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Abstract

Several lipases were kinetically studied with the aim to exploit their enantioselectivity in the esterification of (S)-(−) and (R)-(+)-perillyl
alcohol with decanoic acid. Most of the lipases studied exhibited stereopreference towards theR-enantiomer with apparentE-values from
3.8 to 0.6, calculated as the initial esterification rates ratio for the individual enantiomers. In an attempt to interpret the structural basis
of enantioselectivity, modelling studies were performed with two of these lipases,Candida cylindracea lipase (CcL) andPseudomonas
cepacia lipase (PcL) based on their previously determined X-ray crystal structures. The results derived from modelling studies confirm their
stereopreferences towards theR-enantiomer, since increased conformational energy of theS-ester was found compared to theR-ester.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The use of biocatalysis by employing hydrolytic enzymes
in non-aqueous media for the synthesis of compounds of bi-
ological interest has gained particular interest during the last
years. Among the enzymes used lipases are the most com-
mon, partly because of the enantioselectivity they present
towards a variety of substrates[1,2]. Chirality is a key fea-
ture in the efficiency of many drug products and agrochemi-
cals, and consequently the production of single enantiomers

Abbreviations: AoL, Aspergillus oryzae lipase; CALB, Candida
antarctica lipase B; CcL, Candida cylindracea lipase; ClL, Candida
lipolytica lipase; MjL, Mucor javanicus lipase; RmL,Rhizomucor miehei
lipase; PrL, Penicillium roqueforti lipase; PPL, porcine pancreas li-
pase; PcL,Pseudomonas cepacia lipase; PfL,Pseudomonas fluorescens
lipase; RaL, Rhizopus arrhizus lipase; S-POH, (S)-(−)-perillyl alco-
hol; R-POH, (R)-(+)-perillyl alcohol; S-ester, (S)-(−)-perillyl decanoate;
R-ester, (R)-(+)-perillyl decanoate
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of chiral intermediates has become increasingly significant
in the pharmaceutical industry[3,4]. For this reason, under-
standing the molecular recognition of alcohols by lipases is
essential in order to achieve the desirable biotransformation.
This issue is rather complicated especially when dealing
with primary alcohols, since most lipases show low enan-
tioselectivity towards them.

In our previous report, we showed thatCandida antarc-
tica lipase B (CALB) discriminates the two enantiomers of
(±)-perillyl alcohol in esterification reactions in favour of
the R-enantiomer[5]. In this report, we present the results
from kinetic experiments of the enantioselective esterifica-
tion of (S)-(−)- and (R)-(+)-perillyl alcohol with decanoic
acid catalysed by 11 lipases. Perillyl alcohol is a constituent
of plant essential oils and has been reported to possess very
interesting chemopreventive and chemotherapeutic activity
against malignancies[6,7]. The esterification of the individ-
ual enantiomers of this monoterpene with fatty acids cat-
alyzed by lipases is expected to increase their lipophilic
properties and facilitate the research on their biological ac-
tivity since the active enantiomer has not been specified yet.
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In an attempt to provide a structural basis of enantioselec-
tivity, modelling studies were performed with CcL and PcL.
Comparison of the kinetic and modelling results suggest that
the conformational energy of the tetrahedral intermediate is
an important determinant for enantioselectivity.

2. Experimental

2.1. Materials

Lipases fromAspergillus oryzae, Candida cylindracea,
Candida lipolytica, Mucor javanicus, Rhizomucor miehei,
Penicillium roqueforti, porcine pancreas,Pseudomonas
cepacia, Pseudomonas fluorescens and Rhizopus arrhizus
(0.05, 0.002, 1, 5, 0.001, 2, 0.002, 0.05, 0.04 and 2 U/g,
respectively) were kindly offered by Fluka Chemie GmbH
(Buchs, Switzerland). Immobilized lipase B fromCan-
dida antarctica (Novozyme 435, 7 PLU/mg) was offered
by Novo Nordisk (Baegsvaerd, Denmark). (S)-(−)- and
(R)-(+)-perillyl alcohol were purchased from Fluka Chemie
AG (Buchs, Switzerland) and decanoic acid from Sigma
(Steinheim, Germany). Hexane was of analytical grade and
was stored over dry 3 Å molecular sieves (Fluka Chemie
GmbH, Buchs, Switzerland) for at least 48 h prior to use.

2.2. Esterification reactions

The esterification of the enantiomers of perillyl alcohol
(S-POH orR-POH, 83.5 mM) with decanoic acid (83.5 mM)
was conducted at 50◦C and 150 rpm in separate vials with
dry hexane (5 ml), using the appropriate amount of lipase.
Gas chromatography analyses with a chiral a-DEX 120 col-
umn (Supelco, Bellefonte, PA, USA) were carried out as
previously reported[5]. The enantioselectivity of the lipases
was expressed as an apparentE-value, calculated as the ini-
tial rates ratio for the esterification of the individual enan-
tiomers,E = vR

0 /vS
0, as shown inTable 1. The data reported

Table 1
Calculation of the apparent enantioselectivity of various lipases in the
esterification of (±)-perillyl alcohol with decanoic acid

Lipase Initial esterification rate (mM/h) Apparent
enantioselectivity
(vR

0 /vS
0)(S)-(−)-perillyl

alcohol
(R)-(+)-perillyl
alcohol

CcL 142.9 550.1 3.8
PrL 22.8 48.7 2.1
CALB 210.6 427.8 2.0
PcL 5.4 8.4 1.6
MjL 27.6 36.6 1.3
PPL 15.6 18.0 1.2
RaL 49.2 56.5 1.1
AoL 25.4 × 10−3 23.7 × 10−3 0.9
ClL 4.8 3.4 0.7
PfL 254.9× 10−3 190.3× 10−3 0.7
RmL 155.3× 10−3 95.3 × 10−3 0.6

in this paper represent the mean value from triplicate exper-
iments (S.D. ≤ 8%).

2.3. Modelling

The atomic coordinates of CcL and PcL crystal structures
used for modelling were obtained from the RCSB Protein
Data Bank (http://www.rcsb.org/) (1CRL and 3LIP, respec-
tively). The model of the tetrahedral intermediate formed
during the esterification of perillyl alcohol with decanoic
acid was generated using the programSYBYL [Tripos Asso-
ciates Inc. (1992), SYBYL Molecular Modelling Software,
St. Louis, Missouri, USA]. Conformational energy calcula-
tions were also performed with the same program using the
Powell minimizer and default parameters.S-ester andR-ester
were fitted manually into the catalytic site of each enzyme
with the molecular graphics program O[8]. Modelling stud-
ies were performed withCNS Version 1.1 using 40 000 steps
of conjugate gradient minimisation with no experimental en-
ergy terms, as implemented by the program[9]. Superposi-
tion of theS-ester andR-ester coordinates before and after
binding to the active site was done by the programLSQMAN
[10]. The figures were prepared withMOLSCRIPT [11] and
rendered withRASTER3D [12].

3. Results and discussion

A preliminary study on lipase enantioselectivity on the
esterification of (±)-perillyl alcohol with decanoic acid re-
ported previously, showed that CALB exhibits selectivity for
R-POH; the esterification ofR-POH proceeded two times
faster than the esterification ofS-POH [5]. With the aim to
explore further lipase enantioselectivity, other lipases were
also used: 1 pancreatic and 10 microbial lipases, all in their
free form, except CALB, which was used immobilized. CcL
showed the highest selectivity in favour ofR-POH with an
apparentE-value 3.8 (Table 1). The other lipases exhibited
lower enantioselectivity towards the same enantiomer with
the exception of AoL, PfL, ClL and RmL which showed a
minor preference in favour ofS-POH.

In an attempt to interpret the results obtained from the ki-
netic experiments, a theoretical approach was employed to
mimic the tetrahedral intermediate (enzyme–ester complex)
formed during the reaction. Conformation energy calcula-
tions were performed before docking the ligands (S-ester
andR-ester) to the substrate binding site. Two lipases were
used for this purpose (CcL which showed the highest selec-
tivity and PcL with moderate selectivity, both towards the
R-enantiomer) for which the crystal structures in the free
form and complexes with inhibitors or transition state ana-
logues were available.

The mode of binding ofS-ester andR-ester to the crystal
structure of CcL as determined by Grochulski et al.[13] was
first explored. The orientation of the enantiomers of the per-
illyl decanoate was adjusted to fit in the catalytic site of the

http://www.rcsb.org/
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Fig. 1. Superimposed structures of the enantiomers of perillyl decanoate
modelled in (a) CcL and (b) PcL onto the conformation of the enantiomers
of the ester before fitting in the binding site (shown in light and dark
grey, respectively): (left)S-enantiomer; (right)R-enantiomer.

lipase taking into account that a covalent bond with Ser209
located at the catalytic site is formed. The crystal structures
of CcL complexed with phosphonates covalently linked to
the catalytic site serine[14] were also superimposed onto
the native structure[8] to guide fitting of enantiomers. Com-
parison of the ligand conformation on binding to CcL as
calculated by positional refinement, with the computed (by
SYBYL) conformation shows that the r.m.s. deviation for

Fig. 2. Superposition of the modelled structures of theS-ester andR-ester
(shown in dark and light grey, respectively) of perillyl decanoate in the
(a) CcL and (b) PcL structures.

all atoms of theS-ester is 0.844 Å and for theR-ester is
0.410 Å (Fig. 1a). The superimposed structures of the two
enantiomers of perillyl decanoate after their binding in the
catalytic site of CcL are shown inFig. 2a. The difference
observed suggests that the increase in conformational en-
ergy of theS-ester might account for its low binding energy
(compared to theR-ester), in agreement with the results ob-
tained from the enantioselectivity measurements (Table 1).

In the case of PcL[15–17], a plausible model of the com-
plex structure with the tetrahedral intermediate also derived
with both enantiomers to be covalently bonded to Ser87 of
the catalytic site. Superposition of theS-ester andR-ester
before and after docking is shown inFig. 1band the r.m.s.
deviation for all atoms is 1.043 and 0.406 Å, respectively.
The superimposed structures ofS-ester andR-ester after their
binding in the active site of PcL are shown inFig. 2b. In
conformational energy terms, theR-ester binding is likely
to be more favourable againstS-ester in agreement with the
apparentE-value calculated for both enantiomers (Table 1).

4. Conclusions

Eleven lipases were used in kinetic experiments in order to
explore their ability to discriminate the two enantiomers of
(±)-perillyl alcohol in esterification reactions with decanoic
acid. Most of the lipases tested showed a stereopreference
towards theR-enantiomer with low apparentE-values (high-
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est selectivity was found for CcL lipase), while some of
them showed a minor preference towards theS-enantiomer.
In an effort to comprehend the results obtained, modelling
studies using conjugate gradient minimization with no ex-
perimental energy terms were performed with two lipases
(CcL and PcL). Conformational analysis showed that the
bound conformation of the enantiomers of perillyl decanoate
is different from the computed minimum free energy confor-
mation in agreement with the kinetic results. A systematic
study of molecular dynamics free energy simulations is re-
quired in order to calculate the energetic contributions more
accurately and take into account the contribution of the
solvent. X-ray crystallographic studies are also absolutely
essential to map the key interactions at the catalytic site that
would enhance our understanding on the recognition pattern
these molecules follow and give new insights in protein
engineering.

Acknowledgements

The authors gratefully acknowledge Fluka Chemie GmbH
for the generous gift of lipase kits and Novo Nordisk for
CALB. V. Skouridou thanks the State Scholarships Founda-
tion (Greece) for a grant.

References

[1] R.D. Schmid, R. Verger, Angew. Chem. Int. Ed. Engl. 37 (1998)
1608.

[2] U.T. Strauss, U. Felfer, K. Faber, Tetrahedron: Asymmetry 10 (1999)
107.

[3] M. Mahmoudian, Biocatal. Biotransform. 18 (2000) 105.
[4] R.N. Patel, Enzyme Microb. Technol. 31 (2002) 804.
[5] V. Skouridou, H. Stamatis, F.N. Kolisis, Eur. J. Lipid Sci. Technol.

105 (2003) 115.
[6] M.J. Stark, Y.D. Burke, J.G. McKinzie, A.S. Ayoubi, P.L. Crowell,

Cancer Lett. 96 (1995) 15.
[7] P.J.M. Boon, D. van der Boon, G.J. Mulder, Toxicol. Appl. Pharma-

col. 167 (2000) 55.
[8] T.A. Jones, J.Y. Zou, S.W. Cowan, M. Kjeldgaard, Acta Crystallogr.

A 47 (1991) 110.
[9] A.T. Brunger, P.D. Adams, G.M. Clore, W.L. DeLano, P. Gros, R.W.

Grosse-Kunstleve, J.-S. Jiang, J. Kuszewski, M. Nilges, N.S. Pannu,
R.J. Read, L.M. Rice, T. Simonson, G.L. Warren, Acta Crystallogr.
D 54 (1998) 905.

[10] G.J. Kleywegt, T.A. Jones, Methods Enzymol. 277 (1997) 525.
[11] P. Kraulis, J. Appl. Crystallogr. 24 (1991) 946.
[12] E.A. Merritt, D.J. Bacon, Methods Enzymol. 277 (1997) 505.
[13] P. Grochulski, Y. Li, J.D. Schrag, F. Bouthillier, P. Smith, D. Harrison,

B. Rubin, M. Cygler, J. Biol. Chem. 268 (1993) 12843.
[14] M. Cygler, P. Grochulski, R.J. Kazlauskas, J.D. Schrag, F. Bouthillier,

B. Rubin, A.N. Serregi, A.K. Gupta, J. Am. Chem. Soc. 116 (1994)
3180.

[15] J.D. Schrag, Y. Li, M. Cygler, D. Lang, T. Burgdorf, H.J. Hecht,
R. Schmid, D. Schomburg, T.J. Rydel, J.D. Oliver, L.C. Strickland,
C.M. Dunaway, S.B. Larson, J. Day, A. McPherson, Structure 5
(1997) 187.

[16] D.A. Lang, M.L. Mannesse, G.H. de Haas, H.M. Verheij, B.W.
Dijkstra, Eur. J. Biochem. 254 (1998) 333.

[17] M. Luic, S. Tomic, I. Lescic, E. Ljubovic, D. Sepac, V. Sunjic, L.
Vitale, W. Saenger, B. Kojic-Prodic, Eur. J. Biochem. 268 (2001)
3964.


	Kinetic and modelling studies on the lipase catalysed enantioselective esterification of ()-perillyl alcohol
	Introduction
	Experimental
	Materials
	Esterification reactions
	Modelling

	Results and discussion
	Conclusions
	Acknowledgements
	References


