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Esterases catalyze the hydrolysis of ester bonds in fatty acid esters with short-chain

acyl groups. Due to the widespread applications of lipolytic enzymes in various industrial

applications, there continues to be an interest in novel esterases with unique properties.

Marine ecosystems have long been acknowledged as a significant reservoir of microbial

biodiversity and in particular of bacterial enzymes with desirable characteristics for

industrial use, such as for example cold adaptation and activity in the alkaline pH

range. We employed a functional metagenomic approach to exploit the enzymatic

potential of one particular marine ecosystem, namely the microbiome of the deep

sea sponge Stelletta normani. Screening of a metagenomics library from this sponge

resulted in the identification of a number of lipolytic active clones. One of these encoded

a highly, cold-active esterase 7N9, and the recombinant esterase was subsequently

heterologously expressed in Escherichia coli. The esterase was classified as a type

IV lipolytic enzyme, belonging to the GDSAG subfamily of hormone sensitive lipases.

Furthermore, the recombinant 7N9 esterase was biochemically characterized and was

found to be most active at alkaline pH (8.0) and displays salt tolerance over a wide

range of concentrations. In silico docking studies confirmed the enzyme’s activity toward

short-chain fatty acids while also highlighting the specificity toward certain inhibitors.

Furthermore, structural differences to a closely related mesophilic E40 esterase isolated

from a marine sediment metagenomics library are discussed.

Keywords: cold active esterase, metagenomic library, deep sea sponge

INTRODUCTION

Metagenomic based approaches have proven extremely useful as a means of discovering microbial
enzymes with entirely new biochemical properties, thereby exploiting the microbial diversity of a
variety of different environmental ecosystems (Kennedy et al., 2011). These approaches are typically
employed to help overcome the problem of cultivating bacteria from different environments,
where typically only 0.001 to 1% of bacterial isolates can be recovered and grown under standard
laboratory conditions (Bernard et al., 2000). Bioprospecting for novel enzymes with interesting
biotechnological applications using metagenomics based approaches particularly from extreme
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environments such as acidic, cold, hot, and hypersaline
environments has proven to be particularly successful (Mirete
et al., 2016). Nevertheless, it is clear that relative to the number
of metagenomic sampling sites that have been reported to date
that up until now we have largely under sampled many of these
sites with respect to enzyme discovery (Ferrer et al., 2016). Thus,
a large part of the microbial biodiversity present in the earth’s
biosphere has yet to be explored or exploited for novel enzymes
(Alcaide et al., 2015b).

The impetus to explore novel environments for new industrial
enzymes comes from the need to meet the ongoing global
demand for these enzymes which in 2014 was estimated to
have a value of around $4.2 billion, and which is expected
to reach nearly $6.2 billion by 2020 (Singh et al., 2016). The
deep oceans are one part of the earth’s biosphere which have to
date received little attention. With mean depths of 3,800m and
50% of the oceans being deeper than 3000 m, the “deep sea”
constitutes not only a potential large resource from a microbial
biodiversity perspective, but also a very unique environment;
with temperatures ranging from 2 to 3◦C and a salinity of about
3.5% together with hundreds of bars of hydrostatic pressure
(Wirsen and Molyneaux, 1999). Thus, microbial communities
which have adapted to these extremes of temperature, salinity,
pressure, and low levels of light are likely to possess novel
biochemistry; and have enzymes that may be uniquely suited
to many industrial processes (Alcaide et al., 2015a). In addition
seawater samples are an extremely rich source of potential
biocatalytic biodiversity when one considers that with bacteria
capable of achieving densities of up to 106 per milliliter of
seawater (Azam, 1998), and assuming that there are ∼3,000
genes in a single genome and that 40% of these genes have
catalytic activity then there may be as many as 3 × 109 genes
mediating up to 1·2 × 109 putative reactions in a milliliter
of seawater (Dinsdale et al., 2008; Vieites et al., 2009). Thus,
although the deep sea is likely to be a rich source of microbial
biocatalytic biodiversity, very few studies have to date attempted
to access or exploit this biodiversity; most likely due to both the
technical difficulties and costs associated with sampling at lower
depths.

Lipolytic enzymes can be classified into eight different
families and numerous subfamilies (Arpigny and Jaeger, 1999).
The overall three-dimensional structure of all lipases and
esterases is defined by a characteristic α/β-hydrolase fold
(Ollis et al., 1992), with “true lipases,” members of family I;
also having a characteristic lid and possessing characteristic
interfacial activation properties (Arpigny and Jaeger, 1999).
Furthermore, lipolytic enzymes can be categorized as either
lipases (triacylglycerol hydrolases, EC 3.1.1.3) or esterases (EC
3.1.1.1) corresponding to their specific hydrolytic activity, where
lipases hydrolyze long-chain acyl groups to fatty acids and
acylglycerols and esterases hydrolyze ester bonds of fatty acid
esters with short-chain acyl groups (Verger, 1997). Structural
analyses has revealed that microbial esterases typically consist
of two domains, a CAP domain and a catalytic domain. The
CAP domain consists of two N-terminal alpha helices and
participates in substrate binding (Mandrich et al., 2005). The
catalytic domain contains a functional serine at the active

site, which is usually located within the G-X-S-X-G consensus
sequence. This serine, along with an acidic residue such as
aspartate or glutamate and a histidine, to which the acidic
residue is hydrogen-bonded, form a highly conserved catalytic
triad (Bornscheuer, 2002). Esterases typically exhibit broad
pH, temperature and substrate spectra, together with tolerance
to metal ions, solvents and salts to varying extents. This
coupled with their region-, chemo-, and stero-selectivity make
them an important group of industrial biocatalysts (Singh and
Mukhopadhyay, 2012).

The industrial applications of lipolytic enzymes are wide
ranging and include applications in the detergent industry,
biodiesel production, food industry, pulp and paper industry,
fats and oils production via transesterification, as well as
environmental applications for the degradation of lipid wastes
(Panda and Gowrishankar, 2005; Jegannathan and Nielsen, 2013;
Sharma and Kanwar, 2014; Sasso et al., 2016; Ramnath et al.,
2017; Rao et al., 2017). Lipolytic enzymes from Burkholderia
are for example employed in biodiesel production, as they can
be used for transesterification of waste oils with short chain
alcohols in the presence of high levels of methanol (Sasso
et al., 2016). Furthermore, lipolytic enzymes can be used for
bioremediation of environmental hazards such as oil spills, which
is important in the context of exploitation for new and remote
sources of oils, especially in cold environments (Yang et al.,
2009).

We have previously studied the microbial biodiversity of a
number of deep sea sponges sampled at depths between 760
and 2,900m below sea level, and the sponge species Stelletta
normani in particular (Jackson et al., 2013). S. normani appears
to possess a very diverse microbial community, comparable to
high microbial abundance sponges from shallow water habitats
(Jackson et al., 2013; Kennedy et al., 2014). Furthermore, the
microbial community structures of deep sea sponges appear
to possess a huge potential secondary metabolite biodiversity
(Borchert et al., 2016). With this in mind we set out to
assess the biocatalytic potential of the metagenome of the deep
sea sponge S. normani using a functional metagenomic based
approach. The S. normanimetagenomic fosmid library was found
to express a large number of lipolytic activities, from which
we subsequently characterized a cold-active esterase from the
hormone sensitive lipase family IV. Cold-active enzymes possess
unique biochemical properties that are of particular interest
for industrial biocatalysis. These include low substrate affinity,
thermolability, and high specific activity at low temperatures,
which can together help achieve saving in energy costs and in
reducing undesirable chemical side reactions; as well as allowing
rapid thermal inactivation (Cavicchioli et al., 2002; Santiago
et al., 2016). Other “cold-active” lipolytic enzymes from family
IV have previously been described, but these usually possess
higher optimal temperatures (35–50◦C; Hårdeman and Sjöling,
2007; Fu et al., 2011), whereas our esterase has a high activity
at 4–40◦C, identifying it as truly “cold-active.” In addition this
work also broadens the description of members of the lipolytic
enzyme family IV, as thermophilic and mesophilic enzymes of
this family have to date been already described (Rhee et al.,
2005).
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MATERIALS AND METHODS

Sponge Sampling and Metagenomic
Library Preparation
The sponge S. normani was sampled in Irish territorial waters off
the west coast of Ireland (Latitude 53.9861, Longitude−12.6100)
at a depth of 760m with the help of the remotely operated
vehicle (ROV)Holland I abroad the R.V. Celtic Explorer during a
Biodiscovery cruise in 2013. The sponge sample was rinsed with
sterile artificial seawater [3.33% (w/v) Instant Ocean, Aquarium
Systems] and stored at−80◦C until further processing.

Total metagenomic DNA was extracted as described in
Kennedy et al. (2008). In brief, the sponge tissue was ground
under liquid nitrogen using a sterile pestle and mortar. The
obtained sample was suspended in lysis buffer [100 mM Tris, 100
mM EDTA, 1.5 M NaCl (w/v), 1% CTAB (w/v), 2% SDS (w/v)]
in a 1:5 ratio and then incubated for 2 h at 70◦C. This solution
was then centrifuged until a clear solution was obtained, which
was subsequently used to precipitate the dissolved metagenomic
DNA with 0.7 volumes of isopropanol for 30 min at room
temperature. The precipitation mixture was centrifuged at 6,000
× g for 30 min, followed by a washing step with 70% ethanol
and the obtained DNA pellet was air dried, before resuspending
in a suitable amount of Tris-EDTA buffer (10mM Tris, 1mM
EDTA, pH 8.0).

The metagenomic DNA was size-separated using pulse
field-gel-electrophoresis and the size fraction of ∼40 kb was
cloned into the fosmid Copy Control pCCERI (derivative of
pCC1FOSTM) vector for metagenomic library construction. The
insert harboring fosmids were packed into lambda phages
and used to transfect E. coli TransforMaxTM EPI300TM cells.
In total a library of ∼14,000 clones was generated from the
metagenomic DNA and this library was plated onto agar Q-Tray
plates containing 1% tributyrin. Positive clones were selected
for sequencing on the PacBio platform (Beckman Coulter
Genomics).

Fosmid Sequencing, Assembly, and
Annotation
The lipase harboring fosmid was sequenced on the PacBio
platform, by Beckman Coulter Genomics; and was assembled
manually from the quality filtered and preassembled reads
according to overlapping regions. The assembled fosmid was
annotated using the BASys online pipeline (Van Domselaar
et al., 2005) and all gene annotations were confirmed by BLAST
searches (BLASTX) against the NCBI non redundant protein
sequence database. The sequence of the esterase 7N9 has been
submitted to the NCBI database and the accession is MF521837.

Cloning, Expression, and Purification
The full length 7N9 esterase gene was amplified using
primers incorporating enzyme restriction sites allowing in-
frame cloning into the pBAD/mycHIS-A overexpression vector
(Invitrogen). Forward primer f7N9 (TATATACCATGGCTAGTC
CTGAGCTCGATACGG) incorporates an NcoI restriction site
(underlined) at the start codon (italics) of the gene. Reverse
primer r7N9 (ATATATAAGCTTGCCAGTGTGCTTTTTAAT

GAACTCC) incorporates a HindIII restriction site replacing the
stop codon of the esterase gene. The amplified PCR product
and pBAD/mycHis-A were digested with NcoI and HindIII and
subsequently an overnight ligation was carried out at 4◦C at a
10:1 ratio of insert to plasmid. Two microliters of the ligation
reaction were added to 50 µl TOP10 chemically competent
cells (ThermoScientific) and the transformation was carried out
according to the manufacturer’s guidelines. The transformation
mixture was plated in different amounts on LB plates containing
50 µg/ml ampicillin, 0.02% arabinose, and 1% tributyrin.

Pre inoculum was prepared by inoculating a loop full of
culture (E. coli TOP10 bearing the pBAD/mycHIS-A vector with
esterase insert) in 3 ml of LB broth supplemented with 50
µg/ml ampicillin and incubated at 37◦C with constant shaking
at 250 rpm on a shaking incubator overnight. Next day 10 ml
of LB broth was inoculated with 100 µl of the pre inoculum
and 50µg/ml of ampicillin following incubation at 37◦C with
constant shaking at 250 rpm on a shaking incubator until it
reached the mid log phase of growth (0.6 OD at 600 nm).
Then the culture was induced with 0.02% arabinose and was
further incubated overnight under the same conditions. Protein
expression was confirmed by performing SDS-PAGE.

The esterase enzyme was purified from the overnight culture
using the Ni-NTA spin column (Qiagen). Enzyme purification
steps were followed as described in the Ni-NTA spin kit hand
book (Under Native condition). Five milliliters of overnight
culture was used and centrifuged at 4,000 × g for 15 min at 4◦C.
The pellet was re suspended in 630 µl of lysis buffer (NPI-10) (50
mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8.0) and
70µl of lysozyme (10 mg/ml) was added and kept on ice for 30
min. After this the lysate was centrifuged at 12,000× g for 30min
at 4◦C and the supernatant was collected. The Ni-NTA column
was equilibrated with 600 µl of NPI-10 buffer, centrifuged at 890
× g for 2 min at 4◦C. Six hundred microliters of the supernatant
from the previous step was loaded onto the pre-equilibrated Ni-
NTA spin column and then centrifuged at 270 × g for 5 min
at 4◦C, the flow through was collected. The column was washed
twice with 600 µl of NPI-20 (50 mM NaH2PO4, 300 mM NaCl,
20 mM imidazole, pH 8.0) buffer by centrifuging the column at
270 × g for 2 min at 4◦C. Protein was eluted in two fractions
by adding 300 µl of NPI-500 (50 mM NaH2PO4, 300 mM NaCl,
500 mM imidazole, pH 8.0) buffer twice to the column and
centrifuged at 890× g for 2 min at 4◦C. The eluted fractions were
then checked on SDS-PAGE.

Biochemical Characterization of
Recombinant Esterase
The effect of pH on esterase activity was evaluated at different pH
values ranging from pH5 to pH10. The buffers used were glycine-
HCl (pH 5.0–pH 6.0), 2.5 mM sodium phosphate (pH 6.0–pH
8.0), 2.5 mM Tris-HCl (pH 8.0–pH 9.0), and glycine-NaOH (pH
9.0–pH 10.0). Cell free supernatant solution and pH buffer were
added together in a 1:1 ratio and incubated at 37◦C for 1 h. The
effect of varying temperature on esterase activity was analyzed
by subjecting the cell free supernatant to different temperatures
(4◦, 20◦, 25◦, 30◦, 37◦, and 40◦C) for 1 h. The halotolerance was
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assessed at sodium chloride concentration ranging from 1 to 24%.
The enzyme activity was then measured spectrophotometrically.
For this, substrate solutions were prepared comprising of
solutions A and B, A comprised of 40mg p-nitrophenyl plamitate
dissolved in 12 ml of isopropanol and B comprising 0.1 g of
gum Arabic, 0.2 g Sodium deoxycholate, 500 µl Triton X-100
dissolved in 90 ml 50 mM Tris-HCl buffer pH 8. Solutions
A and B were mixed in a 1:20 ratio. For each assay 100µl
substrate solution, 50 µl Glycine-NaOH buffer and 10 µl
enzyme sample were mixed and pipetted into a microtiter plate,
incubated for 45 min at 37◦C. The absorbance at 410 nm was
then measured and plotted against a p-nitrophenyl standard
curve (Mobarak-Qamsari et al., 2011). The enzyme assays were
performed in replicates and values presented with standard
deviation.

Effect of Metal Ions on Enzyme Activity
The effect of different metal ions (Ag+, Cu2+, K+, Co2+, Mg2+,
and Ba2+, as well as the heavy metal ions Hg+ and Pb2+) on
the enzyme activity was tested by adding different concentrations
(1, 2, 3, 4, and 5 mM) of the metal ions to the cell free
supernatant following incubation for 1 h at room temperature
and subsequently measuring the esterase activity as described
above in Section Biochemical Characterization of Recombinant
Esterase.

Docking In silico Analysis
The esterase sequence obtained from the PacBio whole fosmid
sequencing was subjected to BLAST searches at NCBI and a
query cover of 99% of the sequence with 66% identity to the
bacterial hormone sensitive lipase E40 (PDB ID: 4xvc) was
obtained. The E40 crystal structure was used as a template for
homology modeling using Modeller 9.10 (Webb and Sali, 2016)
and five models were generated. All the models were stereo
chemically optimized by Ramachandran plot and one model was
selected for further docking studies (http://mordred.bioc.cam.ac.
uk/~rapper/rampage.php). Quality control of the obtainedmodel
was performed by using ERRAT (Colovos and Yeates, 1993)
and VERITY-3D (Bowie et al., 1991; Lüthy et al., 1992) from
the SAVeS 4.0 software (https://services.mbi.ucla.edu/SAVES/).
The known inhibitors and substrates were docked against the
esterase model in silico by using Ligprep and Glide (Friesner
et al., 2004) from the Maestro Schrödinger software package
(Maestro, 2016).

Enzyme Kinetics
Different concentrations of various substrates, pNPP (p-
nitrophenyl palmitate), pNPM (p-nitrophenyl myristate),
pNPL (p-nitrophenyl laurate), pNPC (p-nitrophenyl caprate),
pNPB (p-nitrophenyl butyrate), and pNPA (p-nitrophenyl
acetate) from 0.1 to 2.0 mM were added to the Ni-NTA
column purified esterase enzyme sample. Based on these
values from microplate-readings at 410 nm, Vmax and Km

values were calculated and Michaelis–Menten plots were
generated.

RESULTS

Metagenomic Library Construction and
Screening for Esterase Clones
A metagenomic library was constructed from the marine sponge
S. normani. The sponge had been collected by an ROV from
a depth of 760 m. Metagenomic DNA was extracted and
size selected for ∼40 kb DNA fragments following pulsed-
field gel electrophoresis and subsequently concentrated using
an Amicon centrifugal concentrator. The library which was
constructed using the fosmid vector pCCERI (Selvin et al.,
2012) contained ∼14,000 clones which were screened for lipase
activity (Figure 1A). High throughput plate screening using 1%
tributyrin resulted in the initial identification of 31 positive clones
(data not shown). From amongst the 20most highly active clones,
the 7N9 fosmid was chosen as it displayed the highest level
of activity and it was subsequently sequenced using the PacBio
system.

Fosmid Sequencing and Esterase
Identification
The sequenced fosmid comprised of 41,407 bp and contained
65 coding DNA sequences of which 31 were annotated by
BASys (Supplementary Table 1). A contig (contig 30,107–30,997,
bah, Supplementary Table 1) was identified as containing an
ORF encoding a gene with putative esterase function. The bah
contig description refers to a N-acetyl hydrolase named bah
in the bialaphos antibiotic production gene cluster (bap) in
Streptomyces hygroscopicus. The putative esterase ORF, named
7N9, was found to comprise 296 amino acids, with a GC content
of 60.5% and was annotated as an acetyl-hydrolase. BLASTX
comparison subsequently classified the esterase as being part of
the alpha/beta hydrolase family. The enzyme showed highest
homology (66%) to an esterase of the bacterial hormone sensitive
lipase family (E40), which had itself been isolated from a marine
sediment metagenomics library (Li P. Y. et al., 2015). The E40
esterase is part of the GDSAG motif subfamily within the lipase
family IV; phylogenetic comparisons (Figure 2) and multiple
sequence alignments (Figure 3) indicate that the 7N9 esterase is
part of the same subfamily of lipolytic enzymes as it also contains
the characteristic GDSAG motif (hormone sensitive family, Hsl).
Furthermore, the esterase also contains the highly conserved His-
Gly-Gly (HGG) motif, which together with the GDSAG motif
is involved in oxyanion hole formation (Mohamed et al., 2013;
Ramnath et al., 2017).

Cloning, Expression, and Purification of
Recombinant 7N9 Esterase
The 7N9 esterase gene was PCR amplified, cloned into the
pBAD/mycHIS-A vector, transformed into TOP10 E. coli cells
and transformants were tested for esterase activity on 1%
tributyrin plates (Figures 1B,C). Purification of the protein
was performed by using the His-tag and a Ni-NTA resin
column approach, with the tag being fused to the protein while
transforming it into the expression vector. The ORF encoding the
esterase resulted in a protein of a calculatedmass of 31.7 kDa with
a theoretical pI of 4.59 and ∼34 kDa including the fused His-tag
and myc-epitope (Figure 1D).
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FIGURE 1 | Metagenomic screening, cloning, and purification of 7N9 esterase. (A) Metagenomic library of Stelletta normani plated onto 1% tributyrin agar. (B) Lipase

activity of E. coli clones carrying the 7N9 esterase gene on pBAD plasmid. (C) Restreak of active clones, (D) SDS-PAGE analysis of the expression and purification of

7N9 esterase, first lane marker, lane 1 (0.02% arabinose) E. coli culture with empty pBAD expression vector, lane 2 uninduced E. coli culture with pBAD harboring

7N9, lane 3 induced (0.02% arabinose) E. coli with pBAD harboring 7N9, lane 4 partial purification of 7N9 esterase using Ni-NTA resin.

Docking Studies of Different Substrates
and Inhibitors
The model of the E40 esterase was used as a template to generate
a 3D model of the 7N9 esterase and stereo chemical optimization
was performed using Ramachandran plotting. When comparing
to the template (E40; Pdb id: 4xvc) there is a slight variation in our
models CAP and catalytic domain. The template (Pdb id: 4xvc)
contains a CAP domain at Met1–Ile45 and a catalytic domain at
Gln46–Gly297. Residues Gly76 and Gly77 within the conserved
HGG motif comprise the oxyanion hole that is involved in
substrate binding for HSL esterases. The catalytic triad composed
of residues Ser145, Glu239, and His269 is below the oxyanion
hole. In contrast in our model the CAP domain is located at
Met1–Lys45 and the catalytic domain at Thr46–Gly296 and the
catalytic triad is composing of the residues Ser144, Glu238, and
His268 located below the oxyanion hole (Figure 4). The model
was subsequently used to dock different substrates and inhibitors
(Supplementary File 1.1). Docking scores indicate a high
specificity for the substrate pNPA (Figure 5) and the inhibitor
Phenylmethansulfonic acid (Table 1). Phenylmethansulfonic
acid is also able to covalently bind to the nucleophilic Ser145
of E40. In the Supplementary Files 1.2, 1.3 3D binding models
of the esterase and the different substrates and inhibitors can be
found.

Biochemical Characterization of the
Recombinant Esterase 7N9
Substrate Specificity
The 7N9 esterase was found to have a higher specificity
toward short chain fatty acids (Table 2). Fatty acid substrates
ranging in carbon chain length from 16 (pNPP) to two

(pNPA) carbon atoms were assessed; with a Vmax for
pNPP being 1.507 mM/ml/min and a Km 0.6275 mM,
while pNPA had a Vmax of 2.731 mM/ml/min and a Km

0.1674 mM.

Temperature Dependency
The activity of the enzyme was assessed at different temperatures
ranging from 4◦ to 60◦C (Figure 6). The enzyme displayed
the highest activity between 4◦ and 20◦C with activity
declining slightly thereafter. High levels of activity were
observed up to 40◦C, with no activity being observed at 60◦C,
identifying it as a cold-adapted type of hormone sensitive
esterase.

pH Dependency
The pH dependency of the esterase was tested at different pH
ranging from 5 to 10. Optimal activity was achieved at pH
8.0, with higher and lower pH values leading to a decline in
activity. Nonetheless activity was observed at all the pH values
investigated, with 80% activity being observed at alkaline pH
values of pH 9 and 10 (Figure 7). Interestingly the optimal
observed pH is in line with normal pH conditions encountered
in seawater, where the pH ranges from 7.5 to 8.4 (Chester and
Jickells, 2012).

Effect of Metal Ions on Enzyme Activity
The effect of different concentrations (1–5 mM) of various metal
ions (Ag+, Cu2+, K+, Co2+, Mg2+, and Ba2+, as well as the
heavymetal ions Hg+ and Pb2+) on enzyme activity was assessed.
Increasing activity was observed with increasing concentrations
of Cu2+, Ag+, and Ba2+; while a decrease in activity was observed
for K+, Mg2+, Co2+, and the heavy metals Hg2+ and Pb2+
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FIGURE 2 | Phylogenetic comparison of the 7N9 esterase and other representative sequences of different lipase families. The phylogenetic tree was built using the

neighbor joining method and bootstrap analysis with 500 replicates was conducted, reference sequences from lipase family VII were used as outgroups.

(Figure 8). The increase in Pb2+ concentration had the most
detrimental effect on esterase activity, with only residual activity
remaining at elevated levels of this heavy metal ion.

Halotolerance
The halotolerance of the esterase activity in 7N9 was then
investigated, by measuring activity at different percentages of
sodium chloride, ranging from 1 to 24% (Figure 9). Good levels
of activity were observed over the range of sodium chloride
concentrations up to 16%, with 87% of relative activity remaining
at that concentration; with a more rapid decline thereafter. The
overall salt concentration of sea water is typically around 3.5%
(Chester and Jickells, 2012) and therefore falls within the range
of optimal activity of the enzyme.

DISCUSSION

The ever increasing demand for novel biocatalysts, has resulted
in the development of a range of different approaches to explore
and exploit the genetic resources in various environmental

ecosystems. One approach which has been successfully employed
to this end is metagenomics which helps facilitate access to
genetic resources from uncultured microorganism (Kennedy
et al., 2011; Baweja et al., 2016; Parages et al., 2016).
Lipolytic enzymes such as esterases and lipases which catalyze
the hydrolysis and synthesis of ester substrates are widely
used in the agrochemical, cosmetics, dairy, detergent, food,
paper processing, and pharmaceutical industries amongst others
(Jaeger and Eggert, 2002). In many of these industrial processes,
lipolytic enzymes are often subjected to harsh conditions such as
high salt content, therefore it is important to obtain halotolerant
esterases and lipases for such industrial applications (Ferrer
et al., 2007). Despite this there have been only a few reports
of the identification of halotolerant or halophilic esterases in
the literature. These include three halotolerant esterases EstKT4,
EstKT7, and EstKT9 from a tidal flat sediment metagenomic
library (Jeon et al., 2012), a halotolerant esterase (PE10) from the
halophilic archaea Pelagibacterium halotolerans B2T (Jiang et al.,
2012), a halophilic lipase (LipBL) from the moderately halophilic
bacteriumMarinobacter lipolyticus SM19 (Perez et al., 2011), and
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FIGURE 3 | Multiple sequence alignment of most closely related esterase sequences. The conserved GDSAG (GXSXG) and HGG motifs are shown in the black

boxes. Red indicates small hydrophobic and aromatic amino acids, blue indicates acidic amino acids, magenta indicates basic amino acids, and green indicates

hydroxyl, sulfhydryl amino acids, and glycine. (*) Indicates a fully conserved residue, (:) indicates a group of strongly similar residues, and (.) indicates conservation of a

group of weakly similar residues. The alignment was produced by Clustal Omega (Sievers et al., 2011; McWilliam et al., 2013; Li W. et al., 2015) and MEGA6 (Tamura

et al., 2013).

a halophilic esterase (Hm EST) from Haloacrcula marismortui
(Muller-Santos et al., 2009).

Marine environments in particular are proving particularly
interesting as a source for novel microbial biodiversity,

with numerous examples of metagenomics based approaches
being employed to identify novel biocatalysts with potential
biotechnological applications (Kodzius and Gojobori, 2015;
Popovic et al., 2015). Marine esterases are known to play
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FIGURE 4 | Domain architecture of the 7N9 esterase. The CAP domain is

highlighted in red, the catalytic triad Ser144, Glu238, and His268 is highlighted

in magenta, the oxyanion hole comprising of residues Gly76 and Gly77 is

highlighted in yellow, the catalytic domain is highlighted in light blue.

FIGURE 5 | 3D docking model of the preferred substrate, 4-nitrophenol

acetate. The catalytic site residues of 7N9 are highlighted in magenta with the

substrate placed in the center.

an important role in marine carbon degradation and cycling,
and given that a functional metagenomics based approach
had previously been successfully employed to identify the E40
esterase from sediment from the South China Sea (Li et al., 2012;
Li P. Y. et al., 2015), and that marine sponge and sediment
metagenomics libraries had resulted in the discovery of a variety
of novel lipases including the recent reports of a cold-active salt
tolerant esterase from artic sediment (De Santi et al., 2016); and
a high organic solvent tolerant and thermostable esterase from
marine mud (Gao et al., 2016); we targeted the metagenome of
the deep sea sponge S. normani in an attempt to increase the
repertoire of marine derived halophilic esterases. To this end we
succeeded in identifying a gene encoding a novel psychrophilic
esterase (7N9) from the hormone sensitive lipase (Hsl) family IV
following the functional screening of a S. normani metagenomic
library.

TABLE 1 | Docking scores of different substrates and inhibitors with the esterase

model.

Name Docking

score

Name Docking

score

4-methylumbelliferone −6.09 Phenylmethanesulfonic acid −5.99

4-Nitrophenyl acetate −5.96 5-Carbamoyl-2H-1,2,3-

triazole-4-diazonium

−4.67

Tributyrin −5.37 Isoxazole −4.38

4-Nitrophenyl phosphate −4.87 Oleic acid −1.92

Triacetin −4.36 Triacsin C −1.66

Methyl laurate 0.25

TABLE 2 | Substrate specificity of the esterase.

Substrate Vmax [mM/ml/min] Km [mM]

pNPP 1.50 ± 0.21 0.627 ± 0.05

pNPM 1.51 ± 0.11 0.476 ± 0.06

pNPL 1.59 ± 0.20 0.422 ± 0.04

pNPC 2.65 ± 0.18 0.250 ± 0.04

pNPB 2.72 ± 0.22 0.199 ± 0.06

pNPA 2.73 ± 0.16 0.167 ± 0.04

The esterase was heterologously expressed in Escherichia
coli and the recombinant 7N9 protein was subsequently
biochemically characterized. The esterase was found to be closely
related to the aforementioned E40 esterase (66% amino acid
homology), which was itself isolated from metagenomic DNA
from a depth of 154m Sea (Li et al., 2012; Li P. Y. et al., 2015).
7N9 and E40 both possess the two highly conserved GDSAG
and HGG motifs which group them into the correspondent
subfamily of lipase family IV (Mohamed et al., 2013; Ramnath
et al., 2017; Figure 3). In contrast however the 7N9 esterase
has a much lower optimal temperature (20◦C) than the E40
esterase (45◦C) and is therefore the first truly cold-adapted
esterase in this lipase subfamily. As both enzymes were retrieved
from metagenomic libraries one cannot say with certainty
from what type of microorganism these esterases may have
originated, but phylogenetic comparison and protein homology
suggest a close relatedness to hypothetical proteins from the
marine symbiont Candidatus genus Entotheonella (Figures 2, 3).
Entotheonella is a filamentous marine sponge symbiont which
produces almost all the known bioactive compounds derived
from the sponge Theonella swinhoei (Wilson et al., 2014).
Genome mining of two “Entotheonella” genomes has recently
uncovered features of endospore formation and it has been
speculated that endospore formation strengthens the resistance
of “Entotheonella” to environmental stress and increase its
ability to thrive in a diverse range of niches; making it highly
resilient to harsh conditions. In addition it appears to possess
the potential to secrete extracellular hydrolases (Liu et al., 2016).
Interestingly a novel carboxylesterase Est06, isolated from a forest
soil metagenomics library has also recently been reported to
share 61% similarity with a hypothetical protein fromCandidatus
Entotheonella sp. TSY1 (Dukunde et al., 2017).
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FIGURE 6 | Temperature dependency of the 7N9 esterase. The temperature

dependency of the 7N9 esterase was tested at 4◦, 20◦, 25◦, 30◦, 37◦, and

40◦C. The values displayed are the means and standard deviations of triplicate

measurements.

FIGURE 7 | pH dependency of 7N9 esterase. The pH dependency of the 7N9

esterase was assessed at pH 5, pH 6, pH 7, pH 8, pH 9, and pH 10. The

values displayed are the means and standard deviations of triplicate

measurements.

The 3D model of the 7N9 esterase was calculated using the
3D crystal structure of the closely related E40 esterase (Li P. Y.
et al., 2015) as a template and subsequently in silico docking
studies with different substrates and inhibitors were performed.
Similar types of molecular docking studies have previously been
employed to predict the enantioselectivity of various lipases (Juhl
et al., 2009; Ji et al., 2012) and for the substrate specificity of
feruloyl esterases (Gupta Udatha et al., 2012). Esterase 7N9 was
found to have subtle differences in its CAP and catalytic domain
when compared to E40 esterase. This structural difference may
contribute toward the different substrate specificities and the
different temperature activity profiles which we have observed.
Our 7N9 esterase was most catalytically active with pNPA
(p-nitrophenylacetate) as a substrate, whereas E40 was found to
be more active with pNPB (p-nitrophenylbutyrate). The in silico

docking studies confirmed the high specificity toward short
chain fatty acids (Figure 5), as well as toward the inhibitor
phenylmethanesulfonic acid, which is most likely able to bind
covalently to a serine residue (Table 1).

The recombinant 7N9 esterase was biochemically
characterized with respect to its temperature and pH activity
profiles, together with its halotolerance and the effect of metal
ions on activity was also assessed. The enzyme can be classified
as cold-active and slightly alkaliphilic (Colak et al., 2005), as
highest activity was observed in the range of 4–20◦C and at pH
8.0 (Figures 6, 7). Metal ions were found to have a marked effect
on the activity of the enzyme (Figure 8). Mechanisms involved
in metal ion resistance in esterases are not well established,
with different effects on enzyme activity being observed with
some metal ions. For example while the Est06 esterase has been
shown to be resistant to Cu2+ (Dukunde et al., 2017), we found
Cu2+ to have a positive effect on 7N9 esterase activity as it
also has on esterase activity in a cold adapted enzyme isolated
from Shewanella sp. (Hang et al., 2016). It has also been shown
however to have the opposite effect on an alkalophilic lipase from
an Antarctic Pseudomonas strain (Ganasen et al., 2016). Other
metal ions including Ag+ and BA2+ were also found to have a
positive effect on enzyme activity at concentrations ranging from
1 to 5 mM. The ability to withstand meta ions is an important
factor for enzymes used in the bioremediation of environmental
waste, for example environmental increases in metal ions like
Cu2+ and Pb2+ are known to be associated with oil spills
(Moreno et al., 2011) and are therefore may be of particular
interest in evaluating the potential use of this esterase in oil
spill bioremediation applications. On the one hand Cu2+ ions
increase the enzyme activity, but conversely Pb2+ is detrimental
to activity. Furthermore, oil spills in cold environments
are becoming increasingly common due to the increased
industrial exploitation of these environment; thus specialized
bioremediation strategies will be required to treat these spills
in the future (Yang et al., 2009). In addition with respect to oil
spills, for saline industry wastewaters a certain halotolerance is
also beneficial, as those wastewaters can contain up to 14% (w/v)
sodium chloride (Margesin and Schinner, 2001). The esterase
was found to be halotolerant with activity being observed over a
wide range of sodium chloride concentrations. Highest relative
activity was observed up to 16% salt concentration; with <50%
relative activity still being observed at a 34% salt concentration
(Figure 9). The E40 esterase was previously reported to be quite
unstable at 0.3M NaCl with both kcat and substrate affinity being
significantly reduced in 0.5M NaCl (Li P. Y. et al., 2015). The
halotolerance of E40 was however subsequently improved by
introducing hydrophobic residues in the α4 and α5 helices of
the CAP domain (Luan et al., 2016). Interestingly following
the introduction of hydrophobic residues into the mutant E40
esterase, the amino acid sequences in both mutant esterases is
almost identical in this CAP region; with the LVVAALVAL amino
acid sequence present in both halotolerant mutants being almost
identical to the LMVATLVAL present in our esterase. Subsequent
work has shown that this increased halotolerance is likely to be
due to increased intra-protein hydrophobic interactions in the
mutant E40 esterases making them more rigid and more stable
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FIGURE 8 | Effect of different metal ion concentrations on the activity of the 7N9 esterase. The effect of various metals (Ag+, Cu2+, K+, Co2+, Mg2+, and Ba2+)

and heavy metals (Hg+ and Pb2+) at concentrations ranging from 1 to 5mM on 7N9 esterase activity was assessed. The values displayed are the means and

standard deviations of triplicate measurements.

FIGURE 9 | Halotolerance of the 7N9 esterase activity. Sodium chloride concentrations ranging from 1 to 24% were tested for their effect on the activity of the 7N9

esterase. The values displayed are the means and standard deviations of triplicate measurements.

at higher salt concentrations (Li et al., 2017). This may explain
why our 7N9 esterase is inherently halotolerant.

Thus, in conclusion we describe here a novel truly cold active
esterase of the GDSAG subfamily of the hormone sensitive lipase

family IV. The recombinant esterase is most active against short
chain fatty acids such as p-nitrophenylacetate. It displays close
structural relatedness to a previously described esterase (E40)
isolated from a marine sediment sample, despite its different
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physicochemical properties. Optimal enzyme activity is achieved
at low temperatures (4–20◦C), at an alkaline pH (pH 8.0) and
salt concentrations only have a minor influence on activity levels,
resembling native physiological conditions of the environment
from which the initial deep sea metagenomic sample was
retrieved. The combined properties of the 7N9 esterase including
its halotolerance coupled with its activity at low temperatures and
responsiveness to metal ions, places it amongst novel biocatalysts
that have potential bioremediation applications as well as
industrial related low temperature applications such as in the
manufacture of food ingredients, thermolabile pharmaceutical
products together with the production of cold-wash detergents.
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