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Abstract

Several lipases were kinetically studied with the aim to exploit their enantioselectivity in the esterificatBy{-ef &nd R)-(+)-perillyl
alcohol with decanoic acid. Most of the lipases studied exhibited stereopreference towdresrtnatiomer with apparer-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 lip&sesglida 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 Renantiomer, since increased conformational energy obtbster was found compared to tReester.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of chiral intermediates has become increasingly significant

in the pharmaceutical industfg,4]. For this reason, under-
The use of biocatalysis by employing hydrolytic enzymes standing the molecular recognition of alcohols by lipases is

in non-aqueous media for the synthesis of compounds of bi- essential in order to achieve the desirable biotransformation.

ological interest has gained particular interest during the last This issue is rather complicated especially when dealing

years. Among the enzymes used lipases are the most comwith primary alcohols, since most lipases show low enan-

mon, partly because of the enantioselectivity they presenttioselectivity towards them.

towards a variety of substrat§k 2]. Chirality is a key fea- In our previous report, we showed thaandida antarc-

ture in the efficiency of many drug products and agrochemi- tica lipase B (CALB) discriminates the two enantiomers of

cals, and consequently the production of single enantiomers(+)-perillyl alcohol in esterification reactions in favour of
the R-enantiome(5]. In this report, we present the results
from kinetic experiments of the enantioselective esterifica-

Abbreviations: AoL, Aspergillus oryzae lipase; CALB, Candida o of (§)-(—)- and R)-(+)-perillyl alcohol with decanoic
antarctica lipase B; Ccl, Candida cylindracea lipase; CIL, Candida acid catalysed by 11 lipases. Perillyl alcohol is a constituent
lipolytica lipase; MjL, Mucor javanicus lipase; RmL,Rhizomucor miehei . ; ’
lipase; PrL, Penicillium roqueforti lipase; PPL, porcine pancreas li-  Of plant essential oils and has been reported to possess very
pase; PcL,Pseudomonas cepacia lipase; PfL, Pseudomonas fluorescens interesting chemopreventive and chemotherapeutic activity
lipase; Ral, Rhizopus arrhizus lipase; SPOH, ©)-(—)-perillyl alco- against malignancig$,7]. The esterification of the individ-

hol; R-POH, R®)-(+)-perillyl alcohol; Sester, §-(—)-perillyl decanoate; 13| enantiomers of this monoterpene with fatty acids cat-
R-ester, R)-(+)-perillyl decanoate

* Corresponding author. Tek+30-210-7723156: alyzed .by I|pases.|.s expected to mcrease.theflr Ilpophlhc
fax: +30-210-7723161. properties and facilitate the research on their biological ac-
E-mail address: kolisis@chemeng.ntua.gr (F.N. Kolisis). 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
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in this paper represent the mean value from triplicate exper-
iments (SD. < 8%).

the conformational energy of the tetrahedral intermediate is 2.3. Modelling

an important determinant for enantioselectivity.

2. Experimental
2.1. Materials

Lipases fromAspergillus oryzae, Candida cylindracea,
Candida lipolytica, Mucor javanicus, Rhizomucor miehei,
Penicillium roqueforti, porcine pancreasPseudomonas
cepacia, Pseudomonas fluorescens and Rhizopus arrhizus
(0.05, 0.002, 1, 5, 0.001, 2, 0.002, 0.05, 0.04 and 2U/g,
respectively) were kindly offered by Fluka Chemie GmbH
(Buchs, Switzerland). Immobilized lipase B fro@an-
dida antarctica (Novozyme 435, 7 PLU/mg) was offered
by Novo Nordisk (Baegsvaerd, Denmarks)-(—)- and
(R)-(+)-perillyl alcohol were purchased from Fluka Chemie
AG (Buchs, Switzerland) and decanoic acid from Sigma

The atomic coordinates of CcL and PcL crystal structures
used for modelling were obtained from the RCSB Protein
Data Bank fittp://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 progravBYL [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 parametegsester andR-ester
were fitted manually into the catalytic site of each enzyme
with the molecular graphics program[8)]. Modelling stud-
ies were performed wit@NSVersion 1.1 using 40 000 steps
of conjugate gradient minimisation with no experimental en-
ergy terms, as implemented by the progr@h Superposi-
tion of the Sester andRr-ester coordinates before and after
binding to the active site was done by the progtz8MAN

(Steinheim, Germany). Hexane was of analytical grade and[10]. The figures were prepared witkhOLSCRIPT [11] and

was stored over dry 3A 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
(SPOH orR-POH, 83.5 mM) with decanoic acid (83.5 mM)
was conducted at 5@ and 150 rpm in separate vials with
dry hexane (5ml), 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 reportedb]. The enantioselectivity of the lipases
was expressed as an apparentalue, calculated as the ini-
tial rates ratio for the esterification of the individual enan-
tiomers,E ug/ug, as shown infable 1 The data reported

Table 1
Calculation of the apparent enantioselectivity of various lipases in the
esterification of 4)-perillyl alcohol with decanoic acid

Lipase Initial esterification rate (mM/h) Apparent
enantioselectivity

(9-(—)-perillyl (R)-(+)-perillyl (v /v3)
alcohol alcohol

CcL 142.9 550.1 3.8

Pri 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 x 1073 23.7 x 1073 0.9

clL 48 3.4 0.7

PfL 254.9x 1073 190.3x 1073 0.7

RmL 155.3x 1073 95.3 x 1073 0.6

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 oR-POH proceeded two times
faster than the esterification &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 BfPOH with an
apparent-value 3.8 Table 1. The other lipases exhibited
lower enantioselectivity towards the same enantiomer with
the exception of AoL, PfL, CIL and RmL which showed a
minor preference in favour ¢&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 ligan&seséter
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 o&-ester andR-ester to the crystal
structure of CcL as determined by Grochulski e{HB] was
first explored. The orientation of the enantiomers of the per-
illyl decanoate was adjusted to fit in the catalytic site of the
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Fig. 2. Superposition of the modelled structures of $wster 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 A and for thB-ester is
0.410A Fig. 19. The superimposed structures of the two
enantiomers of perillyl decanoate after their binding in the
catalytic site of CcL are shown iRig. 2a The difference
observed suggests that the increase in conformational en-
ergy of theS-ester might account for its low binding energy
(compared to th&-ester), in agreement with the results ob-
tained from the enantioselectivity measuremeifth(e 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 ti&ester andR-ester
before and after docking is shown Fig. 1band the r.m.s.
deviation for all atoms is 1.043 and 0.406 A, respectively.
The superimposed structureséster andR-ester after their

(b)

Fig. 1. Superimposed structures of the enantiomers of perillyl decanoate binding in the active site of PcL are shown fig. 2k In

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): (lefts-enantiomer; (rightR-enantiomer.

conformational energy terms, theester binding is likely
to be more favourable againStester in agreement with the
appareng-value calculated for both enantiomef@ble 1.

lipase taking into account that a covalent bond with Ser209

located at the catalytic site is formed. The crystal structures 4 conclusions

of CcL complexed with phosphonates covalently linked to

the catalytic site serinfl4] were also superimposed onto Eleven lipases were used in kinetic experiments in order to
the native structurf8] to guide fitting of enantiomers. Com-  explore their ability to discriminate the two enantiomers of
parison of the ligand conformation on binding to CcL as (&)-perillyl alcohol in esterification reactions with decanoic
calculated by positional refinement, with the computed (by acid. Most of the lipases tested showed a stereopreference
SYBYL) conformation shows that the r.m.s. deviation for towards thér-enantiomer with low appareitvalues (high-
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est selectivity was found for CcL lipase), while some of
them showed a minor preference towards $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
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