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bstract

Enzymatic hydrolysis of dl-menthyl acetate to l-menthol by whole-cell lipase had been carried out in this work. Burkholderia cepacia ATCC
5416 was selected as the efficient experiment strain. Effects of various reaction parameters such as pH, temperature, substrate concentration
nd co-solvents on the conversion as well as enantioselectivity were studied. A high enantiomeric ratio (E = 170) was achieved when 15% (v/v)

imethyl sulfoxide (DMSO) was added, the enantioselectivity was about 3.0-fold higher than that without co-solvent. l-Menthol was obtained
ith 96% optical purity and 50% conversion under the optimum conditions. Burkholderia cepacia whole-cell lipase also exhibited high reaction

apacity and good operational stability. The tolerable substrate concentration was 0.23 mol/L; the half-life of activity at 30 ◦C was about 400 h.
2007 Elsevier B.V. All rights reserved.
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. Introduction

l-Menthol is widely used in medicine as constituents of dif-
erent medical products, in food industry as flavouring additives,
n cosmetics as fragrances and in material industry as chiral
ntermediate [1–3]. The yield and quality of natural menthol are
ffected seriously by weather and region, etc., synthetic menthol
an overcome all these drawbacks. Many techniques of menthol
reparation have been successfully utilized in industry [4–8].
he products of racemic mixtures are markedly inferior in taste
nd odor to the naturally occurring l-menthol [9]. Therefore,
here is a great interest in separation of dl-menthol.

The use of biocatalysts for the industrial synthesis of
hemicals has been attracting much attention as an environment-
riendly synthetic method [10]. Enzymes as biocatalysts have

promising future in chiral resolution for their high stere-
specificity and regioselectivity under appropriate conditions.

nantioselective esterification or trans-esterification methods
nd enantiospecific hydrolysis approaches have been reported
or the kinetic resolution of racemic menthol with commer-
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ial enzymes [11–14]. However, the commercial enzymes have
ignificant limitations that restrict their industrial applicability
ncluding high catalyst cost, low enantiospecificity and limited
atalytic efficiency. So it is important to find a new enzyme with
good activity and a high enantioselectivity for l-menthol to

atisfy the demands of large-scale production.
Although enzyme has great potential in catalyzing a variety of

io/chemical reactions including lipid hydrolysis, ester synthe-
is and optical resolution, the applications of isolated enzymes
re usually limited for their availability (screening, overexpres-
ion and purification), substrate scope and operational stability
15]. These issues can be overcome by using whole cells. Com-
ared with isolated enzymes, whole-cell biocatalysts can be
uch more readily and inexpensively prepared on an industrial

cale. Owing to their diversity and ease of handling, micro-
ial cells have been utilized most commonly for biocatalysis
16].

Herein, we attempted to isolate a stereospecific lipase-
roduction strain with high enantioselectivity and hydrolysis
ctivity for the production of optically active l-menthol. Vari-

us reaction parameters affecting the enantioselective hydrolysis
f dl-menthyl acetate were discussed, including pH, tempera-
ure, substrate concentration and co-solvents; and the stability
f whole cells in batch hydrolysis reaction was also observed.

mailto:yxu@sytu.edu.cn
dx.doi.org/10.1016/j.molcatb.2007.04.011
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. Experimental parts

.1. Materials

l-Menthol, dl-menthol, dl-menthyl acetate and 1-decanol
ere purchased from Fluka (Switzerland) and Sigma–Aldrich

Germany) at 99% purity or higher. The other chemicals used
n this work were of analytical grade from local sources.
ovozym 435 (immobilized lipase from Candida antarctica)
ere donated by Novo Nordisk A/S (Bagsvaerd, Denmark);
enicillium lipase and PPL (Porcine pancreas lipase) were pur-
hased from Sigma–Aldrich (Germany); Lipase PS (lipase from
urkholderia cepacia), Lipase AK (lipase from Pseudomonas
uorescens), Lipase AY (lipase from Candida rugosa), Lipase G
lipase from Penicillium camembertii) and Lipase PS-C (immo-
ilized lipase from B. cepacia) were gifts from Amano Enzyme
nc. (Nagoya, Japan); RCL (whole-cell lipase from Rhizopus
hinesis) and BCL (whole-cell lipase from B. cepacia ATCC
5416) were prepared in our laboratory (shown in Section
.2).

.2. Cultivation and preparation of whole-cell lipase

Microorganisms screened were obtained from Spanish Type
ulture Collection (CECT), China General Microbiological
ulture Collection Center (CGMCC), American Type Cul-

ure Collection (ATCC) or isolated from soil. Yeasts were
rown in a medium containing 2.0% (w/v) glucose, 1.0% (w/v)
east extract, 0.5% K2HPO4, 0.02% MgSO4·7H2O, 0.001%
eSO4·7H2O and 0.5% NaCl (pH 7); filamentous moulds were
rown in a medium containing 2% (w/v) glucose, 0.3% (w/v)
east extract, 0.5% (w/v) peptone, 0.5% K2HPO4 and 0.02%
gSO4·7H2O (pH 5); bacteria were grown in a medium con-

aining 1.0% (w/v) glucose, 1.0% (w/v) beef extract, 1.0% (w/v)
eptone, 0.5% K2HPO4, 0.02% MgSO4·7H2O and 0.5% NaCl
pH 7). All microorganisms were grown in 250 mL flasks with
0 mL medium at 30 ◦C for 48 h.

After incubation, the microorganism cells were collected by
entrifugation at 10,000 × g for 15 min and washed twice with
hysiological saline, then dried with Labconco freeze dry system
USA).

.3. Screening of microorganisms

In the first screening, the hydrolysis ability and enantioselec-
ivity were estimated by using l-menthyl acetate hydrolysis agar

edium and d-menthyl acetate hydrolysis agar medium as the
ontrast screening plate medium. The transparent zone diame-
ers of l-menthyl acetate hydrolysis agar plate medium produced
y some strains were bigger than those of d-menthyl acetate
ydrolysis agar plate medium. These strains were collected and
sed for the secondary screening. Hydrolysis reactions of dl-
enthyl acetate were performed in 2 mL NaH2PO4/K2HPO4
uffer (67 mmol/L, pH 7.0) with 0.05 mol/L dl-menthyl acetate
nd 15 g/L enzyme at 30 ◦C for 20 h, the conversion and enan-
iopurity were determined by gas chromatography as shown in
ection 2.4.
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.4. Analysis methods

Samples were extracted with ethyl acetate, enantiomeric
urity and conversion were determined by CP3900 gas
hromatography (Varian Inc., USA) equipped with a flame-
onization detector. A CP-Chirasil-Dex CB column (25 m length,
.25 mm i.d.) was used to analyze dl-enantiomers of menthol
nd their respective esters. The injector and detector were set
t 270 ◦C, respectively. The carrier gas was H2. The initial col-
mn temperature of 100 ◦C was held for 8 min, then raised to
40 ◦C at a rate of 4 ◦C/min and finally held at 140 ◦C for 2 min.
nantiomeric excess of remaining substrate (ees), enantiomeric
xcess of product (eep), enantiomeric ratio (E) and conversion
ased on the GC analyses were calculated as described by Chen
t al. [17].

.5. Enantioselective hydrolysis ability of various lipases

For the production of enantiomerically pure l-menthol, 10
ipases from different sources as described in Section 2.1 were
xamined. The hydrolysis reactions were performed in 2 mL
aH2PO4/K2HPO4 buffer (67 mmol/L, pH 7.0) with 0.05 mol/L
l-menthyl acetate and 15 g/L enzyme at 30 ◦C for 20 h. The
onversion and enantiopurity were determined as shown in Sec-
ion 2.4.

.6. Enantioselective hydrolysis of dl-menthyl acetate by
. cepacia whole-cell lipase

dl-Menthyl acetate (20 mg, 0.101 mmol) and enzyme
30 mg) were homogenized in 2 mL NaH2PO4/K2HPO4 buffer,
nd then this reaction mixture was shaken at 200 rpm at a pH
ange of 4.9–9.2 and a temperature range of 25–50 ◦C.

The substrate tolerance of whole-cell lipase was investi-
ated with the substrate concentrations ranging from 0.02 to
.46 mol/L at pH 7.0 and 30 ◦C.

.7. Determination of initial reaction rate

Initial reaction rate (mmol/(L min)) was determined using
l-menthyl acetate as substrate at pH 7.0. Reaction was initi-
ted by adding an appropriate amount of dl-menthyl acetate
nto 2 mL pre-incubated NaH2PO4/K2HPO4 buffer containing
nzyme. The reaction mixture was shaken at 200 rpm in a ther-
ostatted bath at 30 ◦C for 15 min. l-Menthol was analyzed by
C, and 1-decanol was used as internal standard. The hydrol-
sis activity of whole-cell lipase was defined using the initial
eaction rate. In this study, the amount of the B. cepacia ATCC
5416 whole-cell lipase was 30 mg unless otherwise specified.

.8. Operational stability of whole-cell lipase in batch
ydrolysis reaction
dl-Menthyl acetate (20 mg, 0.101 mmol) was added in 2 mL
aH2PO4/K2HPO4 buffer (67 mmol/L, pH 7.0), after addition
f 15% (v/v) dimethyl sulfoxide (DMSO) and 15 g/L B. cepa-
ia ATCC 25416 whole-cell lipase, the reaction mixture was



atalysis B: Enzymatic 47 (2007) 149–154 151

h
2
c
a
w
w
N
c
2

3

3

m
o
2
(
h
l
fi
c
w
t
r
n
a

3

L
(
w
i
t
V
A

T
T
y

M

B
B
B
P
C
C
C
C
C

R
7
a

Table 2
Hydrolysis of dl-menthyl acetate to l-menthol by lipases from various sources

Lipase sourcea Enantiomeric
excess of
l-menthol (%)

Total
conversion
(%)

BCL (whole cell) 96.5 46.4
Novozym 435 (immobilized) 23.3 4.1
PPL 32.1 2.3
RCL (whole cell) 11.0 4.0
Penicillium lipase 0.5 13.0
Lipase PS 90.1 8.2
Lipase PS-C (immobilized) 6.6 95.3
Lipase AK 96.0 5.9
Lipase AY 82.2 41.5
Lipase G 0.5 15.8

Reactions were carried out in 2 mL NaH2PO4/K2HPO4 buffer (67 mmol/L, pH
7.0) with 0.05 mol/L dl-menthyl acetate and 15 g/L enzyme at 30 ◦C for 20 h.
Data are means of at least three determinations.
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omogenized on vortex mixer (USA) for 1 min and shaken at
00 rpm in a thermostatted bath at 30 ◦C for 20 h. Then the
ells were collected by centrifugation at 10,000 × g for 15 min
nd used to catalyze the next batch reaction after washed twice
ith fresh NaH2PO4/K2HPO4 buffer. The next batch reaction
as initiated by adding 20 mg dl-menthyl acetate in 2 mL fresh
aH2PO4/K2HPO4 buffer with 15% (v/v) DMSO. After each

ycle, a further measurement was taken as described in Section
.4.

. Results and discussion

.1. Screening of microorganisms

The strains capable of hydrolyzing dl-menthyl acetate to l-
enthol were screened through combined screening strategy

f hydrolysis ability with stereoselectivity. B. cepacia ATCC
5416 was the most efficient strain as giving high conversion
>40%) and excellent enantiopurity (>95%). The strains with
igh catalytic activities and stereospecificity for l-menthol were
isted in Table 1. Moreover, the hydrolysis activity and esteri-
cation activity of B. cepacia ATCC 25416 whole cells were
ompared. There was hardly any esterification activity for this
hole-cell lipase. Wu et al. [18] reported that the esterifica-

ion activity and hydrolysis activity of the same lipase are not
elated in many cases, and in extreme cases, a lipase may exhibit
o esterification activity while possessing a high hydrolysis
ctivity.

.2. Enantioselective hydrolysis ability of various lipases

Among the lipases investigated, Lipase PS, Lipase AK,
ipase AY and B. cepacia ATCC 25416 whole-cell lipase

BCL) showed higher stereospecificity for l-menthyl acetate in
hich only Lipase AY and BCL gave higher hydrolysis activ-
ty (Table 2). The enantioselectivity of Lipase AY was lower
han BCL although Lipase AY gave higher hydrolysis activity.
orlova et al. [13] ever reported the enantioselectivity of Lipase
Y was very low for hydrolysis of dl-menthyl benzoate, which

able 1
he strains exhibiting high catalytic activities and enantioselectivity in hydrol-
sis of dl-menthyl acetate to l-menthol

icroorganism Enantiomeric
excess of
l-menthol (%)

Total
conversion
(%)

acteria L12 from soil 95 32
acteria L59 from soil 97 33
urkholderia cepacia ATCC 25416 97 43
seudomonas fluorescens CGMCC 1.823 96 20
andida parapsilosis CECT 1627 89 20
andida parapsilosis CGMCC 2.491 87 24
andida boidinii CECT1449 81 18
andida boidinii CECT10139 87 22
andida boidinii CECT10437 84 13

eactions were carried out in 2 mL NaH2PO4/K2HPO4 buffer (67 mmol/L, pH
.0) with 0.05 mol/L dl-menthyl acetate and 15 g/L microorganisms dry cells
t 30 ◦C for 20 h. Data are means of at least three determinations.
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a BCL, B. cepacia ATCC 25416; Novozym 435, C. antarctica; PPL, porcine
ancreas; RCL, R. chinesis; Lipase PS, B. cepacia; Lipase PS-C, B. cepacia;
ipase AK, P. fluorescens; Lipase AY, C. rugosa; Lipase G, P. camembertii.

as in accordance with our results. In general, the substrate
pecificity of lipases varied considerably, and mainly depended
n the sources of lipases. BCL gave the maximum eep of 96.5%
nd was the best for splitting dl-menthyl acetate.

.3. Effects of pH on hydrolysis reaction catalyzed by B.
epacia whole-cell lipase

It is well known that the enantioselectivity and activity of
nzyme are highly influenced by pH [19]. In order to deter-
ine the optimum pH, the bio-catalytic reaction was performed

nder different initial pH values at 30 ◦C. Spontaneous non-
nantioselective hydrolysis of dl-menthyl acetate was observed
n low levels under harsh pH conditions (pH > 8.0 or <6.5) which
esulted in a remarkable decrease of eep (Fig. 1). The chemical
ydrolysis reaction was enhanced at extremely harsh pH while

he total conversion was decreased which presumably due to
he activity drop of the key enzyme in whole cells when pH
xceeded its optimum range. A high eep (>95%) and a good
onversion (>40%) were achieved at a pH range of 6.5–8.0. No

ig. 1. Effects of pH on total conversion of dl-menthyl acetate (�), eep (×),
es (�) and spontaneous hydrolysis conversion (©). Reactions conditions:
.101 mmol dl-menthyl acetate, 30 mg B. cepacia ATCC 25416 whole-cell
ipase, 2 mL NaH2PO4/K2HPO4 buffer (67 mmol/L), 30 ◦C, 20 h. Data are
eans of at least three determinations.
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Fig. 2. Effects of temperature on dl-menthyl acetate conversion ( ), eep
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Fig. 3. Effects of substrate concentration on dl-menthyl acetate conversion (�),
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glycerol and acetone. However, the selectivity was not closely
correlated to the solvent hydrophobicity. Among the 12 co-
solvents chosen, most co-solvents could improve the activity
of enzyme. The relative activities decreased with the increase
�) and ees (�). Reactions conditions: 0.101 mmol dl-menthyl acetate, 30 mg
. cepacia ATCC 25416 whole-cell lipase, 2 mL NaH2PO4/K2HPO4 buffer

67 mmol/L, pH 7.0), 20 h. Data are means of at least three determinations.

hemical hydrolysis reaction was detected at pH 7.0, so pH 7.0
as chosen as the favorable pH.

.4. Effects of temperature on hydrolysis reaction catalyzed
y B. cepacia whole-cell lipase

Since the enantioselective hydrolysis of dl-menthyl acetate
s a kinetic resolution process, reaction temperature has a serious
ffect on conversion and enantiomeric excess. The ees, eep and
onversion at different temperature were shown in Fig. 2. There
as a 1.4-fold rise of conversion with the increase of temperature

rom 25 to 40 ◦C. However, further increase of temperature to
5 ◦C showed 75% drop of conversion compared with 40 ◦C. The
ame effect was found on ees which attributed to the deactivation
f the enzyme at 45 ◦C. The eep decreased slightly with the rise
f temperature indicating that there was a certain temperature
ange for lipase at which the conformation of the enzyme was
ptimal. Therefore, 30 ◦C was established to be the optimum
emperature for this reaction system.

.5. Effects of substrate concentration on hydrolysis
eaction catalyzed by B. cepacia whole-cell lipase

Substrate tolerance of enzyme is a crucial factor for its poten-
ial industrial applications. A high reaction capacity of enzyme
an increase its application efficiency. The reaction capacity of
. cepacia whole-cell lipase was examined (Fig. 3). The conver-
ion and ees continuously decreased with the rise of substrate
oncentration because of the increasing rate of substrate exceed-
ng its consuming rate within the test time. The initial reaction
ate almost increased linearly till reached the highest point at the
ubstrate concentration of 0.28 mol/L. The eep remained higher
>90%) before 0.23 mol/L substrate concentration reached, and

he decrease of conversion could be compensated by prolonging
he reaction time. As a result, the tolerable substrate concen-
ration was 0.23 mol/L which indicated that the B. cepacia
hole-cell lipase had a potential to catalyze the hydrolysis of

ubstrate at a higher concentration.

F
a
a
2
m

ep (©), ees (�) and initial reaction rate (�). Reactions conditions: 30 mg
. cepacia ATCC 25416 whole-cell lipase, 2 mL NaH2PO4/K2HPO4 buffer

67 mmol/L, pH 7.0), 30 ◦C, 20 h. Data are means of at least three determinations.

.6. Effects of organic co-solvent on hydrolysis reaction
atalyzed by B. cepacia whole-cell lipase

In whole-cell biocatalysis, process productivity has been fre-
uently limited because substrates or products of interest are
paringly soluble in water [20]. Aqueous system contained co-
olvents provides an alternative methodology for performing
fficient bioconversion because they increase the solubility of
ydrophobic substrates or products. It has been reported that
dding some co-solvents to aqueous buffer can enhance the
ctivity and enantioselectivity of lipase-catalyzed hydrolysis of
acemic esters [21–23].

In this work, 12 water-soluble organic solvents with low
olecular weight were chosen as the co-solvents in the system,

nd their effects on enzymatic hydrolysis of dl-menthyl acetate
ere investigated using B. cepacia ATCC 25416 whole-cell

ipase (Fig. 4). Compared to the control, the enantioselectiv-
ty of the enzyme was improved by several solvents such as
,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
ig. 4. Effects of organic co-solvents on enantiomeric ratio (E, �), relative
ctivity (�) and conversion (�). Reactions conditions: 0.101 mmol dl-menthyl
cetate, 30 mg B. cepacia ATCC 25416 whole-cell lipase, 0.02 mL co-solvent,
mL NaH2PO4/K2HPO4 buffer (67 mmol/L, pH 7.0), 30 ◦C, 12 h. Data are
eans of at least three determinations.
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Fig. 5. Effects of dimethyl sulfoxide (DMSO) concentration on enantiomeric
ratio (E, �), relative activity (�) and conversion (×). Reactions conditions:
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Fig. 6. Changes of dl-menthyl acetate conversion (�) and eep (�) in
recycled use of B. cepacia ATCC 25416 whole-cell lipase. Reactions condi-
t
N
a

s
e
p
s
t
i

3
h

p
c
d
m
c
s
t
T
t
c
w
m
t
3
f
[
a
k
a
a

4

.101 mmol dl-menthyl acetate, 30 mg B. cepacia ATCC 25416 whole-cell
ipase, 2 mL NaH2PO4/K2HPO4 buffer (67 mmol/L, pH 7.0), 30 ◦C, 12 h. Data
re means of at least three determinations.

f carbon number of solvents, such as 1-alkanols (methanol,
thanol, and propanol) and polyalcohols (glycol and glycerol).
his phenomenon could not be simply explained as the increase
f substrate solubility with the help of co-solvents, because not
ll co-solvents could have the positive effects on the activity.
lthough methanol is known to have some detrimental effect on

ipase, it was found to be an efficient co-solvent for the activity
f B. cepacia ATCC 25416 whole-cell lipase, which was also
eported by other researchers [23]. To explain the results men-
ioned above, two factors should be considered, the log P values
nd the dielectric constant of co-solvent mixture. The alcohol-
sis between primary alkanols and dl-menthyl acetate was not
etected after these alkanols were added. DMSO was the favor-
ble co-solvent, similar results were reported with respect to
ome commercial lipases [24–26].

The concentration of co-solvents also has profound influ-
nce on the activity and enantioselectivity. Usually, the enzyme
ctivity increases with the addition of a co-solvent at low con-
entrations, while co-solvents may also show inhibitory effects
t high concentrations [23]. The effects of DMSO concentra-
ion on the relative activity, enantiomeric ratio and conversion
t 12 h were investigated (Fig. 5). The relative activity of whole-
ell lipase rose with the increase of DMSO concentration, up
o a maximum of 130% at 15% (v/v) DMSO, then decreased
hen more (>15%, v/v) DMSO was added. However, even at the
MSO concentration of 50% (v/v), the relative activity was still

lightly higher than that of control. Similar effect was observed
n the final conversion which increased from 27.9% to 37.7%
hen DMSO concentration ranging from 0 to 15% (v/v), and
id not show any decrease at DMSO concentration of 50% (v/v).
he enantiomeric ratio also increased notably with the rise of
MSO concentration, and gave the maximum (E = 170) at the
MSO concentration of 15% (v/v), about 3.0-fold higher than

hat without co-solvent. After addition of DMSO, the E value
as always higher than control despite a little decrease when
MSO concentration more than 15% (v/v). The results clearly
ndicated that 15% (v/v) DMSO showed the best influence on the
ctivity and enantiospecificity of whole-cell lipase. The mech-
nism responsible for the significant improvement of activity
nd enantioselectivity by addition of water-miscible organic co-

t
t

ions: 0.101 mmol dl-menthyl acetate, 30 mg enzyme, 0.3 mL DMSO, 2 mL
aH2PO4/K2HPO4 buffer (67 mmol/L, pH 7.0), 30 ◦C, 20 h. Data are means of

t least three determinations.

olvents had caused the interest of many research groups. Wehbi
t al. [27] proved that the co-solvent can activate the phospholi-
ase by causing some changes in active site polarity along with
mall conformational changes. Watanabe and Ueji [24] reported
hat DMSO can cause some conformational change and/or an
ncrease of the flexibility of the lipase.

.7. Operational stability of whole-cell lipase in batch
ydrolysis reaction

The stability of a biocatalyst is an important factor for its
otential application in industry. To test the stability of the B.
epacia whole-cell lipase in repeated use, batch hydrolysis of
l-menthyl acetate to l-menthol was carried out under the opti-
um conditions described in Section 2.8. The changes of eep and

onversion during recycling were shown in Fig. 6. The conver-
ion decreased gradually during recycling due to the mass loss of
he enzyme and the activity decrease in the recycling operation.
he residual amount of enzyme determined was about 68% of

he original after 10 cycles. This issue could be overcome by
ompensating fresh enzyme after each cycle. The conversion
as about 52% after 10 cycles compared to the original, which
eant that about 77% of initial enzyme activity retained except

he mass loss of the enzyme. The half-life of the whole cells at
0 ◦C was about 400 h, which was much longer than that reported
or Rhodotorula minuta var. texensis free Cells (50 h at 30 ◦C)
28]. In addition, the eep was not influenced after ten cycles,
nd retained above 95%, indicating that the conformation of the
ey enzyme was quite stable under the reaction conditions. As
whole, the whole-cell lipase from B. cepacia ATCC 25416 as
biocatalyst had good operational stability and durability.

. Conclusions
An irreversible resolution of dl-menthol by hydrolysis of
he corresponding acetate in phosphate buffer was performed in
his work, the whole-cell lipase from B. cepacia ATCC 25416
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ad better hydrolytic activity and enantioselectivity compared
o other lipases. The activity and stereospecificity of whole-cell
ipase were obviously affected by pH and temperature. Addition
f co-solvents to the reaction mixture significantly improved
he enantioselectivity and the activity of the whole-cell lipase
n most cases. Among the 12 co-solvents chosen, maximum
ctivity and enantioselectivity were achieved by addition of 15%
v/v) DMSO. The tolerable substrate concentration of B. cepacia
hole-cell lipase was 0.23 mol/L. Furthermore, after ten cycles
f reactions, the residual enzyme activity was still about 77%,
nd the eep in all cases was higher than 95%. In conclusion, the
hole-cell lipase from B. cepacia ATCC 25416 was a useful and
romising whole-cell biocatalyst for preparing l-menthol.
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