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Abstract Metagenomic libraries from diverse environments
have been extensive sources of many lipases and esterases;
nevertheless, most of these enzymes remain biochemically
uncharacterized. We previously built a metagenomic fosmid
library from a microbial consortium specialized for diesel oil
degradation and tested it for lipolytic activity. In the present
study, we identified the PL14.H10 clone that was subcloned
and sequenced, which enabled the identification of the EST3
protein. This enzyme exhibited 74 % amino acid identity with
the uncharacterized alpha/beta hydrolase from Parvibaculum
lavamentivorans [GenBank: WP012110575.1] and was clas-
sified into lipolytic enzyme family IV. Biochemical character-
ization revealed that EST3 presents high activity in a wide
range of temperature with highest activity from 41 to 45 °C.
Also, this thermostable esterase acts from mild acidic to alka-
line conditions with an optimum pH of 6.0. The enzyme ex-
hibited activity against p-nitrophenyl esters of different chain
lengths and highest catalytic efficiency against p-nitrophenyl
caprylate. The activity of the protein was increased in the
presence of 0.5 mM of Mn+2, Li+, EDTA, and 1 % of CTAB
and exhibited half of the activity in the presence of 10 %
methanol and ethanol. Moreover, the homology model of

EST3 was built and compared to other esterases, revealing a
substrate channel that should fit a wide range of substrates.
Taken together, the data presented in this work reveal the
unique and interesting characteristics of EST3 that might be
explored for further use in biotechnological applications.
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Introduction

The replacement of chemical catalysts with enzymatic pro-
cesses enables reductions in time, energy, and industrial
wastes that might compromise the environment. Thereby, en-
zymes could be used to either replace or even complement
conventional methodology resulting in cleaner production
processes (Lorenz et al. 2002). Recently, enzymatic catalysis
has been implemented in a broad range of industries
(Jegannathan and Nielsen 2013) and it is expected that bio-
technological applications must stimulate the industrial en-
zyme market (Li et al. 2012).

Metagenomics is a useful approach that enables access to
the collective genomes of environmental samples without the
need for isolation and cultivation of microorganisms
(Handelsman et al. 1998), representing a method with high
potential in the search for new molecules. Various industrial
sectors are interested in exploring unculturable microorgan-
isms (Lorenz and Eck 2005) to identify new enzymes for
industrial catalysis. Many lipolytic enzymes have been iden-
tified via metagenomic studies from different environments
that include the following: marine sediment (Hårdeman and
Sjöling 2007; Chu et al. 2008; Hu et al. 2010; Jeon et al.
2011), marine polluted sediments (Elsaied et al. 2011), gla-
ciers (Cieśliński et al. 2009; Fu et al. 2013), ponds, lakes,
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(Rees et al. 2003; Wu and Tsai 2004; Ranjan et al. 2005)
activated sludge (Roh and Villatte 2008; Liaw et al. 2010),
forest soil (Nacke et al. 2011; Faoro et al. 2012), mangrove
soil (Couto et al. 2010), and bovine rumen (Privé et al. 2015).
However, many of these enzymes have not been fully bio-
chemically characterized (Steele et al. 2009).

Lipases (EC 3.1.1.3) and esterases (EC 3.1.1.1) act on
long-chain acylglycerols that have very low solubilities in
water (carbon chain lengths >10) and short-chain water-solu-
ble acylglycerols (carbon chain lengths ≤10), respectively
(Arpigny and Jaeger 1999). They possess the following char-
acteristics that make them a group of enzymes with many
industrial applications: stereoselectivity, no requirements for
cofactors, stability in organic solvents, and broad substrate
specificity (Bornscheuer 2002; Jaeger and Eggert 2002).
These properties allow them to be used in the synthesis of
biopolymers, in the production of enantiopure pharmaceuti-
cals and agrochemicals, and in the paper and food industries
(Jaeger and Eggert 2002). Also, their potentials in the synthe-
sis of biodiesel and in the bioremediation of industrial wastes
of lipid origin have been highlighted (Hasan et al. 2006; Jeon
et al. 2009). Lipases/esterases are the third leading group in
the enzyme sales market after carbohydrases and proteases
(Hasan et al. 2006; Selvin et al. 2012), and are expected to
exhibit high growth potential in the World Industrial Enzymes
Market since they can be used in many industrial bioconver-
sions (López-López et al. 2014). At this moment, lipolytic
enzymes that are extremely stable in non-aqueous media and
exhibiting high levels of activity are desirable (Glogauer et al.
2011).

Based on conserved amino acid sequence motifs and bio-
logical properties, bacterial lipases and esterases were first
classified into eight families (Arpigny and Jaeger 1999).
Although this classification system has since been adopted,
further studies resulted in the discovery of novel lipolytic en-
zymes that could not be grouped into any family.
Consequently, novel families and subfamilies have been pro-
posed (Lee et al. 2006; Kim et al. 2009). Lee et al. (2006)
described the discovery of a gene that encodes a lipolytic
enzyme and the creation of a new family referred to as
LipG. The creation of a new subfamily within lipolytic en-
zymes family IV was proposed (Jeon et al. 2012) in a phylo-
genetic analysis from metagenomic library from tidal flat sed-
iment. In another study, of 12 clones that encoded lipolytic
enzymes found in a metagenomic library from activated
sludge, four of the enzymes clustered to form a new family
(Liaw et al. 2010).

In order to identify enzymes for different applications, a
fosmid metagenomic library consisting of 4224 clones was
previously constructed in the Laboratory of Biochemistry of
Microorganisms and Plants at UNESP/Jaboticabal-Brazil.
The soil was collected in a region contaminated with petro-
leum hydrocarbons from a former automotive lubricant

factory in the city of Ribeirão Preto, São Paulo State, Brazil
(Accorsini et al. 2012), and was used to develop a microbial
consortium that was specialized for diesel oil degradation
(Paixão et al. 2010) and for the subsequent construction of
the metagenomic library. Recently, we have performed a
screening for clones exhibiting lipolytic activity on agar con-
taining tributyrin as the indicator substrate, which resulted in
the identification of 30 positive clones. From one of the pos-
itive clones, a new esterase member of family V of bacterial
lipolytic enzymes, designated as Est16, was cloned,
overexpressed and characterized (Pereira et al. 2015).

In this research, the consistent interest in lipolytic enzymes
with properties suitable for industrial purposes prompted us to
investigate another positive clone from this metagenomic li-
brary to identify the gene responsible for its lipolytic activity.
The assembled contig of this clone exhibited one open-
reading frame (ORF) identified as a putative gene encoding
the lipolytic enzyme EST3, which was further cloned and
overexpressed. Additionally, structural analyses based on mo-
lecular modeling produced information concerning further
site-directed mutagenesis with the goal of increasing the en-
zyme’s efficiencies on desired substrates. The functional and
structural characterization of this novel esterase revealed its
promising potential that can be explored for biotechnological
applications.

Materials and methods

Subcloning and sequence analysis

To identify the gene responsible for the lipolytic activity of the
PL14.H10 clone, its DNA was subcloned and sequenced.
DNA was extracted with Wizard® Plus SV Minipreps DNA
Purification System (Promega, Madison,WI, USA) according
to the manufacturer’s instructions, and randomly sheared by
nebulization into fragments of 1–3 kb. These fragments were
recovered from a 0.8 % low melting point agarose gel. The
blunt-ended DNA fragments were ligated into a SmaI-
digested and dephosphorylated pUC19 vector (Thermo
Scientific, Waltham, MA, USA).

The ligation product was used for the transformation of
Escherichia coli DH5α-competent cells , and the
transformants were selected. The resulting subcloned library
was fully sequenced from both ends using M13-forward and
M13-reverse primers with the automated sequencer ABI3100
(Applied Biosystems, Foster City, USA). Sequence assembly
and contig editing were performed with the Phred/Phrap
(Ewing et al. 1998) and Consed (Gordon et al. 1998) pro-
grams. To identify the ORFs, the ORF Finder tool provided
by the National Center for Biotechnology Information (NCBI:
http://www.ncbi.nlm.nih.gov) was used. The translated ORFs
were compared to known sequences deposited in the non-
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redundant protein databases using the local alignment tool
BLASTX (Altschul et al. 1990).

To analyze the phylogenetic relationship among EST3 and
other lipolytic enzymes, a phylogenetic tree was constructed
with neighbor-joining method (Saitou and Nei 1987) by
means of Molecular Evolutionary Genetics Analysis software
(MEGA 6) (Tamura et al. 2011) using 34 bacterial lipolytic
enzymes selected from the first esterase/lipase classification
proposed by Arpigny and Jaeger (1999), and the
metagenome-derived lipolytic enzymes from two new fami-
lies, LipG (Lee et al. 2006) and LipEH166 (Kim et al. 2009).
Bootstrapping based on 1000 resamplings was used to esti-
mate the robustness of the tree (Felsenstein 1985). Multiple
alignments between protein sequences were performed with
ClustalW (Thompson et al. 1994). Signal sequence searches
were performed with the SignalP 3.0 program (Bendtsen et al.
2004).

Molecular Modeling

A search for proteins that are structurally similar to EST3 was
undertaken using BLASTP against the Protein Data Bank
(PDB). A three-dimensional structural model of EST3 was
bui l t based on the structural coordinates of the
carboxylesterase Est2 from Alicyclobacillus acidocaldarius
[PDB code: 1EVQ] (De Simone et al. 2000) and the esterase
from Sulfolobus tokodai [PDB code: 3AIK] (Angkawidjaja et
al. 2012). The models were built usingModeller 9.10 program
(Sali and Blundell 1993) with the default parameters.
Multiple-sequence alignments of EST3 and other esterases
were performed with ClustalW (Thompson et al. 1994).
Structural superposition of the EST3 model with the esterases
structures was performed using the Secondary Structure
Matching program inside COOT (Emsley et al. 2010).
PyMOL software (PyMOL molecular graphics system,
Schrödinger, LLC) was used to analyze the three-
dimensional structure model and residues from active site
and to prepare the figures.

Heterologous expression and purification
of the recombinant protein

The est3 gene was amplified using the following synthetic
oligonucleotides (the respective EcoRI and HindIII restriction
s i t e s a r e u n d e r l i n e d ) : f o r w a r d 5 ′ - GAAAA
GAATTCCAGATGGCACTCGATCC-3′ and reverse 5′-
ACCGGAAGCTTCCTCATGCCAGCG-3′. The PCR prod-
uct was digested with EcoRI and HindIII and then ligated into
a pET28a(+) vector (Novagen, Madison, WI, USA) that had
been digested with the same restriction enzymes.

The recombinant plasmids were transformed into E. coli
BL21(DE3) cells by heat shock to express the recombinant
enzyme. For protein expression, a 1 % pre-inoculum was

seeded in Luria-Bertani (LB) liquid medium containing
50 μg mL−1 kanamycin and agitated at 200 rpm at 37 °C.
When the optical density (OD600) of the culture reached an
absorbance of 0 .4–0 .6 , 0 .1 mM isopropyl -b -d-
thiogalactopyranoside (IPTG) was added to induce protein
expression at 30 °C for 6 h. After this period, the cells were
centrifuged and the pellet homogenized in lysis buffer (50mM
Tris-HCl, pH 8.0; 100 mM NaCl). Lysozyme was added at a
final concentration of 4 μg ml−1 and the material was incubat-
ed at an ice bath for 1 h. The cells were disrupted by sonication
using the Branson Sonifier equipment (Branson, CT, USA)
with 6 cycles of 10 pulses at 30 % amplitude with 20-s inter-
vals. The disrupted cells were centrifuged at 38,724g for
20 min at 4 °C. The obtained extract was incubated for 1 h
under agitation with Ni-NTA resin previously equilibrated
with the lysis buffer containing 20 mM imidazole and applied
to a gravity flow column (Qiagen, Venlo, Netherlands). The
target protein was eluted with a binding buffer containing
80 mM imidazole and then concentrated with Vivaspin 20
30,000 MWCO (Sartorius Stedim, Aubagne, France) under
centrifugation at 200g. The final protein concentration was
determined using a Nanodrop ND-1000 spectrophotometer
(Thermo Scientific, Waltham, MA, USA). The equipment
was calibrated with the extinction coefficient of the purified
protein.

Electrophoresis and zymogram

The protein samples were analyzed on 10 % sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and
the gel was stained with Coomassie Brilliant Blue R-250 and
destained with 10 % (v/v) acetic acid (Laemmli 1970). The
lipolytic activities of the bands (zymogram) were detected
using tributyrin as the substrate according to Oh et al. (1999)
with some modifications: the sample was not previously heat-
ed, and the SDS was removed from gel after electrophoresis
by washing it with gentle agitation for 10 min in 50 mM Tris-
HCl buffer at pH 8.0 containing 1 % Triton X-100 and twice
in the same buffer free of detergent. Subsequently, the gel was
placed in an emulsion of tributyrin agar and incubated at 30 °C
until the appearance of clear halos (Glogauer et al. 2011).

Enzyme assays

EST3 activity was measured by spectrophotometric detection
against p-nitrophenyl (pNP) esters. Unless otherwise indicat-
ed, p-nitrophenyl butyrate was used as the substrate for the
standard assay method. The reaction mixture contained 1 mM
pNP-butyrate in isopropanol/acetonitrile (4:1 v/v) (Faoro et al.
2012) and 50 mM Tris-HCl buffer (pH 8.0) with 0.3 % (v/v)
Triton X-100. The reaction was initiated by the addition of
54.21 nM of the purified enzyme in solution (10 mM Tris-
HCl, pH 8.0, and 50 mM NaCl), and the final volume of the
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reaction mixture was 100 μL. The enzyme activity was deter-
mined by continuously monitoring the product, p-nitrophenol,
at 348 nm, which is the pH-independent isosbestic point of p-
nitrophenol and the p-nitrophenoxide ion (Hriscu et al. 2013),
with a SpectraMax M2e spectrophotometer (Molecular
Devices, Sunnyvale, CA, USA). The molar extinction coeffi-
cients of p-nitrophenol were corrected for pH variation (Brod
et al. 2010).

All reactions were performed in triplicate, and control re-
actions were performed without the enzymes for every mea-
surement under the different conditions to subtract the values
for the nonenzymatic hydrolysis of the substrates. To deter-
mine the initial reaction velocities, the linear regressions and
the mean standard deviations were calculated.

The effect of pH on enzyme activity was determined at
30 °C with 50 mM with each of following buffers under stan-
dard assay conditions: citrate (pH 3.0 to 6.0), sodium phos-
phate (pH 6.0 to 8.0), Tris-HCl (pH 7.5 to 9.0), and CAPS
(pH 9.5 to 11). The optimal temperature was determined in a
range of 18 to 75 °C. Then, the released p-nitrophenol was
measured. After these preliminary experiments, standard en-
zyme assays were developed on 50 mM sodium phosphate
buffer pH 6.0 at 41 °C. A thermostability assay was performed
over the temperature range of 30 to 80 °C by pre-incubating
the purified enzyme for 15, 30, and 60 min at each given
temperature. The residual esterase activity was determined
after each incubation time. The non-incubated enzyme was
taken as the control.

The EST3 substrate preference was measured for p-nitro-
phenyl esters consisting of the following aliphatic side chain
lengths: pNP-acetate (C2), pNP-butyrate (C4), pNP-valerate
(C5), pNP-caprylate (C8), pNP-caprate (C10), pNP-laurate
(C12), pNP-myristate (C14), and pNP-palmitate (C16) (Sigma,
St. Louis, MO, USA).

The effects of various reagents on enzyme activity were
investigated by measuring the residual activity under standard
conditions following pre-incubation of the enzyme solution
with each reagent for 5 min at 4 °C. The activity without
additives was defined as 100 %. To investigate the effect of
salts and metal ions on EST3 activity, 0.5 mM of Na+, K+,
Mg2+, Ca2+, Mn2+, Co2+, Cu+2 and Fe+2, Ni+2, Al+3, or Li+

was added to the enzyme solution. The effects of commonly
used detergents, such as Tween 20, Tween 80, and Triton X-
100, were measured by including 1 and 5 % (v/v) concentra-
tions of these compounds in the reaction mixtures. Sodium
dodecyl sulfate (SDS), hexadecyltrimethylammonium bro-
mide (CTAB), and ethylenediaminetetraacetic acid (EDTA)
were tested at the concentrations of 0.5 mM and 1 mM (w/
v). The stability of EST3 in the presence of organic solvents
and glycerol was assessed by measuring the residual activity
after incubating the enzyme solution with 10 % (v/v) concen-
trations of methanol, ethanol, 2-propanol, dimethyl sulfoxide
(DMSO), or glycerol at 4 °C for 5 min and subsequently

measuring the residual activity. The control without added
solvent was used to calculate the residual activity.

All data obtained were analyzed using the R software.
ANOVA and Tukey’s test at 5 % probability were used to
compare the treatment methods.

The kinetic parameters Km and Kcat were calculated from
activity measurements with pNP esters in the concentration
range of 0.04 to 3 mM under standard assay conditions. The
initial reaction velocities were measured using 5.42 nM of the
enzyme for substrate C2 and 54.2 nM for substrates C4–C8.

The kinetic parameters for each substrate were obtained by
non-linear regression of the data on Michaelis-Menten equa-
tion using the software GraphPad Prism version 5.0.

Circular Dichroism

For this analysis, an additional purification step was per-
formed. Concentrated protein from the affinity chromatogra-
phy was loaded onto a gel filtration column (Superdex 75 16/
60 GL; GE Healthcare Bio-Sciences, Uppsala, Sweden),
equilibrated with 20 mM Tris-HCl pH 8.0, 50 mM NaCl,
and 5 % glycerol, and separation was conducted at a flow rate
of 0.5 mL min−1 on a Akta System (GE Healthcare).

To determine the thermal stability of the enzyme at four
different pHs, the following buffers were tested: 2.5 mM so-
dium citrate pH 5.6, 2.5 mM sodium phosphate pHs 7.0 and
8.0, and 2.5 mM CHES pH 9.0. The changes in ellipticity at
222 nm of 5.4 μmol of the protein were monitored using a
Jasco-815 spectropolarimeter (Jasco, Tokyo, Japan) in a 1-cm
cuvette, wherein the temperature was increased by 1 °C min−1

in the range of 20 to 110 °C. The signal was averaged over five
measurements at each temperature. The melting point (Tm)
represents the temperature at the midpoint of the unfolding
transition.

Nucleotide sequence accession number

The DNA sequence of est3 gene was deposited at GenBank
with the reference code KP692205.

Results

Sequence analysis of the lipolytic clone

From the 30 positive clones previously identified (Pereira et
al. 2015), the clone PL14.H10 was selected for further inves-
tigation since it showed strong hydrolytic activity as evi-
denced by a clear halo around the colony. The sublibrary of
the clone PL14.H10, which contained 480 clones with insert
fragments of 1–3 kb, was sequenced and its complete nucle-
otide sequence was obtained with 32,000 base pairs. Sequence
annotations from the ORF Finder program and subsequent
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BLASTanalysis revealed the presence of 29 ORFs that exhib-
ited similarities to genes that have been annotated with pre-
dicted functions. Among these ORFs, four proteins with po-
tential lipolytic activity were identified (Fig. S1) and only one
selected to be characterized in this work while the other three
will be further investigated. An additional file shows the pre-
diction of the ORFs encoding lipolytic enzymes identified in
the clone PL14.H10 (Table S1).

The est3 gene [GenBank: KP692205] encodes the protein
named EST3. The sequence composition of est3 consists of
939 bp, which the G + C content is 67 %, and no signal peptide
cleavage site was identified, as revealed by the SignalP pro-
gram. Amino acid sequence alignments revealed sequence sim-
ilarities ranging from 65 to 74 % and query coverage around
94 % with an alpha/beta hydrolase protein from Parvibaculum
lavamentivorans [GenBank: WP012110575.1], a hypothetical

protein from an uncultured microorganism [GenBank:
AEM45144.1], and the carbohydrate esterase CE10 from the
uncultured bacterium Ec32 [GenBank: CDO59205.1]. To date,
only the hypothetical protein AEM45144.1 from an uncultured
microorganism has been partially characterized as an esterase
(Nacke et al. 2011), but the biochemical properties of this en-
zyme have not been analyzed.

Family identification and corresponding motifs
of the lipolytic enzyme

To analyze the phylogenetic relationship of EST3 with repre-
sentative members of bacterial lipolytic enzymes, a phyloge-
netic tree was built. EST3 clustered with lipolytic enzymes
from family IV (Fig. 1a), being closely related to a lipase from
Pseudomonas sp. (accession number AAC38151.1), a lipase-

Fig. 1 Phylogenetic relationship
of lipolytic enzymes. a Unrooted
phylogenetic tree of EST3 in this
study (filled circle), Est16 (empty
circle) (Pereira et al. 2015), and
representative members of other
previously identified families.
The tree was constructed using
the MEGA 6 program with the
neighbor-joining algorithm. The
analyses were bootstrapped (1000
replications), and only values
greater than 50 % are shown. The
scale bar indicates the number of
amino acid substitutions per site.
b Multiple sequence alignments
of the partial amino acid se-
quences of EST3 with represen-
tative members of family IV. The
numbers beside each sequence
indicate the amino acid positions.
The conserved motifs are indicat-
ed with a box. The amino acid
residues belonging to the catalytic
triad are marked with a filled
circle
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like enzyme from Alcaligenes euthophus (accession number
AAC41424.1), and an acetyl esterase from E. coli (accession
number AAC73578.1). These enzymes show activities against
p-nitrophenyl esters of fatty acids with short to medium chains
(Choo et al., 1998), and they are used for purposes like degra-
dation of hemicelluloses (Wang et al. 2011; Till et al. 2013).

Multiple-sequence alignment corroborated that EST3 belongs
to the family IV of lipolytic enzymes and the presence of HSL
family conserved motifs (Fig. 1b). The catalytic triad residues
(Ser, Asp, and His) were identified. Additionally, we evidenced
the highly conserved HGGG motif in the EST3 sequence up-
stream of the serine motif; according to some authors, this motif
is involved in hydrogen-bonding interactions that stabilize the
oxyanion hole and plays a role in catalysis (Hårdeman and
Sjöling 2007; Bunterngsook et al. 2010). Interestingly, Est 16,
a previously isolated esterase from the same library (Pereira et al.
2015) that shares 30% of identity with EST3, was clustered with
bacterial lipolytic family V, evidencing the diversity of enzymes
that can be isolated from similar sources.

Recombinant EST3 is stable and active in a broad range
of pH and temperature

Following the structural and phylogenetic analyses, the pro-
tein was expressed in E. coli BL21(DE3) in the soluble form
after optimization tests at different temperatures (data not
shown). Significant amounts of active protein was achieved
when E. coli BL21(DE3) cells were induced with 0.1 mM
IPTG at 30 °C for 4 h. SDS-PAGE analysis of the purified
protein revealed the expected molecular weight of 36 kDa as
predicted by ProtParam tool (http://us.expasy.org/tools/
protparam.html) (Fig. 2a). In addition, the zymogram exhibit-
ed a clear band in the region corresponding to the enzyme
indicating that the purified EST3 was active (Fig. 2b).

The effects of pH and temperature on the enzymatic activ-
ity of EST3 were assayed spectrophotometrically using pNP-
butyrate as substrate. The enzyme displayed activity over a
broad pH range of 5.5 to 8.5 with optimal activity at pH 6.0,
which is near the theoretical isoelectric point of 5.78 accord-
ing the ProtParam prediction (Fig. 3a, gray shadow).

The subsequent described results were obtained in 50 mM
sodium phosphate buffer at pH 6.0. EST3 protein displayed
relative activities above 50 % in the temperature range of 28–
57 °C and exhibited the highest activity at 35–48 °C (Fig. 3b,
gray shadow). Interestingly, even in temperatures above
50 °C, EST3 still exhibited around 40 % of activity indicating
the enzyme is thermostable. In fact, analysis of EST3 activity
measured after longer incubation times at different tempera-
tures corroborated the previous results and revealed the en-
zyme maintains its relative activity around 60 % (Fig. 3c).
Moreover, circular dichroism assays at pH 7.0 showed that
EST3 presented two steps of unfolding, with Tm values of
48 and 68 °C, respectively (Fig. 3d).

Substrate specificity and effect of additives on EST3
activity

The substrate specificity of the enzyme investigated against pNP-
esters revealed its ability to hydrolyze substrates up to 12C in the
acyl-chain (C4–C12) and higher values of relative activity for
pNP-butyrate and pNP-valerate (Fig. 4a). However, the analysis
of the kinetic parameters of the enzyme revealed that its catalytic
efficiency (Kcat/Km) is two-fold increased for pNP-caprylate
(Table 1). In the presence ofMn2+ and Li+ ions, the EST3 activity
increased 24 and 28 %, while Co+2, Ni+2, and Al+3 had an in-
hibitory effect decreasing the EST3 activity more than 40%. The
chelating agent EDTA exerted an inhibitory effect on the enzyme
activity at 1 mM but exerted a stimulatory effect at a lower
concentration (Fig. 4b, gray and black bars, respectively).

Since organic solvents are used in many chemical applica-
tions (Hårdeman and Sjöling 2007; Mei et al. 2012), the activity
of EST3 was also monitored in the presence of 10 % concen-
tration of these substances. The results revealed that the enzyme
activity was decreased in the presence of DMSO, ethanol, meth-
anol, and isopropanol but still maintained a residual activity of
68, 46.8, 47.7, and 38.2 %, respectively. In addition, 10 % of
glycerol had an opposite effect increasing the enzyme activity
by approximately 16 %when compared to the control (Fig. 4c).

The effect of detergents on EST3 is summarized in Table 2.
Non-ionic detergents, such as Triton X-100 and Tween 20,
decreased the enzyme activity, while the ionic detergent
(CTAB) increased its activity up to ~180 %. On the other

Fig. 2 Expression, purification, and lipolytic activity of recombinant
EST3. a SDS-PAGE (10 %) of the expression and Ni-NTA affinity chro-
matography purification fractions of EST3 from E. coli BL21(DE3) cells
carrying the pET28a-est3 vector.M: molecular weight standard (Thermo
Scientific). Lane 1: crude extract of the non-induced cells. Lane 2: crude
extract of the induced cells. Lane 3: soluble extract. Lane 4: flow-through
fraction from affinity chromatography. Lanes 5 and 6: eluted fractions
with 20 and 80 mM imidazole, respectively. b Zymogram of EST3. M:
molecular weight standards (Bio-Rad, Hercules, USA). Lane 1: purified
protein. Lane 2: lipolytic activity of purified EST3 band using tributyrin
as substrate
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measured with p-nitrophenyl butyrate as the substrate in 50 mM
phosphate at pH 6.0. One hundred percent indicates the activity
measured under standard conditions without metal or solvents (b and c).
No significant standard deviation values for the triplicates were identified
when no error bar is present. In the graphics, letters indicate the
significant difference between each condition performed in the
experiment, according to ANOVA and Tukey’s test at 5 % probability

Fig. 3 Effects of pH and temperature on EST3 activity. The production
of p-nitrophenol from p-nitrophenyl butyrate was monitored at 348 nm in
50mMphosphate, pH 6.0, containing 0.3%TritonX-100. The activity of
a non-incubated sample was defined as 100 %. a Effect of pH on EST3.
The enzymatic assay was performed at pHs ranging from 4.5 to 11.0. The
buffers used were 50 mM sodium citrate (pH 3.5 to 6.0) (black circle),
50 mM sodium phosphate (pH 6.0 to 8.0) (black square), 50 mM Tris-
HCl (pH 7.5 to 9.0) (black triangle), and 50-mM CAPS (pH 9.5 to 11)
(black diamond). b Effect of temperature on EST3. The activity of the
enzyme was measured from 18 to 75 °C. c Analysis of EST3

thermostability after incubation of the enzyme for different periods at
30 °C (black circle), 40 °C (black square), 50 °C (black triangle),
60 °C (black diamond), and 70 °C (+). d Thermal denaturation profile
of EST3. The changes in molar ellipticity at 222 nm at a scan rate of
1 °C min−1 in the temperature range of 20 to 110 °C were measured.
Tested pHs: 5.6 (dark grey diamond), 7.0, (black square) 8.0 (grey
diamond), and (grey circle) 9.0. Letters (a) and (b), on the top in the
graphics indicate the significant difference between each condition per-
formed in the experiment, according to ANOVA and Tukey’s test at 5 %
probability
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hand, EST3 activity was completely inhibited by Tween 80
and SDS.

Three-dimensional features of the EST3 model

The amino acid sequence of EST3 was submitted to BLASTP
against PDB and exhibited 45 and 42 % identity with a
carboxylesterase from A. acidocaldarius [PDB code: 1EVQ]
and a carboxylesterase from the archaeon S. tokodaii [PDB
code: 3AIK], respectively. The structural coordinates of both
proteins were used for EST3model building based on the high
amino acid sequence identity and similar function. The struc-
tural model of EST3 fitted very well in the three-dimensional
structures of lipases/esterases, consisting of two domains: the
alpha/beta and the helical (Fig. 5a, respectively shown in blue
and pink). Residues from the catalytic triad, formed by the
Ser198, His322, and Asp292, are located in the interface be-
tween both domains (Fig. 5a, shown in yellow sticks). The
Ser198 is located in the conserved sequence 196GDSAG200,
which is situated in the nucleophilic elbow (in green). Similar
to a typical member of the hormone sensitive family, the for-
mation of the oxyanion hole of EST3 is likely mediated by
Gly125–127, which are located in the 124HGGG127 motif
(salmon stick).

As expected, the structural model of EST3 superposed nice-
ly with the A. acidocaldarius and S. tokodaii carboxylesterases
structures, and revealed main differences in the helical domain
(Fig. 5b). Interestingly, only EST3 and the carboxylesterase of
A. acidocaldariuswere identified as having a cap-domain (Fig.
5b, blue and yellow cartoon, respectively), which is a common
characteristic present in the other esterases/lipases of family IV.
Indeed, the residues that form the catalytic triad in the three
structures were nicely superimposed (Fig. 5b, details in
sticks). Despite these similarities, the proteins exhibited quite
significant differences in the pocket that can affect the type of
substrate that can be cleaved (Fig. 5c). EST3 and S. tokodaii
proteins showed a bigger channel crossing both sides of the
proteins, differently of the enzyme from A. acidocaldarius.
The channel is in accordance with the substrates cleaved by
EST3, which exhibited preference for the substrate with longer
acyl-chain pNP-caprylate. On the other hand, despite the pres-
ence of a channel in the pocket from the carboxylesterase of S.
tokodaii, this enzyme revealed preference for pNP-butyrate
(Suzuki et al. 2004).

In addition to these carboxylesterases, we performed a com-
parison of EST3 with Est16, another esterase isolated from the
same metagenomic source, which biochemical and biophysical
properties were previously characterized. Est16 belongs to fam-
ily Vof lipases and esterases and the comparison revealed that
both proteins showed significant differences, mainly evidenced
in the helical domain as evidenced by the values of r.m.s.d.
(Fig. 5d). The secondary structures (α-helices) from the helical
domain are oriented in distinct conformations that affect the
pocket (Fig. 5e) and that are directly related to the preference
for substrates. As shown, EST3 that has a long channel has
preference to cleave substrates with up to 8C in the acyl-chain,
while Est16 only cleaved substrates with C4 and C5 acyl-
chains, in accordance with its pocket that is limited.

Discussion

Metagenomic libraries from contaminated soils have proven
to be great sources of many lipolytic enzymes (Elend et al.
2006; Glogauer et al. 2011; Garcia et al. 2015; Kim et al.

Table 2 Effect of detergents on EST3 activity

Compound Relative activity (%)

1 % 5 %

None 100b 100b

Triton X-100 75.5 ± 3.6c 29.08 ± 2d

Tween 20 68.3 ± 4.8c 23.4 ± 2.6d

Tween 80 0 0

0.5 mM 1 mM

CTAB 182.8 ± 7.7a 0

SDS 0 0

The enzyme assays were performed on 50-mM phosphate buffer, pH 6.0,
at 41 °C. The small letters on the top of the values (a, b, c, d) indicates the
significant difference between each condition performed in the experi-
ment, according to ANOVA and Tukey’s test at 5 % probability

Table 1 Kinetic parameters for
the hydrolysis of the various p-
nitrophenyl esters by the purified
enzyme EST3

p-Nitrophenyl estera Km (μM) Vmax (μM min−1) Kcat (min−1) Kcat/Km (min−1 μM−1)

C4 445.6 ± 54 119.5 ± 5.6 2213 ± 103.5 4.97

C5 635.9 ± 69 171 ± 7.2 3155 ± 133.5 4.96

C8 146.2 ± 25 76.2 ± 3.6 1406 ± 66.7 9.62

C10 N.D. N.D. N.D. N.D.

C12 N.D. N.D. N.D. N.D.

Enzyme assays were performed on 50-mM phosphate buffer, pH 6.0, at 41 °C

N.D. not defined
a p-Nitrophenyl esters with respective aliphatic side chain lengths
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2015; Pereira et al. 2015). In the present work, we character-
ized the esterase EST3 isolated from a metagenomic library
derived from soil contaminated with petroleum hydrocarbons,
which belongs to family IVof the lipolytic enzymes.

Enzymatic characterization of EST3 indicated that this en-
zyme exhibited a mildly acidic pH optimum, in contrast to the
majority of esterases in the literature, which exhibit alkaline
pH optimums (Wu and Sun 2009; Hu et al. 2010; Tao et al.
2011; Wang et al. 2011; Jeon et al. 2012) including Est16,

which we have recently characterized, and showed maximal
activity at pH 8 and 9. Lipolytic enzymes that act under mild
acidic conditions could be useful to the dairy industry, to de-
velop flavors, to accelerate cheese ripening, in animal feed
supplements (Bunterngsook et al. 2010) and in the treatment
of waste oil (Morohoshi et al. 2011). Site environmental con-
ditions are important to consider for bioremediation, and gen-
erally enzymes that act from pH 6 to 8, as EST3, are desirable
(Adams et al. 2015).

Fig. 5 Three-dimensional structure model of EST3 and comparison with
other esterases. Homology model of EST3 produced with the
MODELLER 9.10 program based on the X-ray structure of the
carboxylesterases from Alicyclobacillus acidocaldarius [PDB code:
1EVQ] and Sulfolobus tokodaii [PDB code: 3AIK]. a Structural repre-
sentation of the EST3 model with the helical (pink) and alpha/beta do-
mains (blue) evidenced in cartoon. The residues from the catalytic triad
(in yellow stick) are evidenced in the structure and in a detailed view. The
HGGG and GDSAG motifs also are evidenced, respectively, in salmon
stick and green cartoon. b Structural superimposition of EST3 (blue), A.
fulgidus carboxylesterase (yellow), and S. tokodaii carboxyesterase (pink)
showing the fitting of the regions. The presence of the cap-domain in the

structures of EST3 and A. fulgidus structures are evidenced with a circle.
The perfect fitting of the residues from the active site from the three
proteins is also shown in stick. The numbers are presented in the follow-
ing order: EST3, A. acidocaldarius, and S. tokodaii carboxylesterases. c
Surface view of the three structures evidencing the differences in the
enzyme pockets that may affect substrate range and passage. The domains
of the proteins are delimited, and the residues from the catalytic triad are
shown as yellow spheres. d Structural superimposition of EST3 and Est16
models for comparison. R.m.s.d. values were taken for both domains
separately to evidence the main differences in the helical domain. e
Comparison of the pockets of both proteins and relationship with sub-
strate preference
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Chu et al. (2008) characterized EstA and EstB, ester-
ases from marine metagenome that presented highest ac-
tivity in the pH range from 6.5 to 8.0. Also, both showed
their highest activity at 45 °C but lower than 20 % activ-
ities above 60 °C, in contrast to EST3, that presented high
activity (more than 40 %) from 28 up to 75 °C. Lipolytic
enzymes that display high levels of activity in mild con-
ditions are desirable for some purposes, as the bioremedi-
ation of low-temperature soils or waters. Moreover, mild
temperatures may reduce energy consumption and also
make possible to heat-inactivate the enzyme during bio-
transformation processes (Luo et al. 2006; Hårdeman and
Sjöling 2007). By comparison with our previous work,
similar behavior under temperature variation was found
for Est16 (Pereira et al., 2015). On the other hand, besides
the mild optimum temperature, the denaturation curve of
the EST3 showed that the protein is fully unfolded in two

steps and maintained 50 % of its activity even after incu-
bation in high temperatures as 60 °C, which suggested
that this enzyme also displays potential applicability as a
thermal enzyme. Interestingly, the stability assay at differ-
ent temperatures revealed that although EST3 lost its ac-
tivity after 15 min of incubation at 30 and 40 °C, the
activity was completely restored over time in these tem-
peratures. Further analyses are required to investigate if
the enzyme will show higher activity upon longer incuba-
tion times to confirm that these results are due to the
phenomenon called thermal activation (Faoro et al.
2012). It is interesting to note that the thermal activation
is not a common feature of esterases.

The protein exhibited relative resistance to organic sol-
vents, detergents, and a set of tested ions. EST3 was relatively
stable in the presence of 1 % Triton X-100 and Tween 20. The
presence of surfactants reduces the interfacial tension of the

Table 3 Comparison of the EST3 catalytic efficiency with other esterases

Protein Source Lipolytic family Substrate Kcat/Km (min−1 μM−1) Reference

EST3 Metagenomic IV pNP-butyrate (C4) 4.97 This work
pNP-valerate (C5) 4.96

pNP-caprylate (C8) 9.62

Est16 Metagenomic V pNP-butyrate (C4) 59.9 Pereira et al., 2015
pNP-valerate (C5) 39.9

pNP-caprylate (C8) 13.4

pNP-caprate (C10) 5.0

pNP-laurate (C12) 1.5

Est97 Metagenomic −a pNP-acetate (C2) 1.42 Fu et al., 2012
pNP-butyrate (C4) 16.89

pNP-caproate (C6) 41.23

RmEstA Rhizomucor miehei IV pNP-acetate (C2) 0.02 Liu et al., 2013
pNP-butyrate (C4) 0.41

pNP-caproate (C6) 0.54

pNP-caprylate (C8) 0.036

pNP-caprate (C10) 0.0078

pNP-laurate (C12) 0.0036

EstOF4 Bacillus. Pseudofirmus sp. OF4 13th pNP-acetate (C2) 3.4 Rao et al., 2013
pNP-propionate (C3) 2.3

pNP-butyrate (C4) 2.4

pNP-caproate (C6) 5.5

pNP-caprylate (C8) 1.0

pNP-caprate (C10) 0.4

pNP-laurate (C12) 0.1

EstDL30 Metagenomic VII pNP-acetate (C2) 6.79 Tao et al., 2011
pNP-butyrate (C4) 10.58

pNP-valerate (C5) 8.802

pNP-caprylate (C8) 1.578

pNP-caprate (C10) 0.036

pNP-laurate (C12) 0.0036

pNP-myristate (C14) 0.0018

aNot classified into any known family
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aqueous phase, which typically leads to protein unfolding that
decreases the interaction of the enzyme with its substrate
(Salameh and Wiegel 2010). CTAB significantly enhances
EST3 activity probably stabilizing the interfacial area and fa-
cilitating the access of the substrate to the catalytic site
(Saranya et al. 2014), which is considered a desirable charac-
teristic for enzymes that act in bioremediation (Li and Chen
2009) and is not common among esterases (Hu et al. 2010; Fu
et al. 2011; Wemheuer et al. 2013).

In relation to the structural model of EST3 in compar-
ison with the protein structures used as a model, it showed
that residues from the catalytic triad are structurally
placed in the same position. Moreover, the main differ-
ences among the proteins that shared the same family are
located in the helical domain, which forms a long tunnel
in EST3 that crossed the protein from the front to the back
part (Fig. 5c) and likely favored the access of the tested
substrates to the catalytic triad and the subsequent hydro-
lysis of pNP-esters with acyl-chain length up to C12, as
shown in the functional characterization (Fig. 4a). A
channel is also present in the S. tokodaii carboxylesterase
but it does not cross the protein, limiting the length of the
acyl-chains as previously observed in the enzymatic char-
acterization of this protein (Suzuki et al. 2004). Again, the
comparison with Est16 also revealed significant differ-
ences in this domain that might explain the distinct range
of substrates presented by both enzymes.

EST3 showed the highest catalytic efficiency for C8 when
compared with other esterases described in literature, as
EstDL30 (Tao et al. 2011) and EstOF4 (Rao et al. 2013)
(Table 3). For all evaluated substrates in this work, EST3
exhibited higher kinetic parameter values compared to
RmEstA (Liu et al. 2013), a family IV esterase from the ther-
mophilic zygomyceteRhizomucormiehei. In comparison with
the esterase from our previous work, Est16 showed higher
catalytic efficiency for pNP-butyrate, while EST3 is more ef-
ficient in hydrolyzing pNP-caprylate, but still with Kcat/Km

ratio 1.39 times smaller than the value achieved by Est16.
This substrate hydrolysis profile is characteristic of esterases,
which are enzymes typically active only on short-chain fatty
acid esters that are at least partially soluble in water (Arpigny
and Jaeger 1999).

In conclusion, this study described the successful isolation
and characterization of a novel esterase from a metagenomic
library of a consortium that was specialized for diesel oil deg-
radation. EST3 was classified into family IV of the bacterial
lipolytic enzymes that presents a long channel for substrates
that might explain its capability to cleave substrates consisting
of different acyl-chain length. The enzyme was active under
mild acidic to alkaline conditions, exhibited high activity in a
wide range of temperatures. Altogether, these results have
raised a set of characteristics from EST3 that reveal its poten-
tial for biotechnological applications.
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