiation codon by site-directed
mutagenesis. The NcoI-PvuII DNA fragment containing the complete lipase
gene, 2.4 kb, was isolated and inserted into plasmid vector pKK233-2.

E. coli JM109 was transformed with the expression plasmid and incu-
bated on 0.25xLB plate containing 1 mM isopropyl—ﬁ,D—thiogalactopyrano-
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side, 50 mg/mL ampicillin, and 1 % tributyrin for 24 hr at 37°C, then
another 24 hr at 4°C. Colonies secreting lipase were screened by lipo-
lysis on tributyrin plate. Positive colonies selected on tributyrin
plates were cultured in 2 mL LB broth containing 50 Fg/mL ampicillin
overnight. Plasmids isolated were confirmed with four restriction
enzymes, NcoI, SplI, EcoRI, and Eco0109I. All of the analyzed recombi-
nant plasmids isolated from positive transformants contained the entire
lipase gene.

Lipase-positive clones were cultured in 2.5 L LB broth containing 50
Fg/mL ampicillin overnight at 37°C after the induction with 1 mM iso-
propyl-B,D-thiogalactopyranoside. Cells, 9 g, were harvested by centri-
fugation, suspended in 70 mL of Tris-HCl1l (20 mM, pH 7.5), then soni-
cated. Centrifugation at 10,000 rpm for 15 min gave 1.1 g of crude
extract as supernatant. Lypolytic activity of the crude extract was
measured with Lipase kit S (Dainippon Pharm. Co. Ltd., Osaka) as 56 M
mol/min/mg protein. When transformed with pKK233-2 in which the lipase
gene was not inserted, activity was only 0.47‘#mol/min/mg protein. The
crude extract was treated with ammonium sulfate to 30 % saturation.
Lypolytic activities of the precipitate and the supernatant were 1,138
and 40}Lmol/min/mg protein, respectively. No lipolytic activity was
detected in the culture media.

These results confirmed the lipase gene. We have constructed various
expression plasmids, in which the signal sequence is replaced with that
of E. coli or the base sequence between trc promoter and the initiation
codon are different in the length. Expression level, however, remains
still so low that the protein is not detected and identified on SDS-
PAGE. We suppose that such low expression of the lipase gene would be
due to the toxicity of the expressed lipase to the host cells. Proteo-
lytic enzymes are toxic to cells. It is supposed that lipase expressed
in the natural host cells were detoxicated by either (1) expression as
inactive proenzyme or (2) simultaneous expression of inhibitor protein
which forms an inactive complex with lipase. The first 26 residues from
the initiation codon may be neccessary for such inactive mechanisms.

5 SEQUENCE ANALYSIS OF THE LIPASE FROM Pseudomonas sp..

Serine proteases have a common sequence motif, Gly-Asp-Ser-Gly-Gly,
including the catalytic serine residue (22). It has so far been noticed
that all the lipases with known sequences commonly have a sequence motif
of Gly-X-Ser-X-Gly where X is any amino acid. From the similarity of
these two sequence motifs, serine residue was proposed to be catalytic
in lipases. Unlike serine proteases, however, the serine residue in the
sequence motif of bovine milk lipoprotein lipase was not modified by
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serine protease inhibitors such as organophosphorous compounds (23). On
the other, lipase from Pseudomonas sp. was inactivated by ethyl 4-nitro-
phenyl methylphosphonate but not by diisopropyl fluorophosphate in aque-
ous media, but inactivated by both of the compounds in organic solvent
(24). Several interpretations for the function of the serine residue in
the sequence motif were proposed.

X-Ray crystal structure analyses of lipases from Mucor (25) and human

pancreas (26) have revealed that a catalytic triad similar to those
found in trypsins (Ser-His-Asp) is also present in the two lipases,
despite the absence of global sequence similarity between lipases and
trypsins. Both of the structures have presented the evidence that ad-
mits no doubt about the catalytic role of the serine residue. This is
further confirmed in rat hepatic lipase by usnig site-directed mutagene-
sis of the serine residue in the sequence motif (27). Serl47 was
replaced to glycine resulted in a mutant with little or no measurable
activity for tributyrin.

Catalytic triad is asigned to Serl144-His257-Asp203 in Mucor lipase
and Serl152-His263-Aspl76 in human pancreas enzyme. Sequences of 19
lipases were registered in the NBRF and GenBank sequence databases on
March 1990. When amino acid sequences of enzymes having a common cata-
lytic function are aligned, sequence regions conserved are usually re-
sponsible to the protein function. So, we tried to asign the residues
of catalytic triad in the sequence of the lipase from Pseudomonas sp.

Sequences of pig, dog pancreatic, human hepatic, rat liver lipases
and human, bovine, mouse, guinea pig, chicken lipoprotein lipases (total
of nine sequences) are higly similar and aligned to that of human pan-
creatic lipase spanning over 370 residues with insertion of only few
residues. In the alignment, positions corresponding to the three resi-
dues Serl52, His263, and Aspl76 composing the triad of human pancreatic
lipase are conserved among all the nine sequences. Therefore, residues
composing the triad are unambiguously identified in these nine sequences.

Mucor lipase, however, does not show sequence similarity to any other
lipases except a sequence region of the catalytic serine residue. For
the other sequences, catalytic serine residue was asigned for each
sequence from the presence of the sequence motif. Since the motif is
found at Gly80-X-Ser82-X-Gly84 in the lipase from Pseudomonas sp., Ser82
is asigned to the catalytic residue. The other two residues, His and
Asp, have to be searched by alignment. Three pairs of sequences, rat
and human gastric lipases, Staphylococcus aureus and hyicus lipases, and
Pseudomonas sp. and fragi lipases, are highly similar from each other

almost over the whole range. From the alignment of Pseudomonas sp.
lipase with Pseudomonas fragi lipase (Fig. 1), His251 and Asp209 were
temporally asigned to the catalytic residues.
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6 CONCLUSION.

We have successfully applied lipases to kinetic resolution of
alcohols including binaphthol, hydroperoxides, and cyanohydrins by acyl-
ation and deacylation of their esters, and asymmetric ring opening of
cyclic anhydrides of dicarboxylic acids and synthesis of optically
active lactones. These results have revealed that lipases are excellent
catalyst for asymmetric organic syntheses. However, hydrolytic enzymes
including lipases do not always work well to any compounds. For exam-
ple, no lipases reacted with cis-2,4-dimethylglutaric anhydride, while
nonenzymatic system we developed (1) gave sufficient results for this
compound by using axially dissymmetric binaphthyldiamines.

For engineering to improve lipases to fit into compounds and reac-
tions as we desire, we have to analyze the relationships between protein
structures and protein functions, especially relationships between amino
acid sequence and substrate specificity of enzymes. Recently we have
developed a method to analyze such relationships and a database which
relates the amino acid sequences of enzymes to the chemical structures
of their substrate and inhibitors (28-30). In combination of engineer-

ing, we can further develop the fields of applications of lipases.
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