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Acinetobacter venetians V28 was isolated from the intestine
of righteye flounder, Poecilopsetta plinthus caught in
Vietnam seawater, and the esterase gene was cloned using
a shotgun method. The amino acid sequence deduced
from the nucleotide sequence (1,017 bp) corresponded to a
protein of 338 amino acid residues with a molecular
weight of 37,186. The esterase had 87% and 72% identities
with the lipases of A. junii SH205 and A. calcoaceticus
RUH2202, respectively. The esterase contained a putative
leader sequence, as well as the conserved catalytic triad
(Ser, His, Asp), consensus pentapeptide GXSXG, and
oxyanion hole sequence (HG). The protein from the strain
V28 was produced in both a soluble and an insoluble form
when the Escherichia coli cells harboring the gene were
cultured at 18oC. The maximal activity of the purified
enzyme was observed at a temperature of 40oC and pH 9.0
using p-NP-caprylate as substrate; however, relative
activity still reached to 70% even at 5oC with an activation
energy of 3.36 kcal/mol, which indicated that it was a
cold-adapted enzyme. The enzyme was a nonmetalloprotein and was active against p-nitrophenyl esters of C4,
C8, and C14. Remarkably, this enzyme retained much of its
activity in the presence of commercial detergents and
organic solvents. This cold-adapted esterase will be
applicable as catalysts for reaction in the presence of
organic solvents and detergents.
Keywords: Acinetobacter sp., cold-adapted esterase, gene
expression, activation energy

Lipolytic enzymes are an industrially important subgroup
of the α/β hydrolase superfamily. The enzymes contain
lipases and esterases, which catalyze both the hydrolysis
and synthesis of ester compounds. Lipases (triacylglycerol
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acylhydrolase, E.C. 3.1.1.3) hydrolyze triacylglycerols with
subsequent release of diacylglycerols, monoacylglycerols,
free fatty acids, and glycerol [12], and are ubiquitous
enzymes that are activated when adsorbed to an oil-water
interface [24]. Carboxylesterases (carboxylester hydrolases,
E.C. 3.1.1.1) catalyze the hydrolysis of ester bonds of
carboxylester substrate molecules to form alcohols and
carboxylic acids [2]. Owing to their widely diversified
enzymatic properties, a great number of lipases/esterases
isolated from bacteria, fungi, plants, and higher animals
have received a great deal of attention as biocatalysts in
numerous industrial sectors [12, 23, 28]. Micro-organisms
that thrive at low temperatures produce cold-adapted
enzymes that display high catalytic efficiency, generally
associated with low thermal stability [9]. Among these
enzymes, lipases/esterases have potential utilizations in a
broad range of biotechnological applications based on their
high catalytic activity at low temperature and low thermostability
and unusual specificities. Indeed, these properties of coldadapted lipases/esterases provide industrial applications
[11] as additives in laundry detergents to allow washing in
cold water, in the food industry, bioremediation processes,
and biodiesel applications [15, 18]. Additionally, these
enzymes have the potential to be used as catalysts in organic
synthesis of chiral intermediates, allowing relatively
unstable compounds to be produced at low temperatures
[21].
A great number of cold-adapted lipase/esterase genes
have been cloned and much related research has been
constructed. Cold-adapted lipases/esterases from Psychrobacter
sp. strain TA144 [6], Pseudomonas fluorescens strain C9
[8], Pseudomonas sp. strain B11-1 [5], Pseudomonas fragi
[1], Psychrobacter sp. Ant300 [16], and Moritella sp. 2-510-1 [29] have all been cloned and expressed. With the
exception of lipases produced by Acinetobacter sp. O16
[3], Acinetobacter baumannii BD5 [20], and Acinetobacter
sp. XMZ-26 [30], cold-adapted lipases produced by the
Acinetobacter sp. have rarely been reported.
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In this study, Acinetobacter sp. V28, which produces
a cold-active lipolytic activity, was isolated from the
intestine of righteye flounder, Poecilopsetta plinthus
caught in Vietnam, and named as A. venetians V28. A
cold-adapted esterase gene was cloned from this strain,
and the recombinant protein was expressed in Escherichia
coli cells, and its biochemical properties were characterized.

on a Luria-Bertani (LB) plate containing tributyrin and ampicillin
(100 µg/ml), was selected. The recombinant plasmid (pUCV28) was
then purified from the transformant, and the insert DNA sequence
was determined. Analysis of the sequence and database similarity
searches were done using the server at the National Center for
Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/
BLAST/). Multiple sequence alignments were performed using
ClustalW [27], and the signal peptide sequence was deduced by
SignalP ver. 3.0.

MATERIALS AND METHODS

Overexpression and Purification
The DNA corresponding to the coding region excluding the putative
signal sequence was amplified by PCR. The putative V28 esterase
gene was amplified from the pUCV28 plasmid using the primers 5'CCCCATATGGCTGAAATTGAAATGAGT-3' (NdeI adaptor restriction
enzyme site underlined) and 5'-CCCCTCGAGTGGTGATGGGGC
GGTTGC-3' (XhoI). After digestion with NdeI and XhoI, the PCR
product was ligated with the pET22b(+) vector (Novagen). The
resulting recombinant plasmid, pETV28, was transformed into E.
coli BL21 (DE3) cells. The transformed E. coli was cultivated in an
LB medium containing ampicillin (100 µg/ml) at 30oC. When the
optical density (OD) reached 0.6 at 600 nm, isopropylthiogalactoside
(1 mM IPTG) was added, and the cultures were further incubated at
18oC for overnight. E. coli cells were then harvested and ruptured
by ultrasonic cell lysis. The soluble proteins were recovered from
the cell extract by centrifugation (10,000 ×g, 20 min) and loaded to a
nickel-nitrilotriacetic (Ni-NTA) column. After washing with 60 mM
imidazole, 500 mM NaCl, and 50 mM Tris-HCl buffer (pH 7.9), the
bound esterase was then eluted using 1,000 mM imidazole, 500 mM
NaCl, 20 mM Tris-HCl buffer (pH 7.9) and dialyzed against a
50 mM Tris-HCl buffer (pH 8.0) to characterize its biochemical
properties. Protein concentration was determined by using the BCA
method with bovine serum albumin as a standard (Sigma).

Bacterial Strains, Plasmids, and Chemicals
E. coli XL1-Blue and BL21 (DE3) was used as the cloning hosts,
and the pGEM-T easy vector (Promega, Madison, WI, USA) and
pET-22a(+) (Novagen, Gibbstown, NJ, USA) were used as the
cloning vector and expression vector, respectively. E. coli XL1-Blue
cells harboring the recombinant plasmids were grown in LB broth
supplemented with 100 µg/ml ampicillin.
All other chemicals and solvents were of analytical grade and are
commercially available. Tributyrin, and p-nitrophenyl (p-NP) acetate
(C2), butyrate (C4), caprylate (C8), caprate (C10), palmitate (C16), and
stearate (C18) were purchased from Sigma (USA), and p-NP
myristate (C14) was from Fluka (USA).
Isolation of Lipolytic Enzyme-Producing Strains
Strains exhibiting lipolytic activity were isolated from the intestine
of righteye flounder, Poecilopsetta plinthus caught in Vietnam. To
detect the lipolytic activity of the microorganism on solid media,
tributyrin (TBN)-Marine plates were prepared as follows [13] : a
TBN emulsion was made by emulsifying 5 ml of TBN in 45 ml of
a gum arabic solution (200 mM NaCl, 10 mM CaCl2, and 5% gum
Arabic) for 2 min in a Warning blender. This TBN emulsion (50 ml)
was then mixed with 450 ml of Marine broth 2261 (Difco) and used
to make the TBN-Marine plates for colonies forming a clear halo of
lipolysis. Based on the level of esterase production of the strains,
one strain, designated V28, was selected for further study. The
isolated V28 was stained by Gram’s method and then observed for
microscopic morphology.
DNA Manipulation and Analysis of 16S rDNA
The genomic DNA from A. venetianus V28 was prepared for the
analysis of 16S rDNA according to the method described previously
[22]. Polymerase chain reaction was performed to amplify the 16S
rDNA coding region using both primers 5'-AGAGTTTGATCCTGG
CTCAG-3' and 5'-ACGGTTACCTTGTTACGACTT-3'. The reaction
mixture was subjected to initial denaturation at 95oC for 10 min,
followed by 30 cycles of denaturation at 95oC for 1 min, annealing
at 55oC for 1 min, and extension at 72oC for 1 min, and final
extension at 72oC for 10 min. The PCR product was subcloned into
pGEM-T Easy vector and transformed into E. coli DH5α. DNA
sequencing was performed with an Applied Biosystem Automated
DNA Sequencer model 3130 with a dye-labeled terminator sequencing
kit (Applied Biosystems).
Gene Cloning and Sequence Analysis
Chromosomal DNA from A. venetianus V28 was partially digested
with Sau3AI, ligated into a pUC118-HincII vector (TAKARA), and
used to transform E. coli XL1-Blue. A colony, forming a clear halo

Esterase Activity Assays
Esterase activity for p-NP esters was measured spectrophotometically
[30]. The standard assay mixture (1.0 ml) contained 10 mM pnitrophenyl caprylate (C8) in ethanol, 50 mM Tris-HCl buffer (pH
8.0), and 10 µl of purified enzyme at a concentration of 0.25 mg/ml.
Blank reactions were performed with composition identical to the
assay mixture but without the enzyme. The mixture was incubated
at 37oC for 5 min and the absorbance of p-NP librated was then
measured at 405 nm. One unit of enzyme activity was defined as the
lease of 1 µmol of p-nitrophenol per minute.
To identify the active esterase band on a polyacrylamide gel, a
zymographic analysis was conducted. SDS-PAGE (12%) was
performed using slab gels, and the enzyme was renaturated by
soaking the gel in 50 mM Tris-HCl buffer (pH 8.0) for 1 h. An
activity assay of the renaturated enzymes was accomplished by
attaching the gel to a TBN agarose plate and incubating at 37oC.
Enzyme Characterization of Recombinant Esterase
The substrate selectivity of enzyme for p-NP esters was assayed
with p-NP esters with a fatty-acid chain length of C2-C18. For longchain p-nitrophenyl esters (C12-C18), 20 µl of lipase solution was
added to 880 µl of reaction buffer containing 50 mM Tris-HCl (pH
8.0), 0.1% gum arabic, and 0.2% deoxycholate. After 5 min
incubation at 37oC, the reaction was initiated by adding 100 µl of
8 mM substrate in isopropanol. The reaction was stopped by the
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addition of 0.5 ml of 3 M HCl. After centrifugation, 333 µl of
supernatant was mixed with 1 ml of 2 M NaOH, and the absorbance
at 405 nm was measured. One unit of enzyme activity was defined
as the release of 1 µmol of p-nitrophenol per minute.
The optimum temperature was assayed at various temperatures
in the range of 5-80oC at 50 mM Tris-HCl (pH 8.0). For the
thermostability, the enzyme was pre-incubated at various temperatures
for 30 min in a 50 mM Tris-HCl buffer (pH 8.0). After rapid
centrifugation, they were removed and then the residual enzyme
activity of the supernatant was measured as standard assay. To study
the effect of various pH buffers, 50 mM glycine/HCl (pH 2-4),
sodium acetate/acetic acid (pH 4-6), Tris/acetate (pH 6-7), Tris/
HCl (pH 7-9), and sodium tetraborate/NaOH (pH 9-10) were used,
respectively. For the pH stability, the enzyme was pre-incubated at
25oC in various pH buffers for 1 h and then the remaining activity
was measured as standard assay. The effects of different metal ions,
chemical reagents, detergents, and organic solvents on enzyme
activity were assessed after pre-incubation in 50 mM Tris-HCl
buffer (pH 8.0) at 25oC for 30 min. Blank reactions were performed
with every measurement under different conditions to subtract the
appropriate values for nonenzymatic hydrolysis of substrates from
the results.
GenBank Accession Number
The nucleotide sequences of the A. venetianus V28 16S rDNA and
esterase genes were deposited in the GenBank database under
accession numbers JN649061 and JN649062, respectively.
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RESULTS AND DISCUSSION
Identification of Strain V28
Of hundreds of microbial strains isolated from the intestine
of the righteye flounder Poecilopsetta plinthus, strain V28
showed a clear degrading halo when grown on agar plate
supplemented with tributyrin. The optimal growth of this
strain was observed at 25oC. It was found to be an aerobic,
nonmotile, and Gram-negative bacterium able to grow in
the presence of 20% NaCl. Full-length sequencing of its
16S rDNA indicated (GenBank Accession No. JN649061)
that it was most closely related to the genus Acinetobacter,
with the similarity of 99.8% to Acinetobacter venetianus,
98% to Acinetobacter beijerinckii, and 97.7% to Acinetobacter
junii. Therefore, this strain was identified as Acinetobacter
venetianus V28.
Gene Cloning and Sequence Analysis
A DNA library of A. venetianus V28 was constructed with
the Sau3A1 enzyme and used to transform E. coli XL1Blue. An E. coli transformant that showed a clear zone on
TBN-LB plate after 48 h of incubation was selected. The
recombinant plasmid from the clone was shown to contain
a 3.5 kb insert DNA, based on enzyme restriction analysis
(data not shown). Analysis of the insert nucleotide sequence

Fig. 1. Nucleotide sequence of the V28 esterase gene and its deduced amino acid sequence.
Potential promoter regions (-10, -35) and RBS are labeled and underlined. The vertical arrow indicates the putative cleavage site for signal peptide. The
conserved Ser, Asp, and His residues that comprise a putative catalytic triad are boxed. Both the conserved pentapeptide sequence (Gly-X-Ser-X-Gly) and
HG sequence (oxyanion hole) are indicated in bold type. The underlined sequences are the primers used to amplify the V28 esterase gene. The sequence has
been submitted to GenBank under the accession number JN649062.
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revealed one complete open reading frame of esterase/
lipase, with an average GC contest of 39.45%.
Complete DNA sequences of the V28 esterase was
determined (Fig. 1). It revealed a 1,017 bp ORF, encoding
a polypeptide chain of 338 amino acids with a predicted
molecular weight of 37,186 and a pI value of 8.38. The
upstream region from the initiation codon, ATG, at position
1 retained typical transcriptional information such as a
putative ribosome binding site (RBS) and -35/-10 promoter
sequence. The predicted amino acid sequence of the
cloned V28 esterase was compared with other protein

sequences deposited in the GenBank using the basic local
alignment search tool (BLAST) program (Fig. 2A). The
esterase showed 87% identity to lipase from Acinetobacter
junii SH205, 86% identity to triacylglycerol lipase from
Acinetobacter haemolyticus ATCC 19194, 72% identity
from Acinetobacter calcoaceticus RUH2202, and 69%
identity from Acinetobacter sp. DR1.
The V28 esterase primary structure contained a -G-H-SL-G- sequence (position 150-154), which corresponds
well with the pentapeptide -G-x-S-x-G- signature motif
that is generally conserved in many esterase enzymes. On

Fig. 2. Protein sequence alignment (A) and phylogenetic tree (B) of V28 esterase and various esterases/lipases from genus Acinetobacter.
(A) Identity sequences are displayed by dots (...), and deletions of amino acid residues are indicated by dashes (---). Residues involved in the catalytic triad
are identified by triangles. Conserved pentapeptide containing the catalytic serine is shown in the box. The accession numbers for each sequence are as
follows: A. venetianus V28 (JN649062), A. junii SH205 (ZP_06065291), A. haemolyticus (ZP_06727160), A. calcoaceticus (ZP_06057701), A. baumannii
(YP_002326525), Acinetobacter sp. DR1 (YP_003733145), Acinetobacter sp. ADP1 (YP_045825). (B) A phylogenetic tree of the aligned sequences was
constructed using the neighbor-joining algorithm in MEGA (version 4.0). The degree of confidence for each branch point was determined by bootstrap
analysis (1,000 repetitions).
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the basis of sequence comparisons with other lipases, it is
concluded that Ser 153 (in the motif GHSLG), Asp 277,
and His 306 comprise the catalytic triad, and HG residues
(His 83, Gly 84) constitute an oxyanion hole to stabilize
tetrahedral intermediates [10, 19].
In order to gain an understanding of the possible
evolutionary relationship of the V28 esterase, a phylogenetic
analysis based on the primary structures of other lipases
from Acinetobacter sp. was performed using the neighborjoining distance analyses. The phylogram generated using
Phylip shows that V28 esterase closely clusters with a
lipase from Acinetobacter junii SH205 (Fig. 2B).
Expression and Identification of the Recombinant
Esterase
To investigate the biochemical properties of the esterase
encoded by pUCV28, the gene was placed under the
control of the T7 promoter by cloning in the expression
vector pET22b. The resulting construct, pETV28, was
predicted to encode a polypeptide that is identical to the
mature esterase except for one additional methionine residue
at the terminus. E. coli BL21 (DE3) was transformed with
the plasmid pETV28 and induced to express a recombinant
protein using IPTG at different growth temperatures. When
cultivated and incubated at 37oC, the resulting protein was
insoluble (data not shown); however, at a lower culture
temperature of 18oC, the resulting protein was both soluble
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and insoluble. Approximately more than 50% of the
recombinant esterase was produced as a soluble and active
form in the E. coli cells. The recombinant enzyme was
then purified to homogeneity by His-Bind resin affinity
chromatography with a six-histidine tag at their C-terminus.
SDS-PAGE analysis of the eluted fraction showed a
distinctly expressed protein band of 35 kDa, which is close
to the mass predicted from their deduced proteins with an
additional 6× histidine-tag (Fig. 3). The purified enzyme
had specific activity of 15.5 U/mg toward p-NP caprylate
at 37oC.
Effects of Substrate, Temperature, and pH on Esterase
Activity
To detect the substrate specificity of V28 esterase, the
various p-NP esters with the aliphatic acyl-chain of
different lengths from 2 to 18 carbon atoms was examined
(Fig. 4). Analysis of the enzyme hydrolytic activity against
these p-NP esters showed that p-NP-C8 was the most easily
hydrolyzed substrate. However, the enzyme could also
hydrolyze long-chain substrates, such as p-NP myristate
(C14) and p-NP palmitate (C16), with the relative activity of
about 65% and 27%. V28 esterase displayed a substrate
profile similar to those found for most esterases, showing
higher affinity for medium-chain-length substrates [2, 12].
Based on the substrate preference profile, V28 esterase
could be classified as a carboxylesterase.
The temperature activity profile of V28 esterase was
examined over the temperature range of 5-80oC under
assay conditions with p-NP caprylate (C8) as substrate
(Fig. 5A). The optimum temperature was 40oC. And the
temperature-dependent turnover number (kcat) was calculated
based on the resulting enzyme activity. The relationship
between activation energy (Ea) and temperature is written
as the Arrhenius equation,
k = Ae-Ea/RT or Log k = -Ea/(2.3)RT + log A

Fig. 3. Sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) of V28 esterase.
Lane M, Standard protein molecular weight markers; lane 1, lysate
supernatants of uninduced transformant; lanes 2 and 3, soluble and
insoluble proteins induced by IPTG at 18oC ; lane 4, purified esterase by
Ni-NTA affinity column chromatography ; lane 5, purified enzyme activity
on TBN gel. The arrow indicates V28 esterase. M indicates protein size
markers.

Fig. 4. Substrate specificity of V28 esterase.

Hydrolysis activity was measured toward various p-nitrophenyl esters. All
reactions were performed in triplicate.
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the Arrhenius equation and calculated to be -735.94 K
from the plot. -Ea/(2.3)R = -735.94 K. Thus, the activation
energy of this enzyme was calculated to be 3.36 kcal/mol
in the range of 5oC to 35oC, and this value was lower than
those reported for many cold-adapted enzymes from other
sources: 4.7 kcal/mol for esterase of Psychrobcter sp.
Ant300 [16]; 11.2 kcal/mol for esterase of Pseudomonas
sp. B11-1 [25]; 9.0 kcal/mol for esterase of Acinetobacter
sp. No. 6 [26]; and 11.25 kcal/mol for esterase of A. lwoffii
16C-1 [14]. This implies that its catalytic efficiency is high
in this low temperature range. In fact, V28 esterase showed
as much as 70% of its maximum activity at 5oC. These
results indicated that the V28 esterase was a cold-active
enzyme.
The optimal pH of V28 esterase was determined to be
9.0, and it retained at least 70% of its maximum activity
between pH 8.0 and 10.0, indicating that it is an alkaline
enzyme. Although its esterase activity was somewhat
different depending on the various incubation buffers used,
the V28 esterase was fairly stable after incubation in
buffers ranging in pH from 7.0 to 10.0 (Fig. 5C). The
maximum activity at alkaline pH is a useful characteristic
in detergent applications.
Effects of Metal Ions, Organic Solvents, and Detergents
in Esterase Activity
The effects of different metal ions, organic solvents, and
detergents on the activity of V28 esterase are shown in
Tables 1 and 2, respectively.
The effects of metals and inhibitors have been studied
with respect to suitability of lipases/esterases for industrial
application. The effects of metal ions revealed that no
significant inhibition of V28 esterase activity was obtained.
In addition, the esterase activity was not significantly
Table 1. Effects of various metal ions and inhibitors on V28
esterase activity.
Metal ions or reagents (5 mM)
CaCl2
CdCl2
CuSO4
CoCl2
FeSO4
HgCl2
KCl
MgCl2
MnSO4
NiSO4
ZnCl2
EDTA
PMSF

Fig. 5. Effects of temperature and pH on the activity and
stability of V28 esterase.
(A) The enzyme activity ( ● ) and stability ( ■ ) were measured at various
temperatures at pH 8.0. (B) The logarithm of the enzyme turnover rate (k)
(s-1) was plotted against the reciprocal of absolute temperature (T). The
values shown are the activation energy calculated from the linear part of
the Arrhenius plot. (C) The enzyme activity ( ● ) and stability ( ■ ) were
determined at various pHs at 37oC. All reactions were performed in
triplicate.

where A is known as the pre-exponential factor, R is the
gas constant (1.987 cal K-1 mol-1), and T is the absolute
temperature. To calculate Ea, we drew the Arrhenius plot
using log k and 1/T (Fig. 5B). The slope is -Ea/(2.3)R from

Relative activity (%)a

a

Data are presented values ± standard deviation.

94 ± 5.4
87 ± 3.8
111 ± 4.1
96 ± 0.7
94 ± 2.1
89 ± 1.6
116 ± 8.2
111 ± 0.4
111 ± 0.5
110 ± 2.3
104 ± 4.3
110 ± 0.6
102 ± 1.1
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Table 2. Effects of various organic solvents and detergents on
V28 esterase activity.
Organic solvents/
detergents
Organic solvents
Methanol
Ethanol
Isopropanol
Acetone
Acetonitrile
PEG-8000
DMSO
Detergents
Tween-20
Tween-80
SDS
a

Remaining activity (%) at a
concentration (%) of a
15%
101 ± 10
102 ± 5.2
103 ± 4
102 ± 3.1
102 ± 7.1
101 ± 0.6
101 ± 0.5
0.05%
101 ± 1.6
101 ± 2.8
99 ± 0.7

30%
101 ± 3.5
102 ± 1.3
100 ± 1.6
101 ± 2.9
99 ± 0.8
102 ± 1.7
100 ± 2.2
0.1%
104 ± 0.3
101 ± 1.9
18 ± 2.7

Data are presented values ± standard deviation.

inhibited by EDTA (Table 1). A near universal property
of Acinetobacter lipases is the positive effect of Ca2+ on
enzyme stabilization and activity, most probably a function
of the Ca2+-binding pocket, leading to correct active-site
configuration [16]. However, V28 esterase and A.
radioresistens lipase [4] were not affected by Ca2+,
interestingly. PMSF had little influence on the activity of
the V28 esterase, whereas it resulted in inactivation of A.
radioresistens lipase [4]. Dharmsthiti et al. [7] hypothesized
that the deeply recessed nature of the active-site serine
imparts resistance to the serine hydrolase inhibitor. Exposure
of the V28 esterase to various organic solvents for 30 min
showed this enzyme retained activity in all organic solvent
tested (Table 2). Stability in the presence of organic
solvents is a requisite property of enzymes used in organic
synthesis in non-aqueous systems. V28 esterase appears to
be ideally suited for such syntheses because its activity in
examined water-miscible solvents was not inhibited by
30% concentration. Apart from SDS, the tested detergents
did not inhibit the activity of V28 esterase at a concentration
of 0.1%.
In this study, the esterase produced by A. venetianus V28
exhibited high activity at low temperatures. Moreover,
V28 esterase retained strong lipolytic activity in various
detergents and organic solvents. These results suggest that
this cold-adapted enzyme has potential applications in the
detergent industry or for organic synthesis.

Acknowledgment
This work was supported by a grant from the National
Fisheries Research and Development Institute (NFRDI),
Republic of Korea.

1251

REFERENCES
1. Alquati, C., L. Gioia, G. Santarossa, L. Alberghina, P. Fantucci,
and M. Lotti. 2002. The cold-adapted lipase of Pseudomonas
fragi: Heterologous expression, biochemical characterization
and molecular modeling. Eur. J. Biochem. 269: 3321-3328.
2. Bornscheuer, U. T. 2002. Microbial carboxylesterases: Classification,
properties and applications in biocatalysis. FEMS Microbiol.
Rev. 26: 73-81.
3. Breuil, C. and D. J. Kushner. 1974. Partial purification and
characterization of the lipase of a facultatively psychrophilic
bacterium (Acinetobacter O16). Can. J. Microbiol. 21: 434441.
4. Chen, S., C. Cheng, and T. Chen. 1998. Production of an
alkaline lipase by Acinetobacter radioresistens. Biotechnol.
Bioeng. 62: 311-316.
5. Choo, D. W., T. Kurihara, T. Suzuki, K. Soda, and N. Esaki.
1998. A cold-adapted lipase of an Alaskan psychrotroph,
Pseudomonas sp. strain B11-1: Gene cloning and enzyme
purification and characterization. Appl. Environ. Microbiol. 64:
486-491.
6. De Santi, C., M. L. Tutino, L. Mandrich, M. Giuliani, E.
Parrilli, P. Del Vecchio, and D. de Pascale. 2010. The hormonesensitive lipase from Psychrobacter sp. TA144: New insight in
the structural/functional characterization. Biochimie 92: 949957.
7. Dharmsthiti, S., J. Pratuangdejkul, G. Theeragool, and S.
Luchai. 1998. Lipase activity and gene cloning of Acinetobacter
calcoaceticus LP009. J. Gen. Appl. Microbiol. 44: 139-145.
8. Dieckelmann, M., L. A. Johnson, and I. R. Beacham. 1998. The
diversity of lipases from psychrotrophic strains of Pseudomonas:
A novel lipase from a highly lipolytic strain of Pseudomonas
fluorescens. J. Appl. Microbiol. 85: 527-536.
9. Feller, G., E. Narinx, J. L. Arpigny, M. Aittaleb, E. Baise, S.
Geniot, and C. Gerday. 1996. Enzymes from psychrophilic
organisms. FEMS Microbiol. Rev. 18: 189-202.
10. Grochulski, P., Y. Li, J. D. Schrag, F. Bouthillier, P. Smith, D.
Harrison, B. Rubin, and M. Cygler. 1993. Insights into
interfacial activation from an open structure of Candida rugosa
lipase. J. Biol. Chem. 268: 12843-12847.
11. Hasan, F., A. A. Shah, and A. Hameed. 2006. Industrial
applications of microbial lipases. Enzyme Microb. Technol. 39:
235-251.
12. Jaeger, K. E., B. Dijkstra, and M. T. Reetz. 1999. Bacterial
biocatalysis: Molecular biology, three-dimensional structures,
and biotechnological applications of lipases. Annu. Rev.
Microbiol. 53: 315-351.
13. Kim, H. K., H. J. Choi, M. H. Kim, C. B. Sohn, and T. K. Oh.
2002. Expression and characterization of Ca2+-independent
lipase from Bacillus pumilus B26. Biochim. Biophys. Acta
1583: 205-212.
14. Kim, H. E. and K. R. Kim. 2002. Purification and characterization
of an esterase from Acinetobacter lwoffii 16C-1. Curr.
Microbiol. 44: 401-405.
15. Knothe, G. 2005. Dependence of biodiesel fuel properties on the
structure of fatty acid alkyl esters. Fuel Process Technol. 86:
1059-1070.
16. Kulakova, L., A. Galkin, T. Nakayama, T. Nishino, and N.
Esaki. 2004. Cold-active esterase from Psychrobacter sp. Ant300:

1252

17.

18.
19.

20.

21.

22.

23.

24.

Kim et al.

Gene cloning, characterization, and the effects of GlyPro
substitution near the active site on its catalytic activity and
stability. Biochim. Biophys. Acta 1696: 59-65.
Lang, D., B. Hofmann, L. Haalack, H. J. Hecht, F. Spener, R.
D. Schmid, and D. Schomburg. 1996. Crystal structure of a
bacterial lipase from Chromobacterium viscosum ATCC 6918
refined at 1.6 angstroms resolution. J. Mol. Biol. 259: 704-717.
Margesin, R. 2007. Alpine microorganisms: Useful tools for
low-temperature bioremediation. J. Microbiol. 45: 281-285.
Martinez, C., A. Nicolas, H. van Tilbeurgh, M. P. Egloff, C.
Cudrey, R. Verger, and C. Cambillau. 1994. Cutinase, a lipolytic
enzyme with a preformed oxyanion hole. Biochemistry 33: 8389.
Park, I. H., S. H. Kim, Y. S. Lee, S. C. Lee, Y. Zhou, C. M.
Kim, et al. 2009. Gene cloning, purification, and characterization
of a cold-adapted lipase produced by Acinetobacter baumannii
BD5. J. Microbiol. Biotechnol. 19: 128-135.
Ryu, H. S., H. K. Kim, W. C. Choi, M. H. Kim, S. Y. Park,
N. S. Han, et al. 2006. New cold-adapted lipase from
Photobacterium lipolyticum sp. nov. that is closely related to
filamentous fungal lipases. Appl. Microbiol. Biotechnol. 70:
321-326.
Saito, H. and K. I. Miura. 1963. Preparation of transforming
deoxyribonucleic acid by phenol treatment. Biochim. Biophys.
Acta. 72: 619-629.
Schmidt, R. D. and R. Verger. 1998. Lipases; interfacial
enzymes with attractive applications. Angew Chem. Int. Ed.
Engl. 37: 1608-1633.
Schlatmann, J., R. M. Aires-barros, and S. M. J. Cabral. 1991.
Esterification of short chain organic acids with alcohols by a

25.

26.

27.

28.

29.

30.

lipase microencapsulated in reversed micelles. Biocatal.
Biotransform. 5: 137-144.
Suzuki, T., T. Nakayama, D. W. Choo, Y. Hirano, T. Kurihara,
T. Nishino, and N. Esaki. 2003. Cloning, heterologous expression,
renaturation, and characterization of a cold-adapted esterase
with unique primary structure from a psychrotroph Pseudomonas
sp. strain B11-1. Protein Expr. Purif. 30: 171-178.
Suzuki, T., T. Nakayama, T. Kurihara, T. Nishino, and N. Esaki.
2002. Primary structure and catalytic properties of a cold-active
esterase from a psychrotroph, Acinetobacter sp. strain no. 6
isolated from Siberian soil. Biosci. Biotechnol. Biochem. 66:
1682-1690.
Thompson, J. D., D. G. Higgins, and T. J. Gibson. 1994.
CLUSTAL W: Improving the sensitivity of progressive multiple
sequence alignment through sequence weighting, positionsspecific gap penalties and weight matrix choice. Nucleic Acids
Res. 22: 4673-4680.
Villeneuve, P., J. M. Muderhwa, J. Graille, and M. J. Haas.
2000. Customizing lipases for biocatalysis: A survey of
chemical, physical and molecular biological approaches. J. Mol.
Catal. B Enzym. 9: 113-148.
Yang, X., X. Lin, T. Fan, J. Bian, and X. Huang. 2008. Cloning
and expression of lipP, a gene encoding a cold-adapted lipase
from Moritella sp. 2-5-10-1. Curr. Microbiol. 56: 194-198.
Zheng, X., X. Chu, W. Zhang, N. Wu, and Y. Fan. 2011. A
novel cold-adapted lipase from Acinetobacter sp. XMZ-26:
Gene cloning and characterization. Appl. Microbiol. Biotechnol.
90: 971-980.

