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Abstract A haloarchaeal strain G41 showing lipolytic activ-
ity was isolated from the saline soil of Yuncheng Salt Lake,
China. Biochemical and physiological characterizations along
with 16S rRNA gene sequence analysis placed the isolate in
the genus Haloarcula. Lipase production was strongly influ-
enced by the salinity of growth medium with maximum in the
presence of 20 % NaCl or 15 % Na,SO,. The lipase was
purified to homogeneity with a molecular mass of 45 kDa.
Substrate specificity test revealed that it preferred long-chain
p-nitrophenyl esters. The lipase was highly active and stable
over broad ranges of temperature (30-80 °C), pH (6.0-11.0),
and NaCl concentration (10-25 %), with an optimum at
70 °C, pH 8.0, and 15 % NaCl, showing thermostable,
alkali-stable, and halostable properties. Enzyme inhibition
studies indicated that the lipase was a metalloenzyme, with
serine and cysteine residues essential for enzyme function.
Moreover, it displayed high stability and activation in the
presence of hydrophobic organic solvents with log Pgy>
2.73. The free and immobilized lipases from strain G41 were
applied for biodiesel production, and 80.5 and 89.2 % of
yields were achieved, respectively. This study demonstrated
the feasibility of using lipases from halophilic archaea for
biodiesel production.

Introduction

Lipases (EC 3.1.1.3) are ubiquitous hydrolytic enzymes that
preferentially hydrolyze triglycerides composed of long-chain
fatty acids and catalyze the reverse reaction under certain
conditions (Teo et al. 2003). They have diverse industrial
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applications ranging from use in detergent and paper
manufacturing to the production of structured lipids, biodiesel,
and biosurfactants (Jaeger et al. 1999). However, industrial
processes often require aggressive reaction conditions. For
example, wastewaters may contain high salt contents, and
high temperatures may be required either to favor
stereoselectivity or simply to solubilize high-melting-point
lipids in biocatalysis processes. Furthermore, catalysis with
lipases is often carried out within organic solvents in order to
promote synthesis reactions by providing a low-water envi-
ronment (Lima et al. 2004a, b). Many lipases lose their activ-
ity rapidly under these conditions, and therefore, novel lipases
with better catalytic efficiency and specific properties suitable
for special reaction conditions are highly demanded.
Halophilic archaea are characterized as the extremophiles
that grow from around 8 % (1.5 mol/L) sodium chloride to
approximately 36 % (5 mol/L) NaCl, which is at saturation for
NaCl (Litchfield 2011). Based on the unique stability of
archaeal enzymes under high temperature, salt concentration,
and extreme pH, they are expected to be a very powerful tool
in industrial biotransformation processes that run under harsh
conditions (Ozcan et al. 2009). Since salt tends to greatly
reduce water activity, enzymes from halophilic archaea may
become the choice for biocatalytic processes performed in
low-water activity environments like aqueous/organic and
nonaqueous media (Sellek and Chaudhuri 1999). Many li-
pases from bacteria and fungi have been purified and charac-
terized; however, reports about the haloarchaeal lipases were
scarce. Recently, screening for lipase activity in halophilic
archaea isolated from the Sebkha of El Golea (Algerian
Sahara) was carried out (Bhatnagar et al. 2005). This work
reported the discovery of the first true lipase from Archaea
domain, and a preliminary characterization was later per-
formed using a crude enzymatic preparation obtained from
Natronococcus sp. (Boutaiba et al. 2006). Besides, several
haloarchaeal strains showing lipolytic activities were reported
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(Camacho et al. 2009; Ozcan et al. 2009). However, up to
date, few lipase from halophilic archaea has been purified and
characterized (Miiller-Santos et al. 2009), and meanwhile, the
potential usefulness of haloarchaeal lipases in biotechnologi-
cal processes is still an open question.

In this paper, a haloarchaeal strain G41 producing extra-
cellular lipase was isolated and identified. The purification
and characteristics of the lipase, especially its activity and
stability in the presence of organic solvents, were reported.
In addition, the lipase was shown to be potentially useful for
biodiesel production based on its excellent organic solvent
tolerance.

Materials and methods
Strain identification and culture conditions

The strain G41 was isolated from the saline soil of Yuncheng,
China. Production of extracellular lipase was performed in the
complex medium (CM) containing the following (g/L): casein
peptone 7.5, yeast extract 10.0, sodium citrate 3.0, MgSO,-
7H,0 20.0, KCI 2.0, FeSO,4-7H,0 0.01, NaCl 200.0, and
pH 7.0-8.0. Morphological, physiological, and biochemical
characteristics of strain G41 were studied either on CM agar
plate (2 % agar, w/v) or in CM broth plus 16 % NaCl. 16S
ribosomal RNA (tRNA) gene of strain G41 was amplified
using the primers 22 F (5'-ATTCCGGTTGATCCTGC-3") and
1540R (5'-AGGAGGTGATCCAGCCGCAG-3") (Xu et al.
2005), and it has been submitted to GenBank with the acces-
sion number JN112010. The strain was deposited at China
Center of Industrial Culture Collection with the accession
number CICC 10510.

Extracellular lipase production and effect of different salts

The haloarchaeal growth and extracellular lipase production
of strain G41 were determined at different time intervals. It
was inoculated in CM broth and incubated at 37 °C with
shaking. Samples were withdrawn aseptically every 6 h, and
strain growth along with lipase activity was measured using
spectrometric method (Shimadzu model UV-160A).

Effect of salts on lipase production was determined in CM
broth containing different concentrations of KCI, NaCl,
Na,SO,4, and NaNOs, respectively. After incubation at 37 °C
for 120 h, the culture broths were centrifuged at 10,000g for
15 min, and cell-free supernatant was used for lipase activity
assay.

Lipase activity assay

Lipase activity was determined using p-nitrophenyl palmitate
(p-NPP) as a substrate according to Winkler and Stuckmann
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(1979), with some modifications. The substrate p-NPP was
dissolved in 2-propanol to give a final concentration of
1 mmol/L and mixed with 9 mL of 0.01-M Tris-HCI buffer
(pH 8.0) containing gum arabic (0.1 %), Triton X-100 (0.6 %),
and 16.3 % NaCl. The reaction was carried out at 70 °C by
adding 20 uL of appropriately diluted enzyme solution to
240 pL of substrate solution after preincubation for 5 min,
and incubation was continued for further 10 min. Following
the addition of 100 uL of Na,COj5 solution (0.1 M) to stop the
reaction, the amount of p-nitrophenol (p-NP) released was
measured at 410 nm against a blank. One unit was defined
as the amount of enzyme liberating 1 pmol of p-NP per
minute under the standard assay conditions. The specific
activity was expressed as the units of enzyme activity per
milligram of protein.

Enzyme purification

Culture supernatant obtained by centrifugation was treated with
solid ammonium sulfate to 75 % saturation and stirred over-
night at 4 °C. The precipitate collected by centrifugation was
dissolved in buffer A (10 mmol/L Tris-HCI containing 15 %
NaCl, pH 8.0). After dialysis against Tris-HCI buffer (10 mmol/
L, pH 8.0) overnight, the sample was applied to a
Diethylaminoethyl (DEAE) cellulose column (2.5 cmx
30 cm). The bound proteins were eluted with a linear gradient
of 0.1-1 mol/L NaCl in Tris-HCI buffer at a flow rate of
0.5 mL/min. Active fractions showing lipase activity were
pooled and concentrated by freeze-drying. The resulting con-
centrate was dissolved in buffer A, and then loaded on a
Sephacryl S-100 gel filtration column (1.6 cmx60 cm). The
samples were eluted with buffer A at a flow rate of 0.5 mL/min.
Active fractions were pooled and used for further characteriza-
tion. Molecular mass of the purified lipase was estimated using
the same column, which was calibrated previously with bovine
serum albumin (BSA, 67 kDa), ovalbumin (43 kDa), bovine
carbonic anhydrase (29 kDa), and cytochrome C (12.4 kDa).
Blue Dextran was used to determine the void volume of the
column. Protein concentration was determined by the method
of Bradford (1976), using BSA as standard.

Molecular mass determination

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed to determine the purity and
molecular mass of the purified lipase on 12 % (w/v) polyacryl-
amide gel (Laemmli 1970). After electrophoresis, the gel was
stained with Coomassie Brilliant Blue R-250.

Substrate specificity

To determine the substrate specificity of the lipase, p-nitro-
phenyl esters with different chain lengths (acetate, C2;
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butyrate, C4; hexanoate, C6; octanoate, C8; decanoate, C10;
laurate, C12; myristate, C14; palmitate, C16; stearate C18)
were used as the substrates with the final concentration of
1 mmol/L, respectively, and then, the released amounts of p-
NP were measured at 410 nm using p-NPP method. Data were
expressed as the percentage of the observed maximal activity
obtained with p-nitrophenyl myristate (p-NPM) (C14).

Effects of metal ions and chemical reagents

Effects of different metal ions and chemical reagents (ethyl-
enediaminetetraacetic acid (EDTA), phenylmethylsulfonyl
fluoride (PMSF), phenylarsine oxide (PAO), diethyl
pyrocarbonate (DEPC), 3-mercaptoethanol) on the lipase ac-
tivity were examined by preincubating the enzyme with them
at 30 °C for 1 h, respectively, and residual activity was
determined under the standard assay conditions. Lipase activ-
ity in the absence of any additives was taken as 100 %.

Effects of temperature, pH, and NaCl concentration on lipase
activity and stability

The temperature optimum of the purified lipase was deter-
mined under temperatures from 20 to 90 °C. To assess its
thermostability, the enzyme was preincubated under different
temperatures for 24 h, and residual activity was measured
using p-NPP method as described above. Effect of pH was
measured over a pH range of 5.0-11.0. The buffers (10 mmol/
L) used were as follows: sodium acetate (pH 5.0-5.5), sodium
phosphate (pH 6.0-7.5), Tris-HCI (pH 8.0-9.0), and glycine-
NaOH (pH 9.5-11.0). The pH stability was examined by
preincubating the enzyme at different pHs at 50 °C for 24 h,
and residual activity was measured as described above. Effect
of NaCl was determined by measuring the lipase activity in
the reaction mixture containing different concentrations of
NaCl (0-25 %). To determine its salt stability, the lipase was
preincubated in Tris-HCI buffer (10 mmol/L, pH 8.0) contain-
ing various concentrations of NaCl at 50 °C for 24 h. The
residual activity was measured under the standard assay
conditions.

Lipase activity and stability in organic solvents

Effect of organic solvents with different log P, values at
30 % (v/v) concentration on the purified lipase was determined
by incubating the enzyme solution with different organic
solvents at 30 °C with shaking, respectively. At different time
intervals, aliquots were withdrawn, and residual activity was
measured under the standard assay conditions. If residual
activity was more than 50 % after 5 days, half-life was taken
as “>5 days.” While activity was less than 50 % after 1 day,
half-life was taken as “<1 day.”

Immobilization of the purified lipase

The purified lipase was lyophilized and dissolved in Tris-HCI
buffer (10 mmol/L, pH 8.0). The method for immobilization
of the lipase was described by Ji et al. (2010). Briefly, 1 g of
macroporous anion exchange resin (Amberlite IRA-93,
America) was added to 5 mL of solution containing 0.5 mg
of purified lipase (about 80.1 units), and the mixture was
stirred for 12 h at 20 °C with shaking at 150 rpm. The
immobilized lipase was recovered through centrifugation,
dried in a vacuum desiccator, and stored at 4 °C. The activity
of the immobilized lipase was determined to be about 31.1
units/g. In addition, a blank using the resin without enzyme on
p-NPP hydrolysis was performed to evaluate the effect of the
anion exchange resin.

Production of biodiesel catalyzed by the lipase

The soybean oil was selected for lipase-catalyzed
transesterification as described by Ji et al. (2010). Mixtures
of soybean oil (6 mmol, about 5.4 g), methanol (24 mmol,
960 puL), and water (500 puL) were dissolved in fert-butanol
(6 mL), and then, free (0.2 mg) or immobilized lipase (1 g)
was added, respectively. Methanol was added by four steps
according to Yu et al. (2013). Briefly, the first portion of
methanol and 5.4 g of plant oil were added at the start of the
reaction; the second, the third, and the fourth portions of
methanol were added at an interval of § h. The
transesterification reactions were carried out at 70 °C with
shaking at 180 rpm. Aliquots (20 pL) of the reaction mixture
were withdrawn at different time intervals, and then diluted
with n-heptane for gas chromatograph (GC) analysis. In addi-
tion, the resin without lipase was used for transesterification
reaction as a blank.

The methyl ester contents of the reaction mixture were
measured on a GC (6820, Agilent) equipped with an SE-30
capillary column (0.33 pmx0.25 mmx30 m, Agilent).
Nitrogen was used as carrier gas at a flow rate of 1.0 mL/min.
The column temperature was kept at 200 °C for 1 min, raised to
240 °C at 4 °C/min, and then maintained at 240 °C for 6 min.
The injector and detector temperatures were both set at 280 °C.
Methyl esters of palmitic, stearic, oleic, and linoleic acids were
purchased from Sigma as the standards and were detected by
GC at 8.9, 11.8, 12.0, and 12.5 min, respectively.

Results and discussion
Strain identification and production of extracellular lipase
The strain G41 is a gram-negative, strictly aerobic, and motile

rod. Colonies are red-pigmented on CM agar plate. It is able to
grow in media containing 10-30 % (w/v) NaCl with optimum
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at 16-20 % NaCl. No growth was observed in the absence of
NaCl. Thus, this strain was considered to be an extremely
halophilic archaea (Kushner and Kamekura 1988). Optimal
growth was observed at 37-40 °C and pH 6-8. Nitrate reduc-
tion, methyl red, catalase, Tween 60, starch, and gelatin hy-
drolysis are positive, while H,S production, indole produc-
tion, Voges-Proskauer test, oxidase, and casein hydrolysis are
negative. Acid is produced from starch, D-galactose, and
inositol. As shown in Fig. 1, phylogenetic analysis based on
16S rRNA gene sequence comparisons revealed that the strain
G41 belonged to the genus of Haloarcula and was most close
to Haloarcula salaria HSTO1-2RT (97.4 % 16S rRNA gene
sequence similarity). Thus, it was tentatively named as
Haloarcula sp. G41.

As shown in Fig. 2, the lipase was produced from the early-
exponential phase (30 h) and reached a maximum level during
the early-stationary phase (96 h). Moreover, extracellular li-
pase production of strain G41 was observed to be strongly
influenced by the salinity of the culture medium (Table 1).
Maximal lipase production (about 12.0 units/mL) occurred
when 20 % NaCl or 15 % Na,SO4 was added. In addition, it
was able to produce lipase in the presence of KCI. Although
NaNOj; provided some haloarchaeal growth, no enzyme pro-
duction was found. These results clearly revealed the halo-
philic nature of Haloarcula sp. G41, which the salt appeared
to be a prerequisite for haloarchaeal growth and enzyme
production. Similar behaviors were reported for other halo-
philic bacteria with the capability of producing extracellular
enzymes (Coronado et al. 2000; Amoozegar et al. 2003).

Lipase purification

The extracellular lipase from strain G41 was well purified by
ammonium sulfate precipitation, DEAE-Sepharose anion ex-
change chromatography, and Sephacryl S-100 gel filtration
chromatography. It was purified 7.7-fold with 18.6 % recovery
and a specific activity of 160.4 units/mg protein using p-NPP
as the substrate (Table 2). The purified lipase showed a single

Fig. 1 Phylogenetic tree based
on 16S rRNA gene sequence of
the strain G41 to other members
of the genus Haloarcula.
Accession numbers of the
sequences used in this study are
shown in parentheses after the
strain designation. Numbers at
nodes are percentage bootstrap

protein band on SDS-PAGE with an estimated molecular mass
of 45 kDa (Fig. 3, lane 2), corresponding with that determined
by gel filtration. Together, these results indicated that the lipase
was a single polypeptide chain. Similarly, Pérez et al. (2011)
reported a novel lipase (LipBL) with a molecular mass of
45.3 kDa from a halophilic bacterium Marinobacter lipolyticus
SM19, and it was high identity to class C (3-lactamases.
Although some halophilic archaea with lipolytic activity were
obtained (Boutaiba et al. 2006; Ozcan et al. 2009), to the best
of our knowledge, few haloarchacal lipase has been purified
and characterized (Miiller-Santos et al. 2009).

Properties of the purified lipase

The substrate specificity of the lipase was determined using p-
NP esters with different acyl chain lengths (Fig. 4). Maximal
hydrolytic activity was obtained with p-NPM (C14). A trend
of preferential specificity toward p-NP esters with acyl chain
lengths longer than C10 is clearly evident. However, enzyme
activity declined along with shorter chain length, reaching
30 % activity with p-NPH (C6), 20 % with p-NPB (C4), and
12 % with p-NPA (C2), respectively. Meanwhile, lipolytic
activity on thodamine B agar plates indicated that the purified
lipase could hydrolyze olive oil (data not shown). These
results confirmed the lipase nature of this enzyme, with it
being more active on longer-chain fatty acid esters. The crude
lipase from haloarchaeal strain Natronococcus sp. showed
similar substrate specificity to ours (Boutaiba et al. 20006).

Effects of temperature, pH, and NaCl concentration

The temperature profile of lipase activity is shown in Fig. 5a.
The purified lipase displayed optimal activity at 70 °C. Most
of the known lipases from halophilic archaea have been re-
ported to show maximal activities between 45 and 65 °C
(Boutaiba et al. 2006; Camacho et al. 2009; Ozcan et al.
2009). Thus, the present lipase from Haloarcula sp. G41 can
be rated among the higher thermoactive lipases. Moreover,

u Haloarcula sp. G41 (JN112010)

53 Haloarcula salaria HSTO1-2RT (FJ429318)

£ Haloarcula argentinensis arg-1T (D50849)
Haloarcula marismortui 2 ATCC 43049T (AY 596298)

Haloarcula vallismortis CGMCC1.2048/rmBT (EF645 688)

Haloarcula amylolytica BD-3T (DQ854818)
100

values based on 1,000
replications; only values greater
than 50 % are shown. Bar 0.01

Haloarcula amylolytica BD-3T (DQ826513)

I— Haloarcula tradensis HSTO3T (FJ429316)

substitutions per nucleotide
position

Halomicrobium katesii Al-5T (EF533994)
Halomicrobium muko hataei DSM 12286T (CP00 1688)

0.01
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Fig. 2 Strain growth and extracellular lipase production of stain G41 in
CM broth containing 20 % (w/v) NaCl at 37 °C. Lipase activity was
determined using p-NPP as the substrate. Results represent the means of
three separate experiments

excellent thermostability was observed over temperature rang-
ing from 20 to 80 °C, and it was worth noting that the purified

Table 1 Effect of different salts on extracellular lipase production by
Haloarcula sp. G41

Salt Growth Activity (units/mL)
None - 0
NaCl
10 % + -
15 % + 7.5+£0.9
20 % + 12.5+1.5
25 % + 11.3+1.2
30 % + 4.1+1.1
KCl
10 % + -
15 % + 43+0.2
20 % + 4.7+13
25 % + 55+1.1
30 % + 24£0.2
Na,SO4
10 % + -
15 % + 12.1+£0.3
20 % + 42+0.2
25 % + 1.5+£0.1
30 % - -
NaNO;
10-30 % + -

The strain G41 were grown for lipase production as described in “Mate-
rials and methods.” Sodium chloride in the CM broth was replaced by the
salts above. After 120-h of incubation, the culture was centrifuged, and
cell-free supernatant was used for lipase activity assay. Values are
expressed as the averages of three independent experiments+standard
deviations

Table 2 Results of the lipase purification from Haloarcula sp. G41

Purification Total Total Specific Purification Yield

steps activity protein  activity (fold) (%)
(units)  (mg) (units/mg)

Crude enzyme 1,121 539 20.8 1.0 100

75 % (NH4),SO4 785 18.3 429 2.1 70.0

DEAE cellulose 376 4.1 91.7 44 335

Sephacryl S-100 208 1.3 160.4 7.7 18.6

lipase retained more than 60 % activity after preincubating it
under 90 °C for 24 h. These characteristics made it obviously
different from other fungus lipases reported previously, which
were usually neither active nor stable at temperatures above
70 °C (Dheeman et al. 2011; Ji et al. 2010). The excellent
thermostability of the enzyme might be due to the presence of
NaCl, which has been described in the lipase from
Natronococcus sp. (Boutaiba et al. 2006). Thus, high activity
and stability of purified lipase made it potentially useful in
biocatalytic processes operating under high temperatures.

Effect of pH on lipase activity and stability is shown in
Fig. 5b. Optimal pH for the enzyme activity was 8.0.
Meanwhile, it was highly stable in the pH range of 7.0-11.0
after 24-h incubation, indicating its alkali-stable nature.
Similarly, Bhatnagar et al. (2005) found that the highest lipase
activity of Natronococcus TC6 was at pH 7.0 for p-NPP
hydrolysis; while in another study, Ozcan et al. (2009) report-
ed that optimal lipase activities of five halophilic archaeal
strains were at pH 8.0. Alkaline enzymes have received con-
siderable interest because of their tremendous potentiality in
industrial processes (Chakraborty et al. 2011).

kDa 1 2
97.2

66.4

443

29.0

20.1

Fig.3 SDS-PAGE analysis of the purified lipase. Lane I molecular mass
markers, lane 2 purified lipase
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Fig. 4 Substrate specificity of the lipase toward different p-NP esters.
Assays were done with 15 % NaCl at 70 °C and pH 8.0. Results represent
the means of three separate experiments

Lipase activity was measured in the presence of different
NaCl concentrations with optimum at 15 % NaCl (Fig. 5c¢).
However, no activity was detected in the absence of NaCl.
These results were quite interesting since they demonstrated
that the lipase was completely adapted to high salt concentra-
tions and probably optimized, at the molecular level, to be
fully efficient only when salt was present in high amount. In
fact, halophilic enzymes usually required the presence of
NaCl or KCI concentrations in the range of 1-4 M for opti-
mum activity and stability (Mevarech et al. 2000). They can
be divided into two groups on the basis of whether or not their
activity is irreversibly lost upon exposure to low ionic
strength. Most of the halophilic enzymes studied so far are
inactivated irreversibly. For example, {3-galactosidase from
Haloferax alikantei irreversibly lost its activity within minutes
at NaCl concentrations below 0.5 M (Holmes et al. 1997). On
the other hand, some halophilic enzymes recovered their
activity upon reestablishment of the high salt concentration.
Such was the case for the lipase of Natronococcus sp.
(Boutaiba et al. 2006). The purified lipase of strain G41
clearly fell into the latter group since it recovered 82.5 % of
the initial activity after treatment in the absence of NaCl for
24 h (Fig. 5¢). This property is quite useful, since the enzyme
purification can be run without salt using classical chromato-
graphic methods such as ion exchange chromatography and
the activity assayed on line in the presence of salt after
reactivation. Furthermore, the lipase from strain G41 showed
strong tolerance to NaCl. It was highly stable in the presence
of NaCl concentrations from 2.5 to 25 %. Similar extreme
halotolerance has been observed in other lipases from
Natronococcus sp. (Boutaiba et al. 2006) and Haloarcula
marismortui (Camacho et al. 2009).

Effects of metal ions and chemical reagents

As shown in Table 3, lipase activity was found to be stimu-
lated in the presence of Ca®" and Mg2+. Many lipases were
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Fig. 5 Effects of temperature (a), pH (b), and NaCl concentration (¢) on
activity (solid lines) and stability (dotted lines) of the purified lipase.
Relative activity was defined as the percentage of activity detected with
respect to the maximum enzyme activity. For determining the stability,
the lipase activity without any treatment was taken as 100 %. Data are the

average of three independent experiments. See “Materials and methods”
for further details

reported to display enhanced activity in the presence of Ca®"
(Jietal. 2010). A possible explanation for this phenomenon is
that Ca®" bound to the active site of the lipase and changes the
conformation of the protein (Rahman et al. 2005). Conversely,
Hg?" inhibited the lipase with about 88.6 % activity lost, as
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Table 3 Effects of different metal ions and chemical reagents on lipase
activity

Substances Concentration Residual activity
(mmol/L) (%=SD)
Control - 100
Ca®* 1 128.9+1.3
Zn** 1 91.6+0.9
Fe** 1 93.7+1.2
Fe** 1 94.1+0.8
cu? 1 81.1+1.1
Mn?* 1 92.5+1.8
Hg*" 1 11.4+0.5
Mg** 1 127.1+1.5
EDTA 10 7.9+0.4
PMSF 10 11.1£02
DEPC 10 82.7+1.3
PAO 10 18.6+0.2
[3-Mercaptoethanol 10 923+1.7

Residual activity was determined as described in “Materials and
methods” and expressed as the percentage of the control value (without
any additives). Values are expressed as the averages of three independent
experiments+standard deviations

reported for other lipases from Penicillium species (Dheeman
etal. 2011). Strong inhibition by Hg** suggested the presence
of cysteine residues in the enzyme (Sugihara et al. 1996).
Effects of some known enzyme inhibitors on the lipase
activity were also studied. After incubation with EDTA, only
7.9 % of its original activity was retained, indicating that it
was a metalloenzyme. 3-Mercaptoethanol and DEPC showed
only marginal effect in lipase activity, which indicated that
disulfide bonds and histidine residues may be buried or less
accessible in this lipase. However, significant inhibition by
PMSF (a serine modifier) and PAO (a cysteine modifier) was
observed, implying that serine and cysteine residues were
essential for enzyme function. The crude lipase from
Penicillium chrysogenum 9’ showed similar behavior in the
presence of PMSF and EDTA (Bancerz et al. 2005).

Effect of organic solvents

High activity and stability of lipases in organic solvents are an
essential prerequisite for applications in organic synthesis
(Doukyu and Ogino 2010); hence, activity and stability in
organic solvents are considered novel attributes in a lipase.
So far, there have been some reports about organic solvent-
tolerant lipases; however, published studies on the enzymatic
behavior of lipases from halophilic archaea in nonaqueous
media are scarce. As described above, the purified lipase from
G41 was active and stable under high salinities, making it
quite possible to remain stable in organic solvents.

Effect of various organic solvents on the activity and stabil-
ity of the purified lipase is shown in Table 4. More than 80 %
activity was retained in the presence of glycerol, DMSO, tert-
butanol, cyclohexane, n-hexane, or isooctane compared to the
control. Interestingly, glycerol and n-hexane even increased the
lipase activity to 112.1 and 116.9 %, respectively. The activa-
tion of lipase could be explained that organic solvent mole-
cules could interact with hydrophobic amino acid residues
present in the lid that covers the catalytic site of the enzyme,
thereby maintaining the lipase in its open conformation and
conducting to catalyze (Rda et al. 1993). Although there is a
tendency for hydrophilic solvents to cause more significant
enzyme inactivation than hydrophobic solvents (Doukyu and
Ogino 2010), the lipase from strain G41 retained 50 % activity
in the presence of hydrophilic solvents (Table 4).

Furthermore, the lipase displayed considerable stability in
the presence of hydrophobic organic solvents (log Py, 2.73—
4.7), which showed longer half-lives in these solvents than
those in the absence of organic solvent or in the presence of
hydrophilic solvents (Table 4). Together, these results indicat-
ed that the stability of the lipase was probably dependent on
the polarity of the solvents, which increased only in hydro-
phobic organic solvents with higher log P, values. These
results were in agreement with the general behaviors of most
lipases, which showed high tolerance toward hydrophobic
solvents with significant instability in hydrophilic solvents

Table 4 Activity and stability of the lipase in different organic solvents

Organic solvents Log Poy* Residual activity (%)
Control® - 100 (3 days)°
Glycerol -1.76 112.1 (4 days)
DMSO -1.35 80.4 (2 days)
DMF -1.0 63.1 (2 days)
Methanol -0.76 48.2 (2 days)
Acetonitrile -0.34 31.9 (<1 day)
Ethanol -0.3 25.5 (<1 day)
Acetone -0.24 67.9 (1 day)
tert-Butanol 0.18 81.2 (1 day)
Chloroform 1.97 62.8 (2 days)
Benzene 2.13 77.8 (2 days)
Toluene 2.73 74.2 (>5 days)
Cyclohexane 33 85.7 (>5 days)
n-Hexane 35 116.9 (>5 days)
1-Decanol 4.1 71.8 (>5 days)
Isooctane 4.7 89.2 (>5 days)

#The log P, is the logarithm of the partition coefficient, P, of the solvent
between n-octanol and water and is used as a quantitative measure of the
solvent polarity

® The activity of the purified lipase in the absence of organic solvents was
taken as control (100 %)

°The numbers in brackets are the half-lives of the lipase in different
organic solvents
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(Dheeman et al. 2011; Lima et al. 2004a, b). The reasonably
high stability of the purified lipase in organic solvents made it
potentially useful for practical application in synthetic reac-
tions with nonconventional media.

Application of the lipase for biodiesel production

Considering that the lipase was stable in organic solvents and
its preferential specificity toward long-chain substrates, the
lipase was deemed likely to be very suitable for biodiesel
production. Short-chain alcohols, especially methanol, have
low solubility in oils, and therefore, a new liquid phase ap-
pears in the system leading to an inactivation of the enzyme
and decreased yields of ester. Therefore, tert-butanol was used
as the solvent to reduce the influence of methanol and glycerol
on the lipase (Royon et al. 2007). Meanwhile, the resin for
enzyme immobilization was found to have no effect on p-NPP
hydrolysis and transesterification reaction of the lipase.

Biodiesel production with 80.5 and 89.2 % yields was
achieved by free and immobilized lipase, respectively
(Fig. 6). The immobilized lipase was found to catalyze bio-
diesel synthesis in fert-butanol with higher yield, and this
might be due to larger surface area of the immobilized lipase
(Noureddini et al. 2005). However, free lipases were known to
have mass transfer problem since these form aggregates in
low-water media (Shah and Gupta 2007). In contrast to other
lipases used in biodiesel production (Ji et al. 2010;
Sivaramakrishnan and Muthukumar 2012; Yu et al. 2013),
the lipase from strain G41 showed higher efficiency.
Moreover, the values obtained were for an unoptimized pro-
cess, and there are ample scopes to improve the efficiency of
the process to obtain higher biodiesel yields.

Lipases from different sources have significant variation in
properties especially with respect to regiospecificity, fatty acid

1001

80+

—— Immobilized lipase
—O— Free lipase

Conversion (%)

0
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Time (h)

Fig. 6 Biodiesel production catalyzed by the free and immobilized
lipases from Haloarcula sp. G41. Results represent the means of three
separate experiments

@ Springer

specificity, thermostability, pH optimum, and kinetics in non-
aqueous system (Gupta et al. 2004). A broad spectrum of
substrate utilization coupled with enantioselectivity and en-
hanced efficiency in nonaqueous media is always desirable in
new lipases. In this study, the purified lipase from Haloarcula
sp. G41 displayed excellent thermostable, alkali-stable,
halotolerant, and organic solvent-tolerant properties. These
features rendered the lipase more potentially valuable for
biotechnological applications in nonaqueous catalysis. This
study formed the basic trials conducted to test the feasibility of
using haloarchaeal lipases for transesterification and subse-
quent biodiesel production. Attempts will be made to optimize
the enzyme reaction conditions so as to obtain a better yield of
biodiesel.
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