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Abstract A new esterase gene abmbh, encoding a benzoate hydrolase which can
enantioselectively hydrolyze l-menthyl benzoate to l-menthol, was recently identified from
the genomic library of a soil isolate Acinetobacter sp. ECU2040. The abmbh gene contains a
1080-bp open reading frame encoding a protein of 360 amino acids with a calculated
molecular mass of 40.7 kDa. The corresponding enzyme AbMBH was functionally expressed
in Escherichia coli BL21 (DE3), purified, and characterized. The AbMBH displayed the
maximum activity towards p-nitrophenyl butyrate at 50 °C, and an optimum pH of 8.5. A
KM of 2.6 mM and a kcat of 0.26 s

−1 were observed towards dl-menthyl benzoate. The AbMBH
exhibited a moderate enantioselectivity (E=27.5) towards dl-menthyl benzoate. It can also
catalyze the enantioselective hydrolysis of a variety of racemic menthyl esters, including dl-
menthyl acetate, dl-menthyl chloroacetate, and dl-menthyl butyrate.
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Introduction

l-Menthol has unique aroma, refreshing effect, and physiological activity and is therefore
widely used in food, medicine, cosmetics, and tobacco industries. From 1998 to 2007, the

Appl Biochem Biotechnol
DOI 10.1007/s12010-015-1632-0

Electronic supplementary material The online version of this article (doi:10.1007/s12010-015-1632-0)
contains supplementary material, which is available to authorized users.

* Gao-Wei Zheng
gaoweizheng@ecust.edu.cn

* Jian-He Xu
jianhexu@ecust.edu.cn

1 Laboratory of Biocatalysis and Synthetic Biotechnology, State Key Laboratory of Bioreactor
Engineering, East China University of Science and Technology, Shanghai 200237, China

http://dx.doi.org/10.1007/s12010-015-1632-0


average growth rate of l-menthol production was 6.1 %. In 2007, the world total annual
production of l-menthol reached 19,000 MT, of which 30 % was synthesized by chemical
methods [1, 2]. Because the yield and quality of natural menthol depend seriously on weather
and region, and its production is no longer able to meet the market demand, more and more
researchers and companies focus on chemical synthesis or biotransformation for producing l-
menthol.

Up to date, chemosynthesis is still the main method for preparing l-menthol. For example,
Symrise (Germany) developed an industrial route which inoculates racemic supersaturated
solution or supercooled melt of dl-menthyl benzoate with either l- or d-menthyl benzoate
crystal, making the corresponding enantiomer crystallize preferentially out of the supersatu-
rated solution [3]. Thousands of tons of l-menthol per year is being produced via this route.
Takasago (Japan) developed an asymmetric synthesis of l-menthol by utilizing (S)-BINAP-RH
as a chiral catalyst for the asymmetric isomerization of geranyldiethylamine, producing 1000 t
of l-menthol per year [4–6].

However, the use of a large amount of organic solvents and heavy metal catalyst is
hazardous to environment and human health. In recent years, as an alternative to chemical
catalysis, biocatalysis has attracted an increasing interest because of its high activity; chemo-,
regio-, and stereoselectivity; as well as environmental friendliness. Several lipases and ester-
ases have been utilized for either the enantioselective hydrolysis of dl-menthyl esters [7–9] or
asymmetric acylation of dl-menthol to prepare l-menthol [10–12]. However, the acyl moiety
was mainly an aliphatic carboxylic acid, and seldom enzymes or microbial strains were
reported so far that can enzymatically resolve dl-menthyl benzoate, an industrially relevant
starting compound for production of l-menthol in a scale of thousands of tons per year at
Symrise. This is probably because there are two bulky groups on both sides of the carbonyl
group which are difficult for enzyme to accommodate. Two esterases from Bacillus genus,
Bacillus subtilis BsubE and Bacillus stearothermophilus BsteE, were known with poor
enantioselectivity (E=10 and 19, respectively) towards l-menthyl benzoate [13]. Among 30
commercially available hydrolases, Vorlova and co-workers found that Lipase AY BAmano^
could hydrolyze l-menthyl benzoate to l-menthol (E=15). This is the first lipase reported that is
capable of hydrolyzing l-menthyl benzoate to l-menthol. Taking into account that this com-
mercial lipase is comprised of several isoenzymes that may exhibit opposite stereoselectivities,
the most dominant Candida rugosa lipase LIP1 was heterogeneously expressed, showing a
high enantioselectivity towards l-menthyl benzoate (E>100) [7]. An esterase purified from
Burkholderia cepacia ATCC 25416 could also enantioselectively hydrolyze l-menthyl benzo-
ate to l-menthol (E=31), although neither the corresponding gene nor the entire protein
sequence was reported [14]. An esterase from soil isolate B. subtilis ECU0554 showed high
hydrolytic activity and excellent enantioselectivity for dl-menthyl acetate (E>200); however,
the E value for dl-menthyl benzoate was merely 11 [9]. Therefore, the discovery of new
enzymes hydrolyzing dl-menthyl benzoate to produce l-menthol is still challenging in view of
its importance for menthol industry.

In our previous study, a new bacterial strain, Acinetobacter sp. ECU2040, which
enantioselectively hydrolyze dl-menthyl benzoate to l-menthol, was isolated from natural
environment [15] and currently deposited in the China General Microbiological Culture
Collection Center (deposition number CGMCC8936). In this study, the novel l-menthyl
benzoate hydrolase from Acinetobacter sp. ECU2040 was cloned, expressed, and character-
ized (Scheme 1). Kinetic constants of the recombinant esterase for dl-menthyl benzoate were
also determined in this work.
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Materials and Methods

Chemicals

dl-Menthol, chloroacetyl chloride, acetyl chloride, n-butyric anhydride, and benzoyl chloride
were purchased from Alfa Aesar (Tianjin, China). Glycerin tributyrate and Tween-80 were
purchased from TCI (Tokyo, Japan). dl-Menthyl benzoate, dl-menthyl acetate, dl-menthyl
butyrate, dl-menthyl chloroacetate, and p-nitrophenyl butyrate (pNPB) were synthesized in our
laboratory [9, 16]. The other chemicals used in this work were of analytical grade from local
sources.

Cloning of l-Menthyl Benzoate Hydrolase Gene and Sequence Analysis

The construction of genomic DNA library of Acinetobacter sp. ECU2040 was carried out
using the shotgun method [17]. The genomic DNA of this strain was prepared using the high-
salt method [18] and then partially digested by Sau3A I. The DNA fragments of approximately
2–6 kb were pooled, ligated into the pUC118 plasmid (TaKaRa, Dalian) digested by BamH I,
and transformed into Escherichia coli DH5α competent cells (Tiangen, Beijing). The library
was plated onto Luria–Bertani broth (LB) agar plates containing 100 μg mL−1 of ampicillin
and incubated at 37 °C for 12–16 h. The ampicillin-resistant colonies were picked and
inoculated onto LB agar plates containing 1 % (v/v) glycerin tributyrate as an indicator, and
then incubated at 37 °C. Thereafter, the colonies with a colorless and transparent halo, which
was the indicator of the enzymatic hydrolysis of glycerin tributyrate, were selected and further
verified by measuring their hydrolytic activity and enantioselectivity towards dl-menthyl
benzoate with gas chromatography (GC). The best colony was used for subsequent study.

The DNA fragments inserted into the positive transformants were sequenced by BGI
(Shanghai, China). Nucleotide and deduced amino acid sequence analyses and open reading
frame (ORF) determination were performed using the OMIGA (version 2.0) software.
BLASTN (http://blast.ncbi.nlm.nih.gov) and UniProt (http://www.uniprot.org) were used to
analyze the identities of related nucleotide sequences and deduced amino acid sequences,
respectively. Multiple sequence alignment of AbMBH with some related esterase sequences
was constructed by the ESPript program (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi).

Gene Expression and Purification of the Recombinant Protein

The abmbh gene was amplified from the genomic DNA of Acinetobacter sp. ECU2040 using
KOD plus DNA polymerase (Toyobo, Tokyo). The forward and reverse primers were 5′-
CGGGATCCATGGAGATAGGCATGACAGC-3′ (BamH I) and 5′-CCCAAGCTTACTATTT
TTATCCCAGAAC-3′ (Hind III), respectively. The resulting PCR products were digested by

Scheme 1 The enantioselective hydrolysis of dl-menthyl benzoate to l-menthol by esterase AbMBH
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BamH I and Hind III, ligated into the pET-28a (+) vector (Novagen, Shanghai), and subse-
quently transformed into E. coli BL21 (DE3) competent cells (Tiangen, Beijing). The positive
clones were selected and grown in LB media supplemented with kanamycin (50 mg L−1) at
37 °C until an OD600 of 0.6–0.8 was reached. The cells were then induced with 0.5 mM (final
concentration) of isopropyl-β-D-thiogalactopyranoside (IPTG) and grown for further 12 h at
25 °C.

Thereafter, the cells were harvested, resuspended in buffer A (20 mM sodium phosphate
buffer pH 7.4, 1.0 M NaCl, 10 mM imidazole, 10 % glycerol, and 10 mM 2-mercaptoethanol)
and disrupted by sonication. The cell lysate was then centrifuged at 12,000×g for 20 min. The
supernatant was loaded onto a 1-mL NTA-Ni2+ agarose column (QIAGEN) pre-equilibrated
with buffer A, and then eluted using elution buffer with increasing concentrations of imidazole
(10, 30, 50, 100, and 200 mM). Subsequently, the purified enzyme was dialyzed extensively
against sodium phosphate buffer containing 0.5 M NaCl to remove imidazole and 2-
mercaptoethanol. Finally, the sample was concentrated and stored with 20 % glycerol (v/v)
at −70 °C. The protein concentration was quantified using the Bradford method [19].

Activity Assays

The enzyme activity of pNPB was assayed spectrophotometrically using 1.0 mM pNPB as
substrate. One unit of activity was defined as the amount of enzyme required to liberate
1.0 μmol of p-nitrophenol per minute at 30 °C and pH 7.0 [20]. Standard protocol for activity
determination of dl-menthyl benzoate was carried out in a 0.5-mL reaction mixture, consisting
of 10 mM substrate in 100 mM Tris–HCl buffer (pH 8.5) at 30 °C, 1000 rpm for 5 min using a
Thermo Shaker Mixer MHR 23 (Digital HLC, Germany). The reaction was stopped and
extracted by ethyl acetate. After anhydrated with Na2SO4, the conversion rate and
enantioselectivity were determined by chiral GC analysis.

The kinetic parameters of the purified AbMBH towards dl-menthyl benzoate were
determined by assaying the activity (in triplicate) at different concentrations of dl-
menthyl benzoate (0.5, 1.0, 3.0, 5.0, 7.0, and 10 mM), using standard protocol. The
maximal reaction rate (Vmax) and apparent Michaelis–Menten constant (KM) of the
purified esterase were calculated from the Lineweaver–Burk plot (1/V=(KM/Vmax)/[S]+
1/Vmax, (V, mM min−1; S, mM)).

Effects of pH and Temperature on Activity and Stability

The optimum temperature of AbMBH was determined (in triplicate) in 100 mM potassium
phosphate buffer (pH 7.0) at different temperatures in the range of 20–60 °C. The thermosta-
bility was examined by measuring the residual activity against pNPB after incubating the
purified esterase (0.1 mg mL−1) at 30, 40, and 50 °C. Aliquots were withdrawn periodically,
and the residual activities were assayed as described above.

The optimum pH of AbMBH was determined at 30 °C in triplicate using dl-menthyl
benzoate as substrate in different buffers (100 mM) within a pH range of 6.0–10.0 (potassium
phosphate, 6.0–8.5; Tris–HCl, 8.0–9.0; Na2CO3–NaHCO3, 9.0–10.0). A 0.5-mL reaction
mixture containing 10 mM dl-menthyl benzoate was shaken using a Thermo Shaker Mixer
MHR 23 (Digital HLC, Germany). The initial hydrolysis rates of dl-menthyl benzoate under
various reaction conditions were measured to examine the effect of pH. The spontaneous
hydrolysis was determined under the same conditions without the enzyme. The samples were
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extracted with ethyl acetate and dried over anhydrous sodium sulfate. Enantiomeric excess of
the product and conversion of the substrates were determined by chiral GC analysis.

Effect of Metal Ions and Additives on Activity

Influence of various metal ions and additives on enzyme activity was investigated (in
triplicate) by adding each compound (final concentration, 1 mM) in the reaction mixture,
and subsequently, the enzyme activity was determined. Relative activity was expressed as a
percentage of the activity in the absence of any test compound.

Substrate Specificity

The reaction mixture (10 mL) contained the cell-free extract of AbMBH (10 U for dl-menthyl
acetate, dl-menthyl butyrate, and dl-menthyl chloroacetate; 100 U for dl-menthyl benzoate; the
activity was measured using pNPB as the substrate), corresponding dl-menthyl ester (10 mM)
and 0.5 % Tween-80 (v/v) in potassium phosphate buffer (pH 7.0, 100 mM) in sealed glass
vials. The hydrolysis reactions were performed at 30 °C and 180 rpm. The spontaneous
hydrolysis and enantiomeric purity were determined by chiral GC analysis.

GC Analysis

The enantiomeric excess of product (eep) and conversion of substrate were determined by a gas
chromatograph (SHIMADZU GC-2014) equipped with FID detector and CP-Chirasil-Dex CB
chiral column (Agilent, 25×0.25×0.25 μm) using N2 as carrier gas. Both the injector and
detector temperatures were set at 280 °C. For dl-menthyl acetate, dl-menthyl butyrate, and dl-
menthyl chloroacetate, the column temperature of 130 °C was held for 10, 13, and 25 min,
respectively. While for dl-menthyl benzoate, the initial column temperature of 130 °C was
maintained for 10 min, and then raised to 200 °C at a rate of 10 °C/min, and finally kept at
200 °C for 5 min. Retention times observed were as follows: d-menthol, 6.9 min and l-
menthol, 7.1 min.

Nucleotide Sequence Accession Number

The nucleotide sequences of the AbMBH gene of Acinetobacter sp. ECU2040 were deposited
in the GenBank database under accession number KJ002562.

Results and Discussion

Cloning and Sequence Analysis of the Esterase Gene

By constructing the genomic library of Acinetobacter sp. ECU2040, 50 positive transformants
with high activity towards glycerin tributyrate were selected from approximately 14,000
transformants. After rescreening, merely one clone (designated d10) could enantioselectively
hydrolyze dl-menthyl benzoate to l-menthol, which was further investigated.

The inserted fragment in the positive transformant d10 was 2042 bp, which contains three
complete open reading frames (ORFs). By BLASTP, only one ORF (ORFA) shared identities
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with many putative or hypothetical esterase genes. The ORFA was then subcloned into the
linear vector pET-28a (+) and transformed into E. coli BL21 (DE3). Moreover, the resulting
cells could enantioselectively hydrolyze dl-menthyl benzoate to l-menthol. Therefore, the
ORFA was considered as the target gene and designated as abmbh (Acinetobacter menthyl
benzoate hydrolase gene), and the corresponding encoded protein was designated as AbMBH
(Acinetobacter menthyl benzoate hydrolase).

Sequence analysis indicated that abmbh consisted of 1080 bp with a GC content of 38.2 %,
encoding a protein of 360 amino acids with a predicted molecular weight of 40.7 kDa and a
predicted isoelectric point of 9.2. Multiple alignment of amino acid sequences showed that
AbMBH belongs to the mammalian hormone-sensitive lipase (HSL) family (family IV) [21]
(Fig. 1a). The conserved motif GDSAG locates between residues 203–207. A highly con-
served catalytic triad of the esterase family is S205, D299, and H329. In addition, a
GGG(A)X-motif (GGGF, at sites 132–135) was also found, which can enlarge the space in
the oxyanion hole pocket and allow sterically more demanding quaternary alcohol to enter the
active site [22]. AbMBH has a higher identity (52–98%) with the hypothetical hydrolases from
multiple Acinetobacter strains, however, a lower identity with the enzymes from other genus
strains. For instance, only 35 % identity with alpha/beta hydrolase fold family protein from
Mycobacterium yongonense 05–1390 and 38 % identity with LipN from Mycobacterium
hassiacum DSM 44199. For some reported esterases, AbMBH has 75 % identity with EstA
from Acinetobacter calcoaceticus BD413 [23], 82 % identity with EstA from Acinetobacter
lwoffii I6C-1 [24] and EstA from Pseudomonas citronellolis ATCC 13674 [25], and 82 %
identity with DPH from Acinetobacter sp. M673 [26]. Among the other characterized ester-
ases, AbMBH shared lower identities (34–37 %) with some thermophilic or hyperthermophilic
esterases, including Est from Pyrobaculum calidifontis VA1 (35 % identity) [27], AFEST from
Archaeoglobus fulgidus ATCC 49558 (37 %) [28], Sto-Est from Sulfolobus tokodaii DSM
16993 (36 %) [29], Est2 from Alicyclobacillus acidocaldarius (36 %) [30], and EstE1 from a
metagenomic library (34 %) [31]. The phylogenetic analysis of AbMBH with some reported
menthyl benzoate hydrolase showed that AbMBH forms a branch with but distinct from LIP1
of C. rugosa [7], BsubE of B. subtilis [13], BsteE of B. stearothermophilus [13], and BSE of
B. subtilis [32] (Fig. 1b). Alignment of protein sequence showed that AbMBH had no
significant sequence homology (<12 %) to the reported dl-menthyl benzoate lipase/esterases.

Expression and Purification of the Recombinant Esterase AbMBH

The l-menthyl benzoate hydrolase gene was expressed in E. coli BL21 (DE3). The His-tagged
recombinant protein was then purified from the cell-free extract using NTA-Ni2+ agarose
affinity chromatography and further analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), which corresponded reasonably well to the calculated His-
tagged AbMBH molecular mass of 45.7 kDa (Fig. 2).

Effect of pH and Temperature on Activity and Stability

The effect of pH on the crude enzyme activity was examined in the range of pH 6.0–
10.0, controlling the hydrolysis degree of dl-menthyl benzoate within 10 % conver-
sion. Spontaneous hydrolysis of substrate was not detected. The enzyme exhibited
excellent activity in a pH ranging from 8.0 to 9.0 (Fig. S1). The optimal pH of
AbMBH was observed at 8.5 in Tris–HCl buffer.
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Fig. 1 aMultiple sequences alignment of AbMBHwith some related esterases: Est of P. calidifontis (Q8NKSO),
AFEST of A. fulgidus (O28558), Sto-Est of S. tokodaii (Q976W8), Est2 of A. acidocaldarius (Q7SIG1), and
EstE1 of uncultured archaea from metagenomic library (Q5G935). The catalytic triad is indicated by the symbol
star. b The phylogeny tree among closely related proteins with menthyl benzoate hydrolysis activity was drawn
and tested with 1000 bootstrap. LIP1 of C. rugosa [7], BsubE of B. subtilis [13], BsteE of B. stearothermophilus
[13], and BSE of B. subtilis [32]

Appl Biochem Biotechnol



The effect of temperature on activity and thermostability of AbMBH was determined using
pNPB as substrate. The maximal activity was observed at 50 °C (Fig. S2). AbMBH was
unstable at 40 and 50 °C but quite stable at 30 °C, retaining about 55 % activity after
incubation at 30 °C for 15 h (Fig. S3). At 30 °C, the half-life of purified AbMBH was 16.2 h.

Effect of Metal Ions and Additives on Activity

The activity was determined using pNPB as the substrate. Relative activity was expressed as a
percentage of the activity obtained in absence of any test compound. The enzyme was severely
reduced by Ag+ and phenylmethylsulfonyl fluoride (PMSF). No ion was found that can
activate the esterase. It was surprising that metal-chelating agent EDTA showed 42.7 %
inhibition (Table 1).

Activity and Enantioselectivity Towards Various dl-Menthyl Esters

Because the size, polarity, and electrophilicity of the substituent (R) in the acyl moiety
of esters can affect the reactivity of enzymes, we tested the activity and

Fig. 2 SDS-PAGE analysis of purified AbMBH. Lane 1, purified AbMBH; lane 2, protein markers
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enantioselectivity of AbMBH towards various dl-menthyl esters with different acyl
groups. No spontaneous hydrolysis of these dl-menthyl esters was detected under the
control experiments in which no enzyme was added. The results revealed that the
activity and enantioselectivity of AbMBH differ considerably depending on the acyl
group of the menthyl ester (Table 2). AbMBH showed the highest hydrolytic activity
on dl-menthyl chloroacetate, which might result from the electron-withdrawing sub-
stituent of the acyl moiety [34]. However, the enantioselectivity was very poor (E=
4.2). AbMBH exhibited the highest enantioselectivity (E=44.2) towards dl-menthyl
acetate. The activity of AbMBH decreased dramatically with the increasing of the acyl
group size, especially for dl-menthyl benzoate. This might be attributed to the two
bulky groups, which hinder its movement into the active site of AbMBH.

As shown in Table 3, several esterases or esterase-producing strains were proved with the
ability of enantioselective resolution of l-menthyl benzoate. Among the recombinant esterases,
BsubE, BsteE, and BSE, this newly identified AbMBH displayed the highest enantioselectivity
(E=27.5). The specific activity of AbMBH was at the same level with BsteE in the hydrolysis
of dl-menthyl benzoate.

Kinetics of AbMBH-Catalyzed dl-Menthyl Benzoate Hydrolysis

The maximal reaction rate (Vmax) and apparent Michaelis–Menten constant (KM) of the
purified AbMBH were calculated from the Lineweaver–Burk plot. The Vmax and KM values
are 18.7 μM min−1 and 2.6 mM, respectively. The kcat and kcat/KM values are 0.26 s−1 and
0.1 mM−1 s−1, respectively.

Table 1 Effects of metal ion and additive on esterase AbMBH activity

Metal ion (1 mM) Relative activity (%) Metal ion (1 mM) Relative activity (%)

None 100±0.4 Al3+ 75.9±5.6

Pb2+ 97.9±2.2 Fe3+ 74.9±1.6

Ca2+ 97.5±1.0 Cu2+ 72.3±0.7

Mn2+ 90.4±4.7 Ag+ 0.0

Zn2+ 87.1±2.3 EDTA 57.0±3.0

Mg2+ 79.1±3.0 PMSF 29.8±7.3

Ni2+ 77.6±3.0

Each compound was added into the reaction solution and subsequently, the enzyme activity was determined. The
relative activity was determined under standard conditions. Relative activity was expressed as a percentage of the
activity observed in absence of any test compound

Table 2 The enantioselectivities of AbMBH towards various dl-menthyl esters

Substrate Time (h) Conv. (%) eep (%) Ea

dl-Menthyl chloroacetate 1 48.2 46.8 4.2

dl-Menthyl acetate 2 40.8 91.7 44.2

dl-Menthyl butyrate 4 39.3 74.3 10.9

dl-Menthyl benzoate 12 43.7 86.3 27.5

a Enantioselectivity (E) was calculated according to Chen et al. [33]
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Conclusions

In this work, a novel l-menthyl benzoate hydrolase gene abmbh was cloned from the genomic
library of Acinetobacter sp. ECU2040 by shotgun method. AbMBH could efficiently hydrolyze
various menthyl esters including dl-menthyl acetate, dl-menthyl chloroacetate, and dl-menthyl
butyrate as well as dl-menthyl benzoate. AbMBH exhibited the highest activity towards dl-menthyl
chloroacetate and the highest enantioselectivity towards dl-menthyl acetate. After heterogeneous
expression in E. coli BL21 (DE3) and high-density cultivation in jar fermenter, the AbMBH
production increased by more than 100 folds as compared with that of the wild-type strain.
Comparing with other reported dl-menthyl benzoate lipases/esterases, the enantioselectivity of
AbMBH towards dl-menthyl benzoate (E=27.5) is moderate. However, since the sequence identity
was relatively low (<12 %) with other active hydrolases, this provides a novel dl-menthyl benzoate
esterase as a starting biocatalyst for directed evolution and rational design, which may provide
solutions to remarkably enhance the catalytic activity, enantioselectivity, and/or thermostability
[35–39]. All these inspiring results aroused our interest to engineer the enantioselectivity, activity,
and operational stability of AbMBH for potential application in menthol industry.
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