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Abstract

Two esterases catalyzing the asymmetric hydrolysis of enol acetates to give opticallyaatiytated ketones were isolated from cultured
cells of Marchantia polymorphdy a three-step procedure: hydrophobic chromatography, anion exchange chromatography and gel-filtration
chromatography. These esterases had opposite stereoselectivities on protonation of the enol intermediate in the hydrolysis and one of them
obviously reversed the stereoselectivity when the chain length and the bulkiness of substituerfisigttien to the acetoxyl group were
increased. The internal amino acid sequences of peptide fragments obtained by the proteolysis of the esterases with lysyl endopeptidase hac
no similarity to those of other hydrolytic enzymes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction in the hydrolysis of enol esters from plant cells. We have
_ _ _ isolated two esterases which participate in the asymmetric
Optically active carbonyl compounds bearing a stere- hydrolysis of enol acetates froM. polymorpha[20], and

ogenic centew to the carbonyl group are important reaction here report the characterization and the partial amino acid
intermediates or synthons for the asymmetric synthesis sequencing of the esterases in detail.

[1-3]. Enantioselective protonation of prochiral enol deriva-

tives is a very simple and attractive route for the preparation

of optically activea-substituted ketones and a number of 2 Experimental

examples on the protonation of metal enolates by chiral

proton sources have been reporféd11]. Recently, a new  2.1. Materials

type of enzymatic hydrolysis has been disclosed, e.g., the

hydrolysis of enol esters with yeast and plant cell cultures of  Cyclohexanone enol acetatés7, were prepared by treat-
liverwort Marchantia polymorphdo afford optically active  ment of their corresponding ketones with perchloric acid
a-substituted ketonefl2-17] It was also found that the  and acetic anhydridg21]. The following chromatography
hydrolytic enzymes from yeast and commercially available media were used: Butyl-Toyopearl, DEAE-Toyopear! (both
lipases from microorganisms could exhibit enantioselec- from TOSO Co. Ltd.), Sephadex G-75 (Pharmacia). For the
tivity in the hydrolysis of enol esters only in the presence estimation of molecular mass, protein standards (Pharma-

of an enantioselectivity-promoting factor partially purified cia) were used. All other chemicals were purchased from
from yeast[18,19] However, there is no information on  commercial sources as reagent grade.

the stereoselectivity of hydrolytic enzymes participating

2.2. Analysis
* Corresponding author. Tel81-97-586-5606; . .
fax: +81-97-586-56109. Analytical and prep. TLC was carried out on glass sheets
E-mail addresssshimoda@oita-med.ac.jp (K. Shimoda). (0.25 and 0.5 mm) coated with silica gel (Merck silica gel
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60; Ghsg). GLC analyses were carried out with FID and 2.4. Determination of esterase activity

a capillary column (5 mmx 25m) coated with 0.2hm

CP cyclodextring 236M-19 (WCOT) using N as carrier The standard assay mixture consisted of 2ml of the
gas (column temperature: 100, split ratio: 50, make up:  sodium phosphate buffer containing enzyme (pH 7.0) and
50 mlmin~1); GC-MS was carried out with a capillary col-  2-methylcyclohexanone enol acetdtés mg). The reaction

umn (025 mmx 25 m) coated with 0.2pm OV-101. was carried out at 38C for 5min. The reaction mixture
was extracted witm-pentane and the product was iden-

2.3. Purification of esterases from cultured cells of M. tified by direct comparison with the authentic sample by

polymorpha GLC and GC-MS analyses. It was confirmed that neither

non-enzymatic hydrolysis nor racemization of the prod-
Suspension cells d¥l. polymorpha[22] were cultivated uct occurred under the incubation conditions. One unit of

in MSK-Il medium on a rotary shaker (75rpm) at 25 enzyme activity is defined as the quantity of enzyme that
for 3 weeks prior to use for enzyme preparation. All purifi- hydrolyses Jumol of 1 per 1 min under the conditions
cation steps were carried out at@. Cultured cells oM. given above. Protein concentrations were determined by

polymorpha(500 g, fr. wt) were frozen with liquid nitrogen  the Bradford dye-binding assay using BSA as a standard
and added to 1000 ml potassium phosphate buffer (100 mM, [24].

pH 7.0). The mixture was homogenated in a Waring Blender  The influence of the substrate concentration on the initial
and the homogenate was then filtered through four layersvelocity was measured using esterases, which were concen-
of cheesecloth. The filtrate was centrifuged (10 609 for trated by ultra-filtration (15Q.g/ml), under standard con-
30min) to give crude enzyme. The crude enzyme fraction ditions. Initial rates of substrate hydrolysis were obtained
was subjected to (NfJ2SOy precipitation. The precipitated  for each substrate concentration (0.05-5 mM), and apparent
protein between 40 and 80% saturation was collected afterMichaelis constant¥(,) were calculated from direct linear
centrifugation (10000« g for 30 min) and solubilized in  plots.

100 ml potassium phosphate buffer (50 mM, pH 7.0) con-

taining 30% (NH)>SO; (buffer A). The protein solution  2.5. Product identification

was added to a Butyl-Toyopearl column (2 cen30cm)

which was pre-equilibrated with buffer A. After washing the In order to obtain the products adequate for identifica-
column with buffer A of 200 ml, the enzymes were eluted tion, incubation of substrates with esterases was performed
with a linear (NH,;)»SOy gradient (30—0%). Two esterases in a similar condition to the standard assay system ex-
named Est | and Il were obtained in different fractions. cept that the scale was 50-fold enlarged and the reaction
Fractions containing these esterase activities were individ- mixture was incubated for 4 h. The absolute configuration
ually combined and dialyzed overnight against 3000 ml and optical purity of the resulting ketone in the enzymatic
Tris—HCI buffer (25mM, pH 8.0; buffer B). The protein  hydrolysis of (—7) were determined by circular dichro-
solution was then applied to a DEAE-Toyopearl column ism (CD) spectra and the peak area of the correspond-
(1.5cm x 20cm). After washing the column with 100ml ing enantiomers by GLC analyses on CP cyclodexgin

of buffer B, proteins were eluted with a linear gradient of 236M-19. Retention times for the products in the GLC
NaCl (0—1 M). Fractions of 5 ml were collected and assayed were as follows:8 and 15, 11.8 and 12.8 min9 and 16,

for esterase activity. The active fractions were combined 12.7 and 12.9 min10 and 17, 23.8 and 24.0 minl11 and

and concentrated by ultra-filtration. The enzyme solution 18, 18.1 and 18.4 minl2 and 19, 27.7 and 27.9 minl13

was chromatographed on aXtm x 100cm column con-  and?20, 72.1 and 72.8 minl4 and 21, 60.1 and 61.2 min.
taining Sephadex G-75, which had been equilibrated earlierThe CD data of the products obtained in the hydrolysis
with potassium phosphate buffer (25 mM, pH 7.0; buffer with Est | were the following—8: [0]2ss + 990 (c 0.25,

C). The column was eluted with buffer C and the fractions MeOH) (lit. [25]: [0]288 — 987 for R enantiomer 15)); 9:
exhibiting esterase activity were combined and used for [6]2gg + 351 (c 0.25, MeOH) (lit[26]: [6]288 + 2200); 10:
experiments. [6]288 + 361 (c 0.12, MeOH) (lit[27]: [6]288 + 2126);18:

The molecular masses of esterases were estimated by6]ogg — 86 (c 0.15, MeOH) (lit.[28]: [6]2g88 + 1690 forR
gel-filtration chromatography on a Sephadex G-75 column enantiomer 11)); 19: [6]2gg — 2485 (¢ 0.25, MeOH) (lit.
and calibrated with the following protein standards: bovine [26]: [6]288+ 2480 forS enantiomer 12)); 20: [6]2g8 — 669
serum albumin (67k), ovalbumin (43k), chymotrypsinogen (c 0.14, MeOH);21: [0]288 — 1990 (c 0.15, MeOH) (lit.

A (25k) and ribonuclease A (13.7k). SDS-PAGE was per- [26]: [6]2ss + 1750 for R enantiomer 14)). The CD data
formed on a vertical slab gel according to the standard pro- of the products obtained in the hydrolysis with Est I
tocol by Laemmli[23]. After electrophoresis, the protein were the following—2: [0]288 + 99 (c 0.09, MeOH);13:
bands were visualized by staining with Coomassie Brilliant [6]2gs + 173 (¢ 0.17, MeOH);14: [6]288 + 278 (c 0.15,
Blue. The molecular masses of esterase subunits were calMeOH). The CD data of the product§l{ 15-17) could
culated by using the LMW electrophoresis calibration kit not be obtained due to the low yield and the lack of the
(Pharmacia). products.
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OAc 0] (0] Table 1
O: g g Purification of the Est | from cultured cells ®fl. polymorpha
R R "'//R Step Total Total Specific activity Fold

protein (mg) activity (U%) (U/mg)

1:R=Me 5:R=n-Pr 8: R=Me 12:R=n-Pr 15: R=Me 19:R=n-Pr

2:R=Ft 6:R=n-Pnt 9:R=Et 13:R=nPnt 16:R=Et 20:R=n-Pnt Crude extract 35 22 0.63 1
3:R=i-Pr 7:R=Bnz 10:R=i-Pr 14:R=Bnz 17:R=i-Pr 21:R=Bnz Butyl-Toyopearl 1.8 13 7.2 11
4: R=t-Bu 11:R=t-Bu 18: R=t-Bu DEAE-Toyopearl 0.5 12 24 38

Sephadex G-75 0.08 10 125 198

@ One unit of esterase activity is defined as the quantity of enzyme

2.6. Sequencing of esterases : o
q 9 that hydrolyses fumol of 1 per 1 min under the standard assay condition.

The Est | and Il were subjected to SDS-PAGE (12.5% Table 2
gel), respectively, and then blotted onto a polyvinylidene Purification of the Est Il from cultured cells &fl. polymorpha

disulfide membrane (Immobilor®R, Millipore) by semi dry Step Total Total Specific activity Fold

blotting method. Attempts to sequence the esterases using protein (mg) activity (U%) (U/mg)

the Edman degradation with an Applied Biosystems Model Crude extract 35 22 0.63 1

473A pulsed liquid sequencer with an online phenylthio- Butyl-Toyopearl 0.6 12 2.0 3
DEAE-Toyopearl 0.2 1.1 5.5 9

hydantoin amino acids analyzer were unsuccessful. The es

. ; . Sephadex G-75  0.03 0.9 30 48
terases, therefore, were digested with lysyl endopeptidase
directly in the SDS-geIs. The resulting peptides (18k pep- @ One unit of esterase activity is defined as the quantity of enzyme
tide No. 1 from Est | and 20k peptide No. 2 from Est II) that hydrolyses fumol of 1 per 1 min under the standard assay condition.
were sequenced.

The obtained peptide sequences were used for screenglectrophoresis on SDS-PAGE showed a single protein band
ing the SwissProt protein sequences library by the sequencewith estimated molecular mass of 27 k¥d. 2). The com-
analysis program BLAST. parison of the molecular masses obtained by these meth-

ods reveals that Est | holoenzyme is a 54 kDa dimer with
two 27 kDa subunits. Est Il was determined to be a 45kDa
3. Results and discussion dimer structure composed of two 22.5kDa subunits by the
same methods. The N-termini of both Est | and Est Il were

A cell free extract was obtained from cultured celldvbf blocked. The internal sequences of esterases were analyzed
polymorpha The crude extract was subjected to chromatog- after digestion with a peptidase as describedéction 2
raphy on a Butyl-Toyopearl column to give two esterases (Table 3. Comparisons of these peptide sequences against a
(Est I and 1) Fig. 1). The results of a typical purification  protein database using the NCBI “blastp” program showed
procedure of Est | and Il are shown Tables 1 and 2re- no significant homology with protein which has a function
spectively. The molecular mass in the native state of Est relating to hydrolase activity.
| was estimated to be 54 kDa by gel-filtration chromatog-  Enzymatic hydrolyses of several cyclohexanone enol ac-
raphy on a Sephadex G-75 column using marker proteins.etates {—7) with these esterases were carried out to clarify

(NH,),S0,/% =----

Protein/A g,
Activity/U

10 20 30
Fr. No.

Fig. 1. Elution profiles of esterases on Butyl-Toyopearl column chromatografyEét |; (@) Est Il.
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Table 5

Enantioselectivity on the hydrolysis of enol acetates by Est Il
Substrate Product Conversion (%) e.e. (%) Configurétion
1 15 4 4 R°

2 16 3 2 R

3 17 3 3 S

4 11 20 2 R

5 12 5 4 ¥

6 13 16 7 Sy

7 14 11 14 R0

a Preferred configuration at the-position to the carbonyl group of
the products.
b Hard to deduce.

Fig. 2. SDS-PAGE analyses of esterases: lane 1, crude extract; lane 2,Table 6

Est I; lane 3, Est Il

Table 3
Sequences of esterase peptide fragments after digestion with lysyl en-

dopeptidase

No. of peptides Amino acid sequence

No. 1 (Est I) Leu-Leu—Glu-Thr—Gly-Val-Arg—Val-Thr-Trp
No. 2 (Est ) lle-GIn—Ala—lle—-Ser-Leu-Trp—Ala—Met—Ala—Glu

the effect of various substituents at tBeposition to the
acetoxyl group on the enantiomeric ratio and the catalytic
activity of enzymes. The conversion yield and enantiomeric
excess in the hydrolysis with Est | are summarized in
Table 4 Hydrolysis of1-3 by Est | gave the corresponding
optically active ketonesB(-10). The protonation of the enol
intermediates froml—-3 occurred preferentially from the
same enantiotopic face of the=C bond, judged by the fact
that the CD curves of the product8—(10) were positive.
However, wher—7 were used as substrates, the CD curves
of the corresponding product$8&-21) were negative. This
result demonstrates that the stereoselectivity of Est | in the
protonation of these enol intermediates is reversed by long
chain (C> 3) and bulky substituent at tigeposition to the
acetoxyl group. Surprisingly, Est | convertéihto optically
active 21 in high optical yield (>99% e.e.) although the
hydrolysis of 7 with hydrolytic enzymes from yeast gave
racemic ketong18,19] On the other hand, the conversion
yield and enantiomeric purity in the hydrolysis d¥7 by

Est Il were low in comparison to the case of EsTalle 5.
Nevertheless, the stereoselectivity of Est Il in the proto-

Table 4

Enantioselectivity on the hydrolysis of enol acetates by Est |
Substrate Product Conversion (%) e.e. (%) Configuration
1 8 >99 >99 S

2 9 >99 14 S

3 10 10 17 R

4 18 21 5 S

5 19 >99 >99 R

6 20 20 26 R

7 21 15 >99 S

a Preferred configuration at the-position to the carbonyl group of
the products.

Kinetic parameters for the Est I-catalyzed hydrolysis of enol acetates

Substrate Km (mM) Keat (s71) kea?Km (MM~1s71)
1 0.09 7 855
2 0.11 63 572
3 1.87 14 7
4 2.54 7 3
5 0.54 79 146
6 0.72 42 58
7 0.97 20 21

nation of the enol intermediate might be opposite to that
of Est I.

In order to clarify the substrate specificity of Est I, the
kinetic constants for several enol acetates were measured
(Table §. The Ky, value for the acetaté was the small-
est among these substrates. HKg value increased when
long substituents were introduced at theposition to the
acetoxyl group; th&l,, value for6 having n-pentyl group
as theB-substituent was eight times larger than that for
1. When i-propyl andt-butyl groups were introduced as
the B-substituent § and 4), the Ky, values drastically in-
creased. These facts indicate that Est | prefers acetate with
short B-substituent rather than that with long and bulky
B-substituent. On the other hand, the specificity of Est Il was
slightly different from that of Est ITable 7. In the case of
the substrate$-6, Est Il showed the similar tendency to Est
I; the Ky, value increased when long and bulky substituents
were introduced at thp-position to the acetoxyl group. In-
terestingly, theKn, value for7 was the smallest among the
substrates tested, indicating that Est Il was specific to the
substrate having phenyl group as fhaubstituent.

Table 7
Kinetic parameters for the Est ll-catalyzed hydrolysis of enol acetates

Substrate Km (mM) Keat (s71) keadKm (MM~1s71)
1 0.07 76 1086
2 0.15 52 347
3 0.81 11 14
4 2.01 17 8
5 0.20 19 95
6 0.30 26 87
7 0.06 33 550
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Thus, two esterases with opposite stereoselectivities in
the enantioselective hydrolysis of enol esters were isolated
from cultured cells ofM. polymorpha It was shown that
the enantioselectivity of Est | reversed in the hydrolysis of
substrate with long side chain, bullabutyl group or ben-
zyl group atp-position to the acetoxyl group, contrasted
with the substrate having short side chain. It is postulated
that the turn over of the substrate in the active site of the
enzyme due to steric hindrance by tBesubstituent may
cause the inversion of the enontioselectivity in the pro-
tonation of enol intermediate. Recently, Matsumoto et al.
reported that the enantioselectivity-promoting factor from
yeast operated the enantioselectivity of hydrolytic enzymes
from yeast and commercially available lipases from mi-
croorganismg18,19] The esterases frorl. polymorpha
were able to differentiate the enantiotopic face of tCC
bond of the enol intermediate in the hydrolysis without
enantioselectivity-promoting factor, suggesting that they
are apparently different from the hydrolytic enzymes from
microorganisms. Analysis of the whole sequences using

atalysis B: Enzymatic 29 (2004) 123-127 127

[2] D.E. Bergbreiter, M. Newcomb, in: J.D. Morrison (Ed.), Asymmetric
Synthesis, vol. 2, Academic Press, New York, 1983, p. 243.

[3] D. Enders, in: J.D. Morrison (Ed.), Asymmetric Synthesis, vol. 3,
Academic Press, New York, 1984, p. 275.

[4] L. Duhamel, P. Duhamel, J.C. Launay, J.C. Plaquevent, Bull. Soc.
Chim. Fr. (1984) 11-421.

[5] H. Waldmann, Nachr. Chem. Tech. Lab. 39 (1991) 413.

[6] L. Duhamel, S. Fouquay, J.C. Plaguevent, Tetrahedron Lett. 27 (1986)
631.

[7] U. Gerlach, S. Hunig, Angew. Chem. Int. Ed. Engl. 26 (1987)
1283.

[8] D. Potin, K. Williams, J. Rebek Jr., Angew. Chem. Int. Ed. Engl.
29 (1990) 1420.

[9] A. Kumar, R.V. Salunkhe, R.A. Rane, S.Y. Dike, J. Chem. Soc.,
Chem. Commun. (1991) 485.

[10] F. Henin, J. Muzart, J.-P. Pete, O. Piva, New J. Chem. 15 (1991)
611.

[11] K. Matsumoto, H. Ohta, Tetrahedron Lett. 32 (1991) 4729.

[12] F. Henin, J. Muzart, Tetrahedron: Asymm. 3 (1992) 1161.

[13] S. Takeuchi, N. Miyoshi, K. Hirata, H. Hayashida, Y. Ohgo, Bull.

Chem. Soc. Jpn. 65 (1992) 2001.

K. Matsumoto, S. Tsutsumi, T. lhori, H. Ohta, J. Am. Chem. Soc.

112 (1990) 9614.

[15] Y. Kume, H. Ohta, Tetrahedron Lett. 33 (1992) 6367.

[14]

molecular biological techniques based on the sequenced16] T. Hirata, K. Shimoda, D. Ohba, N. Furuya, S. Izumi, Tetrahedron:

obtained here seems to be necessary in order to understan
the molecular bases of their properties.

Acknowledgements

The authors thank Research Laboratory Center of Oita
Medical University for the analysis of protein sequences.
This work was supported in part by a Grant-in-Aid for Sci-
entific Research (No. 14780460) from the Ministry of Edu-
cation, Culture, Sports, Science and Technology, Japan.

References

[1] K. Tomioka, K. Koga, in: J.D. Moarrison (Ed.), Asymmetric Synthesis,
vol. 2, Academic Press, New York, 1983, p. 201.

d Asymm. 8 (1997) 2671.

[17] T. Hirata, K. Shimoda, D. Ohba, N. Furuya, S. Izumi, J. Mol. Catal.
B: Enzymatic 5 (1998) 143.

[18] K. Matsumoto, T. Oishi, T. Nakata, T. Shibata, K. Ohta, Biocatalysis
9 (1994) 97.

[19] K. Matsumoto, H. Kitajima, T. Nakata, J. Mol. Catal. B: Enzymatic
1 (1995) 17.

[20] T. Hirata, K. Shimoda, T. Kawano, Tetrahedron: Asymm. 11 (2000)
1063.

[21] M. Gall, H.O. House, Org. Synth. VI (1988) 121.

[22] K. Katoh, M. Ishikawa, K. Miyake, Y. Ohta, Y. Hirose, T. lwamura,
Physiol. Plant. 49 (1980) 241.

[23] U.K. Laemmli, Nature 277 (1970) 680.

[24] M.M. Bradford, Anal. Biochem. 72 (1976) 248.

[25] C.J. Cheer, C. Djerassi, Tetrahedron Lett. 17 (1976) 3877.

[26] A.l. Meyers, D.R. Williams, G.W. Erickson, S. White, M. Druelinger,
J. Am. Chem. Soc. 103 (1981) 3081.

[27] C. Djerassi, P.A. Hart, C. Beard, J. Am. Chem. Soc. 86 (1964) 85.

[28] C. Djerassi, P.A. Hart, E.J. Warawa, J. Am. Chem. Soc. 86 (1964)
78.



	Asymmetric transformation of enol acetates with esterases from Marchantia polymorpha
	Introduction
	Experimental
	Materials
	Analysis
	Purification of esterases from cultured cells of M. polymorpha
	Determination of esterase activity
	Product identification
	Sequencing of esterases

	Results and discussion
	Acknowledgements
	References


