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Abstract

ester.

Background Lipases have emerged as essential biocatalysts, having the ability to contribute to a wide range of
industrial applications. Microbial lipases have garnered significant industrial attention due to their stability, selectivity,
and broad substrate specificity. In the previous study, a unique lipolytic bacterium (Micrococcus luteus EMP48-D) was
isolated from tempeh. It turns out the bacteria produce an acidic lipase, which is important in biodiesel production.
Our main objectives were to clone the acidic lipase and investigate its potential in biodiesel production.

Result In this study, the gene encoding a lipase from M. luteus EMP48-D was cloned and expressed heterologously
in Escherichia coli. To our knowledge, this is the first attempt at the cloning and expression of the lipase gene from
Micrococcus luteus. The amino acid sequence was deduced from the nucleotide sequence (1356 bp) corresponded
to a protein of 451 amino acid residues with a molecular weight of about 40 kDa. The presence of a signal peptide
suggested that the protein was extracellular. A sequence analysis revealed that the protein had a lipase-specific
Gly-X-Ser-X-Gly motif. The enzyme was identified as an acidic lipase with a pH preference of 5.0. Fatty acid prefer-
ences for enzyme activities were C8 and C12 (p-nitrophenyl esters), with optimum temperatures at 30-40 °C and still
remaining active at 80°C. The enzyme was also shown to convert up to 70% of the substrate into fatty acid methyl

Conclusion The enzyme was a novel acidic lipase that demonstrated both hydrolytic and transesterification reac-
tions. It appeared particularly promising for the synthesis of biodiesel as this enzyme’s catalytic reaction was optimum
at low temperatures and was still active at high temperatures.
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Introduction
The discovery of enzymes has become a very important
breakthrough in the biotechnology industry. The largest
share of the enzyme market for industrial use is occu-
pied by hydrolytic enzymes such as protease, amylase,
amidase, esterase, and lipase [1]. In the past few decades,
lipase (triacylglycerol acyl-hydrolase) has emerged as an
important enzyme in biotechnology and is developing
very rapidly [2]. This is due to the multifaceted nature of
lipase, which allows its use in a variety of applications [3].
Lipase is also an enzyme that has abundant availability
in nature and can be isolated from various microorgan-
isms, animals, or plants [4]. Tempeh (originally written
as tempe) is a traditional Indonesian fermented food
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produced by the fermentation of soybeans using Rhizo-
pus oligosporus. Indonesian tempeh is an ecosystem with
a high diversity of microorganisms [5], and some of these
bacteria play a role in the hydrolysis of fats [6, 7]. Dur-
ing the process of fermentation of soybeans, hydrolysis of
fat by microorganisms leads to an increased amount of
free fatty acids in tempeh by 25-26% [8]. It suggests some
other bacteria in association with tempeh are also capa-
ble of producing lipase.

Lipase (EC 3.1.1.3) in the enzyme classification sys-
tem belongs to members of the carboxylic hydrolases
[9]. Lipase catalyzes both the hydrolysis and synthesis
of ester groups [10]. Lipase is one of the most important
biocatalysts in a variety of industrial applications, i.e.,
food, detergent, pharmaceuticals, cosmetics, bioremedia-
tion, and oleochemicals. It covers around 5 to 10% of the
enzyme market share in the world [2]. Some characteris-
tics expected in industrial applications of lipases include
stability at high temperatures, resistance to organic sol-
vents, and the ability to be active in low pH conditions.

Acidic lipase (active at low pH) is very important in
industrial applications, especially in biodiesel produc-
tion [11, 12]. The composition of the substrate com-
monly used in biodiesel production is dominated by free
fatty acids. The accumulation of free fatty acids causes
the initial pH of the reaction to be very low, so alkaline
biocatalysts will be more difficult and uneconomical to
apply under these conditions [13]. Acidic lipase is the
least studied type of lipase; so far, only a few lipases have
been reported to show this characteristic. In this study,
we succeeded in cloning acidic lipase-encoding genes
from Micrococcus luteus EMP48-D. The gene has also
been successfully expressed in E. coli BL21, and several
analyses have been carried out about the characterization
of the resulting lipases.

Materials and methods

Media, strains, and plasmids

Tributyrin and tricaprylin agar were used for detect-
ing lipolytic activity. The media contain 1% (v/v) glyc-
erin tributyrate or tricaprylate glycerin, 1 X gum arabic
solution, 1% (w/v) tryptone, 0.5% (w/v) yeast extract,
0.5% (w/v) NaCl, and 2% (w/v) agar. Gum arabic solu-
tion (10 X) contains 10% gum arabic, 200 mM NacCl, and
50 mM CaCl,. Nutrient (NB) agar or Luria Bertani (LB)
agar were used for transformant verification and recov-
eries. For detecting lipolytic activity from the recombi-
nant strain, trybutyrin and trycaprylin agar were treated
with ampicillin (100 ppm), 25 mg/l X-galactosidase, and
50 mg/l isopropyl thiogalactopyranoside (IPTG). E. coli
DH5a was used as a cloning host for the gene encoding
lipase. Cloning vectors were pGEM-T Easy plasmids,
which contain the structural gene lipase EMP48-D. E.
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coli BL21 was used as an expression host. The pET15-b,
pG-KJE8, pGro7, pKJE7, pG-Tf2, pTfl6, and pUC19 were
used as expression vector.

Gene cloning and sequence analysis

M. luteus EMP48-D isolates were isolated from tempeh
[14]. DNA from M. luteus EMP48-D was extracted using
the Wizard® Genomic DNA Purification Kit (Promega)
with slight modifications. Lysozyme solutions (100 pg/
ml) were added to optimize Micrococcus cell wall lysis.
The gene-encoding lipase was amplified from genomic
DNA with Lip013 primers: 5 -CCCCGACGCTAG
CCGAG-3" and 5'-CATCTGCATCCGAGAGACCG-3'.
Amplicons were introduced into plasmid pGEM-T Easy
using the TA cloning technique [15] and then trans-
formed into E. coli DH5a (Fig. 1).

The size of the recombinant DNA carrying the lipase
gene was confirmed using gel electrophoresis, while the
sequencing of nucleotides was conducted using the AB®
Genetic Analyzer 3130 (Applied Biosystem, USA). Lipase
genes were amplified from recombinant plasmids using
M13 primer (5-GTAAAACGACGGCCAG-3" and CAG
GAAACAGCTATGAC) and Lip013 primer. Nucleotide
sequence analysis was assisted using Geneious R.11.1.2
(Biomatters Ltd.,, NZ) and MEGA 6.06 (Pennsylvania
State University, USA), and identification of homology
was compared with sequences deposited in the database
of NCBI GenBank (http://www.ncbi.nlm.nih.gov).

Construction of expression vector and host-vector
optimization

The open reading frame (ORF) of the lipase gene was
amplified with primers LiPML-Ndel 5 -GGAATT
CCATATGGCCCCCGCACGCC-3" and LiPML-Xhol
5-CCGCTCGAGTCAGAACCACCCGCACGAGTC
-3’. The predicted primers contain the nucleotides cor-
responding to the Ndel and Xhol sites used to target the
gene in the right direction. The lipase gene (EMP48-D
lipase) was ligated into an expression vector employing a
double digest mechanism (Fig. 2). Recombinant plasmids
were transformed into hosts described before using the
heat shock method [16]. Transformants containing the
recombinant plasmid were grown in LB medium con-
taining chloramphenicol (35 pg/ml) and ampicillin (100
pg/ml) at 37°C to an OD600 of 0.6. The culture was then
adjusted to 1 mM IPTG and incubation continued at
30°C for 24 h. Transformant cells were harvested by cen-
trifugation at 10,000 X g for 30 min. The cells collected by
centrifugation were washed two times and resuspended
in the 10 mM Tris-HCl buffer (pH 8.0). Suspensions were
sonicated to release intracellular protein, then the cell-
free extract was centrifuged at 10,000 X g for 10 min to
eliminate cell debris and assayed for lipase activity. The
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Fig. 1 Schematic diagram of the cloning construct of Lip_EMP48-D into the pGEM-T Easy vector. Ori, origin of replication; RBS, ribosomal binding
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Fig. 2 Schematic diagram of the expression construct of Lip_EMP48-D into pET15-b (expression vector). Ori, origin of replication; RBS, ribosomal

binding sites; Ampr, marker of ampicillin resistance

supernatant obtained from the first centrifugation was
assayed for intracellular lipase activity.

Molecular modeling of EMP48-D lipase

The initial alignment was carried out according to
an automated web-based service from the ExPASy
Proteomics server using FASTA, CLUSTALW, and
T-Coffee. Protein structure prediction was gener-
ated semi-automatically using a homologous structure

modeling program on SWISS-MODEL servers (https://
swissmodel.expasy.org) [17]. The model was then visual-
ized via the visual molecular dynamic (VMD) software
v.1.9.3 (University of Illinois, USA). The template used for
the modeling was the crystal structure of lipase A from
C. antarctica CalA (2veo.1.A). The active enzyme site was
predicted using Geneious R.11.1.2 software (Biomatters
Ltd., New Zealand). Lipase functional components were
predicted using phobius web-based prediction servers
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(http://phobius.sbc.su.se/cgi-bin/predict.pl) and SignalP
4.1 (http://www.cbs.dtu.dk/services/SignalP).

Determination of lipase activity

Lipase activity was measured spectrophotometrically
using p-nitrophenyl (p-NP) ester as a substrate [18]. The
reaction mixture for the standard assay (1.0 ml) was pre-
pared with 2-mM p-NP-laurate (C12) in acetonitrile,
150-mM citrate-phosphate buffer (pH 5.0), and 10-pL
crude enzyme. The blank reaction was carried out iden-
tically to the assay mixture, excluding the enzymes. The
mixture was incubated at 37°C for 5 min, and the amount
of p-nitrophenol released from p-nitrophenyl ester was
measured at 405 nm. Protein quantities were estimated
with bicinchoninic acid (BCA) kits (Thermoscientific)
and bovine serum albumin (BSA) as a protein standard
according to manufacture procedures. One unit of lipase
activity (U) was defined as the amount of a particular
enzyme that catalyzes the conversion of 1 umol of p-NP
per minute, while specific enzyme activity is expressed as
a unit of enzyme per mg of protein (U/mg).

SDS-PAGE and zymogram

Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) was carried out based on the method
proposed by Laemmli [19] with slight modifications.
Zymography was carried out following the SDS-PAGE
work procedure. The staining step was replaced by soak-
ing the SDS-PAGE gel in 1% Triton X-100 for 2 X 30 min,
then rinsed with distilled water for 60 min. The gel was
then placed on a tributyrin agar medium and incubated
at 37°C for 8 h, or until the clear zone was visible. The
clear band on tributyrin media was compared to molec-
ular weight markers on the SDS-PAGE gel to obtain the
range of molecular weight (MW).

Lipase characterization

Substrate specificity for nitrophenyl ester was analyzed
under standard conditions using p-nitrophenyl butyrate
(C4:0), p-nitrophenyl caproate (C6:0), p-nitrophenyl
caprylate (C8:0), p-nitrophenyl decanoate (C10:0),
p-nitrophenyl laurate (C12:0), p-nitrophenyl palmitate
(C16:0), and p-nitrophenyl stearate (C18:0). The optimal
temperature for enzyme activity was tested at various
temperatures within the range of 20 to 100°C. Ther-
mostability was determined by measuring the residual
activity after incubating the enzyme at temperatures
of 50°C, 65°C, and 80°C for 240 min. The optimum pH
was determined at various pH within the range of 3.0 to
10.0 at 37°C. The pH stability was tested by measuring
the residual activity after incubating the enzyme at pH of
4.0, 7.0, and 9.0 for 180 min. Stability in organic solvents
was determined by measuring the residual activity after
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incubation of the enzyme with 50:50 (v/v) organic sol-
vents, i.e., methanol, ethanol, butanol, 2-propanol, ace-
tonitrile, n-hexane, and n-heptane, at 37°C for 180 min.
The effect of metal ions was measured under standard
conditions by the addition of various metal salt solutions,
ie., FeSO,, ZnCl,, MgCl,, CaCl, (0.001 M); KCl, MnCl,
(0.002 M); and NaCl (0.01 M). The effects of various
detergents or inhibitor agents were investigated by the
addition of 0.5% sodium dodecyl sulfate (SDS), 1% Tween
80, 1% Tween 20, 0.5% EDTA, 1% Triton X-100, and 2%
glycerol. The activity measurements were made through
three independent repetitions for each variable inves-
tigated under the standard assay conditions described
before.

Transesterification reaction

Transesterification reactions were carried out in 10 ml
vials in an incubator at constant temperature with con-
tinual shaking. The reaction was carried out as follows:
2 mL of enzyme (50 U) was added to the free fatty acid
solution. A free fatty acid solution was created by dis-
solving palmitate acid or lauric acid in methanol, which
acted as reactant and solvent, respectively. The molar
ratio of free fatty acid to methanol was 1:3 [20]. Incuba-
tion conditions were maintained at 50°C with agitation at
225 rpm for 5 h. The reaction product was separated into
two phases: the top phase contained excess methanol and
water formed during the reaction, while the crude fatty
acid methyl ester phase was at the bottom. The fatty acid
methyl ester (FAME) phase was taken off at the bottom
and passed into a centrifuge tube for further centrifu-
gation to remove traces of methanol. The residual free
fatty acids on the FAME were required for further analy-
sis. The amount of free fatty acids in the crude fatty acid
methyl ester was determined by titration with NaOH 0.05
mol/L for maximum conversion. The percent conversion
of free fatty acids was defined as the amount of free fatty
acids successfully converted to fatty acid methyl ester.

Result

Gene cloning and sequence analysis

Ligation between the EMP48-D lipase gene and the
pGEM-T vector produced 4.4 kbp of recombinant DNA.
PCR amplification using Lip013 primers produced 1.4
kbp DNA fragment, while amplification using M13 prim-
ers produced 1.7 kbp. The attachment of the M13 primer
was located at 176 and 66 bases upstream and down-
stream of the polylinker (MCS), respectively, so ampli-
fication using this primer will produce fragment sizes
about 242 bp longer than the insert. Restriction of the
recombinant plasmid using EcoRI produced 1.4 and 3.0
kbp DNA fragments, similar to the size of the DNA insert
and the pGEM-T easy vector.
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PCR amplification of the M. luteus EMP48-D chromo-
some using Lip013 primers produced 1.414 bp DNA frag-
ment, covering the whole open reading frame (ORF) with
an additional 37 bases before the start codon (—37) and
21 bases after the stop codon (1.393). The ribosome bind-
ing site (RBS) is located at —15 to —11 (5 bp), while the
transcription initiation site (promoter) is located at —35
to —21 (15 bp). The OREF size was 1356 bp, which encodes
451 amino acid residues (AA). The ORF sequences carry
93 nucleotides (31 AA) of peptide signal that indicates
the protein might be transferred outside the cell [21]. The
amino acid sequence showed similarities to lipases from
Micrococcus luteus trpEl6, Streptococcus pneumonia,
and Micrococcus lylae (Table 1).

Expression and host-vector optimization
PCR amplification using LiP-ML primers that were
added with the Ndel and Xhol recognition sites produced
a DNA fragment of 1375 bp. DNA fragments were par-
tially cleaved with Ndel and Xhol, and the resulting DNA
fragments (1.361 bp) were inserted into vectors and
transformed into E. coli. Transformants were selected
on tributyrin agar plates; DNA insertion was indicated
by white colonies and clear zone formation. However,
both E. coli hosts (white colonies) containing either vec-
tor showed no lipolytic activity (clear zone) in media
selection. For confirmation purposes, the DNA insert
was sequenced, and the Lip-EMP48-D-containing DNA
sequences were found in the correct size and direction.
The wild-type strain of EMP48-D was an extracellu-
lar lipase harboring the highest activity of 17.02 + 3.01
U/mg (Table 2). As mentioned above, the presence of
the plasmids carrying Lip-EMP48-D in E. coli did not
lead to any lipolytic activities on selection media. So,
we tried to extract the cells, where the supernatant
contained the soluble proteins and the pellet con-
tained the insoluble cell fractions. The supernatant still
did not show any lipolytic activity on tributyrin agar,
whereas the pellet from a specific combination (host-
vector) showed lipolytic activity. Pellets from recom-
binant E. coli DH5a with pGEM-T easy vector and
pUC-19 did not show lipolytic activity on tributyrin
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Table 2 Optimization of host and vector in the

expression of lipase EMP48-D

systems

Host Vector Clear Pellet activity (U/
zone mg)
index?
Wild-type n/a 1.25 17.02 £ 3.01
E. coli DH5a pGEM-T Easy n/a 211 +1.09
pUC-19 n/a 0.93+0.07
E.coliBL21 (DE3) pLysS + pET15-b 1.0 15.02+2.33
pET15-b 0.95 1447 £1.99
E. coli BL21 pG-KJE8 + pET15-b  0.75 10.33 +2.88
with Origami pGro7 + pET15b 045 7.65 + 1.56
variants
pKJE7 + pET15-b 0.7 1002 +098
pG-Tf2 + pET15-b 065 857 + 255
pTf16 + pET15-b 04 535+ 162

2The clear zone index was measured after 24 h of incubation on tributyrin
agar and was calculated as the ratio of the diameter of the clear zones to the
diameter of colonies

The activity was expressed as the mean + standard deviation

agar. Fortunately, pellets from recombinant E. coli BL21
with pET15-b vectors and origami variants successfully
exhibited a clear zone on tributyrin agar. Surprisingly,
the E. coli BL21 with pET15-b showed a much larger
clear zone on tricaprylin plates as well as lipolytic
activities than did the E. coli BL21 with origami vectors
(Table 2).

SDS-PAGE and zymogram

The samples were subjected to SDS-PAGE. While the
soluble fraction (supernatant) revealed no protein bands
compared to the wild-type control, the pellet fraction
revealed one IPTG induced protein bands (Fig. 3a). The
SDS-PAGE showed the formation of the induced bands
about 40 kDa. This size was similar to the predicted size
about 40 kDa (1356 bp). Then, the protein band was
confirmed using zymogram (Fig. 3b). The zymograph
showed a clear zone formation at a band of approxi-
mately 40 KDa. This preference just confirmed the actual
size of the protein was definitely about 40 KDa.

Table 1 Results of the blastP EMP48-D amino acid lipase sequence (451 AA)

No. Description E value Ident. Accession

1. Lipase [Micrococcus luteus strain trpE16] 0.0 96 % WP_073116234.1
2. Secretory lipase [Streptococcus pneumonial 0.0 96 % CVM40669.1

3. Lipase [Micrococcus lylael 2e—157 69 % WP_102214108.1
4, Lipase [Micrococcus terreus] 2e—103 57 % WP_091698861.1
5. Lipase [Arthrobacter sp. strain SW1] 2e—96 53% WP_070348929.1
6. Lipase [Streptomyces sp. strain CNQ329] 7e-92 53% WP_027772499.1
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Zym

Recombinant
lipase

Purified
lipase

Wild-type
lipase

Fig. 3 a SDS-PAGE and b zymogram of insoluble protein (pellet) of EMP48-D recombinant cells. (M) protein molecular weight markers; (0) crude
extract from non-induced recombinant E. coli; (125) pellet from 125 uM IPTG-induced recombinant E. coli; (250) pellet from 250 uM IPTG-induced
recombinant E. coli; WT, pellet from olive oil-induced wild-type strain; (SDS) partially purified EMP48-D lipase on SDS-PAGE; (Zym) lipolytic activity

of the lipase on tributyrin substrates

Open reading frame of lipase sequence analysis

The whole ORF of the lipase gene carried a nucleotide
sequence of 1.356 bp, which encodes 451 amino acid
residues (Fig. 4). The nucleotide sequence was domi-
nated by high-GC nucleotides with 78% GC content.
Amino acid sequences were analyzed using SignalP
4.1, which showed the presence of signal peptides (31
AA), and a cleavage site was detected between Ala31
and GIn32. It was a typical peptide signal found in most
gram-positive bacteria [22]. Analysis using Phobius
web-based prediction server revealed the peptide sig-
nal sequence consists of 10 residues of the N-Region
(1-10), 13 residues of the H-Region (11-13), and 8
residues of the C-region (24-31) (Fig. 4). The peptide
sequence from 32 to 451 prepares a mature lipase with
the characteristics of a non-cytoplasmic transmem-
brane topology [23]. The presence of a signal peptide
and transmembrane topology in amino acid sequences
shows the potential for EMP48-D to be expressed out-
side the cell. The conserved amino acid domain of the
Gly-X-Ser-X-Gly motif was found in EMP48-D lipases
(X can be replaced with any amino acid). This motif is
found in almost all amino acid sequences that make up
lipase and esterase enzymes; some carry the G-D-S-L
motif [24]. Serin 244 (ser244), aspartate 388 (Asp388)
and histidine 350 (His350) are positioned in a catalytic
triad-like configuration. The serine is part of a Gly-X-
Ser-X-Gly consensus sequence (where X represents
tyrosine and glutamine, respectively). Ser244 is located
at the apex of the nucleophilic elbow between strand 6
and helix a4 (Fig. 4). The role of the side chain of Ser244
would be to anchor the protein backbone in a position
favorable for an oxyanion hole [25].

Molecular modeling of 3D lipase structure EMP48-D

Lipase EMP48-D has a globular shape with dimen-
sions of 35 A x 36 A x 42 A. The core structure con-
sists of nine stranded [-sheet which are surrounded by
twelve a-helices (similar to ORF analysis in Fig. 4). There
are five a-helices on one side of the -sheets and seven
a-helices on the other side (including those consisting of
only four amino acid residues). The secondary structure
of lipase EMP48-D has an o/f hydrolase fold similar to
that present in all lipases (Fig. 5). As no crystal structure
of a Micrococcus lipase is available, we have submitted a
primary sequence of EMP48-D lipase to the Swiss-Model
server for automatic modeling (http://www.expasy.org/
spdvb). Modeling by comparison to the protein struc-
tures of the C. antarctica (2veo.1.A) and C. antarctica
(3guu.1.A) lipases in PDB format was applied to generate
a 3D model of the EMP48-D lipase. The resulting protein
structures of the enzymes were then viewed and labeled
using VMD software, as shown in Fig. 5.

Classification of EMP48-D lipase

To investigate how EMP48-D lipase was related to known
esterases/lipases, the phylogenetic relationship was ana-
lyzed based on the esterase/lipase classification. Bac-
terial esterases/lipases have been classified into eight
different families based on their amino acid sequences
and biochemical properties [26]. A phylogenetic tree was
constructed from the aligned sequences by the neighbor-
joining method based on p-distances using CLUSTALW.
The tree presented in Fig. 6 is a bootstrap consensus
after 1000 repetitions. The phylogenetic tree showed
that EMP48-D lipase was closely related to the proteins
within family I of lipolytic enzymes. Lipolytic family I
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Fig. 4 Multiple alignments of amino acid sequences

between EMP48-D lipase and other closely known lipases have
been reported for the Micrococcaceae bacterium JKS001869
(WP_098471094.1), M. luteus (WP_101967662.1), S. pneumoniae
(CVM40669.1), Micrococcus sp. KBS0714 (WP_078025970.1),
Micrococcus lylae (WP_102214108.1), and Micrococcus terreus
(WP_091698861.1). The alpha helix, beta sheet, and 310-helices are
identical to @, B, and n, respectively

is the most represented family and is divided again into
six subfamilies. On the basis of the amino acid sequence
comparison and phylogenetic analysis, EMP48-D
belonged to subfamily 1.6 (Fig. 7). Lipase from M. luteus
EMP48-D revealed a closer relationship with lipase from
Streptomyces cinnamoneus and Propionibacterium acnes.
Lipase from Catenulispora acidiphila (WP_015793408)
and Williamsia sp. (WP_023956064) are some other
members of subfamily 1.6 [27]. Lipases from families I
generally share a Gly-X-Ser-X-Gly consensus sequence
[28]. Lipases categorized as subfamily 1.6 not only dem-
onstrate the usual pentapeptide Gly-X-Ser-X-Gly but
also, more specifically, share a Gly-X-Ser-GIn-Gly con-
sensus sequence (Fig. 7b). It was also interesting to know
that all known members of subfamily 1.6 belong to the
phylum Actinobacteria.

Multiple sequence alignment analysis of lipase from M.
Luteus EMP48-D also showed a closer relationship to the
lipase from subfamily 1.3 (Fig. 7a), but the biochemical
properties of lipase from subfamily 1.3 commonly pos-
sessed a higher molecular mass (P fluorescens, 50 kDa;
S. marcescens, 65 kDa) and the absence of an N-termi-
nal signal peptide. Lipase from M. luteus EMP48-D has
a molecular mass of about 40 kDa. It was close to the
molecular mass of lipase from P. acnes about 33 kDa and
S. cinnamoneus about 26 kDa [29, 30]. Lipases from sub-
family 1.3 usually lack the N-terminal signal peptide and
amino acid cysteine (Cys) which existed in EMP48-D
lipase. Angkawidjaja and Kanaya [28] stated that lipases
from subfamily 1.3 usually belong to members of gram-
negative bacteria.

Specific substrate and stability to organic solvents

The activities of the EMP48-D lipase towards various
p-nitrophenyl esters were investigated (Fig. 8a). EMP48-
D lipase showed the highest relative activity towards
p-nitrophenyl caprylate (100%) among the substrates
investigated. The enzyme also showed good activity
towards p-nitrophenyl laurate (74%) and p-nitrophenyl
caproate (66.4%). Enzyme specificity toward p-nitro-
phenyl caproate (66.4%). p-nitrophenyl palmitic (42.4%),
p-nitrophenyl stearate (38.8%), and p-nitrophenyl
butyrate (33.5%) showed the lowest activities. Short-
chain p-nitrophenyl esters were hydrolyzed poorly, while
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Fig.5 3D model of EMP48-D lipase. a The a-helix, B-sheet, random coil, and beta turn are shown in cartoon form in purple, yellow, and cyan,
respectively. b The catalytic triad (Ser 244, Asp388 and His420) are zoomed in

enzyme specificity towards long-chain p-nitrophenyl
esters strongly suggests that EMP48-D lipase is a true
lipase [31].

The stability of the crude extracts toward p-nitrophe-
nyl laurate substrates and various organic solvents was
examined. The effect of various organic solvents on the
stability of EMP48-D lipase is shown in Fig. 8b. The
highest activity was retained in the presence of butanol
(113%), 2-propanol (113.5%), ethanol (105.2%), methanol
(102%), and acetonitrile (103.7%) compared to the con-
trol. In contrast, n-heptane and n-hexane decreased the
lipase activity to 77.4% and 22.1%, respectively.

Effects of metal ions, detergents, and inhibitors on lipase
activity of EMP48-D

The effect of various metal ions on the activity of EMP48-
D lipase is shown in Fig. 9a. EMP48-D lipase activity was
significantly stimulated in the presence of Mg*" (113.5%)
and Ca?* (111.5%). Other metal ions tested, i.e., Na™ and
K*, had little effect on the lipase activity at 90.8% and
91.5%, respectively. The presence of Zn" ions almost nul-
lified the activity of the lipase (0.5%). Conversely, the Fe2*
ion greatly increased the activity of lipase (160.4%). The
fact that the activity was not significantly inhibited by
EDTA (66.6%) suggests that the lipase is not a metalloen-
zyme. The effects of various surfactants, oxidizing agents,
and detergent ingredients on lipase activity are depicted
in Fig. 9b. A high percentage of the lipase activity was lost
in the presence of most detergents. This percentage was
down to 39.3%, 31.6%, and 7.2% in the presence of Triton
X-100, Tween 80, and Tween 20, respectively. A high loss

of lipase activity was also found in the presence of SDS
(7.9%). Glycerol showed a deactivating effect but was not
considerably significant.

Temperature and pH optimum and EMP48-D lipase
stability
The temperature optimum for the enzyme was observed
at 40°C with pNP-laurate as substrate (Fig. 10a). The
maximum activity was 14.79 U/mg, and it retained 45.25
% of its activity at 80°C. This suggests that the lipase pro-
duced by M. luteus EMP48-D is thermotolerant. The
enzyme was stable from 50 to 65°C for 100 min; how-
ever, enzyme activity was drastically reduced at 80°C. The
enzyme was almost completely stable at 50°C and 65°C
for 60 min, while the activity was reduced to 79.1% and
37.5% after 180 min of incubation, respectively (Fig. 10b).
The effect of pH on the lipase activity of M. luteus
EMP48-D was investigated for pH values from pH 3.0 to
10.0, as shown in Fig. 10c. The enzyme displayed maxi-
mum activity at pH 5.0 and retained 84.7% of its activ-
ity at pH 4.0. The maximum activity was 15.21 U/mg and
was completely stable when incubated at room tempera-
ture for 180 min. Lipase from M. [uteus EMP48-D was
able to tolerate a low pH range, suggesting this lipase was
an acidic lipase. However, beyond pH 5.0, the activity
rapidly dropped, reaching a value of 1.2% at pH 10.0. The
stability of the enzyme remained relatively stable within
the pH range, ranging from 4.0 to 5.0, and dropped to
lower values of stability of 71.7% and 11.6% at pH 7.0 and
9.0 after 180 min of incubation, respectively (Fig. 10d).
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Fig. 6 Phylogenetic analysis based on amino acid sequences of EMP48-D lipase and other related esterase/lipase families [26]. A phylogenetic tree
was constructed by the neighbor-joining method (1000 x bootstrap) using MEGA 6.0 software
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Fig. 7 a Phylogenetic analysis of EMP48-D lipase and other related lipases from family | (subfamilies 1 to 6). The phylogenetic tree was constructed
by the neighbor-joining method (1000 x bootstrap) using MEGA 6.0 software. b Multiple sequence alignment of EMP48-D lipase and known related
lipases from subfamily 1.6. U80063: lipase from Streptomyces cinnamoneus, WP_ 015793408: lipase from Catenulispora acidiphila, WP_023956064:

lipase from Williamsia sp, and X99255: lipase from Propionibacterium acnes

Transesterification reaction

Lipase EMP48-D and lipase T.1.2 (lipase T.1.2 was pro-
vided by PT. Wilmar Benih Indonesia) were compared
regarding the conversion of fatty acids from caprylic
acid (C:8) and palmitic acid (C:16), as shown in Table 3.
A comparison between EMP48-D and T.1.2 was also
evaluated using the same activity units (20 U). The use of
the same activity unit values resulted in employing dif-
ferent amounts of EMP48-D and T.1.2 in esterification
reactions of free fatty acids. Reactions were carried out
at 50°C, considering the melting point of palmitic acid.
The methanol was added in a stepwise manner to avoid

high amounts of methanol in the reaction medium at the
beginning of the reaction. EMP48-D presented a higher
conversion than T.1.2 in the substrates of caprylic acid
and palmitic acid. EMP48-D in caprylic acid and pal-
mitic acid obtained a conversion of 64.7% and 77.2%,
respectively. Lipase T.1.2 was less active for the esterifi-
cation reaction than lipase EMP48-D. The free fatty acid
conversion values were 55.6% and 61.3% in the reactions
with caprylic acid and palmitic acid, respectively. Thus,
no significant increase in conversion was observed when
the reaction time increased from 5 to 24 h, which is
interesting from an economic point of view.
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Fig. 8 a Substrate specificity of EMP48-D lipase against various p-nitrophenyl esters. b lipase stability in various organic solvents. All reactions were

performed in triplicate
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Fig. 9 a Effect of various metal ions on EMP48-D lipase activity. b Effect of various detergents and certain inhibitor agents on EMP48-D lipase
activity. All reactions were performed in triplicate
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Fig. 10 Effects of temperature and pH on the activity and stability of EMP48-D lipase. a The enzyme activity was measured at various temperatures
at pH 5.0. b The enzyme stability was measured at various temperatures at pH 5.0 for 180 min. ¢ The enzyme activity was determined at various pHs
at 37°C. d The enzyme stability was measured at various pHs at 37°C for 180 min

Table 3 Lipase-catalyzed  transesterification  of ~ EMP48-D
and T.1.2 lipases using caprylic acid and palmitic acid as the
substrates

Enzyme Substrate  Incubation Final FFA FA conversion
time (hour) (%) (%)
EMP48-D  Caprylicacid 5 2288+0.70 6198+1.16
24 2125+£061 64.69+1.01
Palmiticacid 5 1815+£175 70.59+283
24 1404 +032 77.25%051
Lipase T.1.2 Caprylicacid 5 2698+ 131 5518+2.18
24 2671+£122 5562+203
Palmiticacid 5 24553 £050 60.223 +0.81
24 23.868+0.22 61.333+035
Control Caprylicacid - 60.194+0.72 -
Palmitic acid - 61.727 £088 -

The activity was expressed as the mean * standard deviation

Discussion
Lipases from microorganisms have been discovered since
the 1950s, and studies on their application in the bio-
industry have continuously progressed. Many lipases
from microbial sources are already being designed or
purposely engineered in various commercial processes.
However, there are still some cultivable microorganisms
that are potential sources of novel lipases that have not
yet been explored. In this respect, lipase properties from
Micrococcus luteus are the only ones that have never been
reported. This is supposed to be the first report of the
cloning and characterization of recombinant lipase from
the Micrococcus luteus strain. Studies about Micrococcus
luteus lipase have limited the detection of lipase activities
in strains derived from an artisanal raw ewe’s milk cheese
[32]. The closest report might be the study about lipase
characterization from a wild-type strain of Micrococcus
freudenreichii, which is optimal at pH 8.0-8.5 [33].

The bacterial strain Micrococcus luteus EMP48-D was
isolated from tempeh, a traditional fermented food from
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Indonesia. Several studies have reported the presence of
Micrococcus strains in tempeh [34]. Using the direct PCR
cloning technique, we succeeded in cloning the lipase
gene, but nothing showed a clear zone on media selec-
tion. This might be related to host incompatibility due to
transcription or translation of the lipase in E. coli cells
[35]. To overcome this problem, we figured it out with
detection using the supernatant, which contained the sol-
uble proteins, and the pellet, which contained the insolu-
ble cell fractions. Lipase activity was found essentially
in the pellet fraction, which suggested that the lipase is
associated with the cell wall fraction or that inclusion
bodies were formed [36]. SDS-PAGE revealed that the
apparent molecular weight of this protein (40 kDa) is
similar to the predicted molecular weight of 40 kDa. The
molecular weight (MW) of a protein is usually predicted
based on its amino acid composition (AA).

Multiple sequence alignment of sequences revealed
that EMP48-D lipase contained a conserved Gly-X-Ser-
X-Gly sequence that is characteristic of all lipases [37].
A phylogram constructed based on multiple sequence
alignment analysis revealed that EMP48-D lipase was
closely related to a lipase from Micrococcus luteus and
Streptococcus pneumonia. The 3D structure of proteins
can be predicted by using homology modeling, which
uses experimentally determined protein structures as
templates to predict the 3D structure of a target protein
based on target-template alignment [38]. The EMP48-D-
modeled lipase is a monomer folded into a/p domain. It
consists of nine stranded p-sheets surrounded by twelve
a-helices. The same structure is shared by other lipase
enzymes of mammalian and bacterial origin, whereas the
number of a-helices and p-sheet differs from one species
to another [39]. Based on the classification proposed by
Arpigny and Jaeger [26], the biophysical properties and
multiple sequence alignment of EMP48-D lipase showed
that it belonged to the subfamily 1.6 of bacterial lipases.
The molecular mass of EMP48-D was also in the range of
members of subfamily 1.6 around 30 kDa [26].

The lipase displayed higher activity on the substrate of
long-chain fatty acid esters (C8:0-C12:0) but low activ-
ity towards short-chain fatty acid esters (C4:0—C6:0). This
preference for these substrates indicated that EMP48-
D was a true lipase [18]. The specific activity of lipase
EMP48-D (15.02 + 2.33 U/mg) is relatively poor com-
pared to that of most bacterial enzymes that are com-
mercially available. Special characteristics of microbial
enzymes include their capability and appreciable activ-
ity under abnormal conditions, mainly temperature and
pH. Lipase from M. luteus EMP48-D has unique proper-
ties, such as being active in the low pH range and having
high-temperature stability. Optimal activity for EMP48-
D lipase was found to occur in conditions similar to those
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in which the source organism was isolated (tempeh). The
optimum pH for tempeh fermentation is in the range of
pH 5.0 to pH 6.7 [40] and EMP48-D lipase showed the
highest levels of activity around these conditions (pH
5.0). The high activity and pH stability in acidic condi-
tions indicated that the EMP48-D protein was an acidic
lipase, unlike many other bacterial lipases (alkaline).
EMP48-D lipase was also found to have an optimum
temperature of 40°C and be relatively stable in the range
of 30 to 65°C. This is consistent with the temperature
range of 30 to 49°C [40]. The stability of EMP48-D lipase
in different organic solvents was variable. EMP48-D
lipases were more stable in the presence of polar (protic)
solvents than nonpolar solvents. Many studies stated that
the catalytic activity and stability of enzymes are affected
by the presence of organic solvents; often, such changes
in enzyme properties were correlated to polarities in
terms of structural integrity between the active site and
the substrate [41]. The effects of denaturants and deter-
gents on EMP48-D lipase activity were also variable, as
SDS, Tween 20, and Tween 80 were observed to be inhib-
itory, while glycerol and Triton X-100 showed an insig-
nificant effect on enzyme activity. Tween 20 and Tween
80 were reported to be similar to p-nitrophenyl laurate
and p-nitrophenyl oleic, respectively, which are both
substrates for lipase categories [42, 43]. Furthermore,
they appear to competitively inhibit the catalytic domain
of EMP48-D lipase, suggesting that Tweens could be a
more desirable competitive inhibitor of EMP48-D lipase
than other evaluated agents. Tween 20 is more eligible
to be a substrate for competitive inhibition than Tween
80, which signifies that lipase prefers C12 (Tween 20)
over C18 (Tween 80). SDS inhibited strongly the activ-
ity of EMP48-D lipase. SDS might act upon the disulfide
linkage of the enzyme and so cause inactivation of the
enzyme [44]. On the basis of their effect on EMP48-
D activity, the metal ions could be categorized as Na™,
K*, and Zn*, which were found to reduce the enzyme
activity, and Ca**, Mg?", Mn**, and Fe®', which were
found to enhance the enzyme activity. There is no con-
sistent trend reported regarding the effect of metal ions
on lipase activity [45]. The effect varies with different
kinds of metal; even the same metal is found to affect the
lipase activity in a different manner if the lipase source
has been varied. However, enzyme activity is not signifi-
cantly affected by metal chelating agents (EDTA), which
indicates that EMP48-D lipase activity is independent of
metal ions.

Lipase-catalyzed transesterification for biodiesel pro-
duction has been an active area of research and shows
great potential to generate an environmentally friendly
and economic fuel in the future. To study prospective
scale-up for biodiesel production by enzymatic reactions,
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and in view of the fact that commercial lipases are pur-
chased at high prices, investigating alternative lipases
is essential. EMP48-D lipase was found to be relatively
more active for the transesterification reaction than the
other lipase (T.1.2). In addition, EMP48-D lipase showed
better transesterification performance in the presence of
palmitic acid than caprylic acid. Palmitic acid is the most
abundant resource, consisting of PFAD, a byproduct of
the palm oil industry [46]. Thus, the use of EMP48-D
lipase may offer some advantages in relation to chemical
catalysts for biodiesel production.

Conclusion

A promising novel lipase from Micrococcus luteus
EMP48-D has been successfully cloned and character-
ized. The lipase structural model fits the a/p hydrolase
fold for hydrolytic enzymes and is classified as subfam-
ily L.6. The lipase demonstrates very high activity towards
C8:0 fatty acids and can still perform at fairly high tem-
peratures. EMP48-D lipase was discovered as an acidic
lipase, and its transesterification ability gives it a prom-
ising prospect for meeting the needs of most industries,
especially biodiesel production.
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