Marine Biotechnology (2024) 26:447-459
https://doi.org/10.1007/510126-024-10308-w

RESEARCH q

Check for
updates

A Novel Thermo-Alkaline Stable GDSL/SGNH Esterase with Broad
Substrate Specificity from a Deep-Sea Pseudomonas sp.

José Luis Rodriguez-Mejia'3 - Itzel Anahi Hidalgo-Manzano' - Luis Felipe Muriel-Millan' - Nancy Rivera-Gomez'* .
Diana X. Sahonero-Canavesi'® - Edmundo Castillo? - Liliana Pardo-Lépez’

Received: 1 February 2024 / Accepted: 3 April 2024 / Published online: 1 May 2024
© The Author(s) 2024

Abstract

Marine environments harbor a plethora of microorganisms that represent a valuable source of new biomolecules of biotechno-
logical interest. In particular, enzymes from marine bacteria exhibit unique properties due to their high catalytic activity under
various stressful and fluctuating conditions, such as temperature, pH, and salinity, fluctuations which are common during
several industrial processes. In this study, we report a new esterase (EstGoM) from a marine Pseudomonas sp. isolated at a
depth of 1000 m in the Gulf of Mexico. Bioinformatic analyses revealed that EstGoM is an autotransporter esterase (type Va)
and belongs to the lipolytic family II, forming a new subgroup. The purified recombinant EstGoM, with a molecular mass of
67.4 kDa, showed the highest hydrolytic activity with p-nitrophenyl octanoate (p-NP C8), although it was also active against
p-NP C4, C5, C10, and C12. The optimum pH and temperature for EstGoM were 9 and 60 °C, respectively, but it retained
more than 50% of its activity over the pH range of 7-11 and temperature range of 1075 °C. In addition, EstGoM was tolerant
of up to 1 M NaCl and resistant to the presence of several metal ions, detergents, and chemical reagents, such as EDTA and
B-mercaptoethanol. The enzymatic properties of EstGoM make it a potential candidate for several industrial applications.

Keywords GDSL/SGNH esterase - Autotransporter - Marine bacteria - Pseudomonas

José Luis Rodriguez-Mejia, Itzel Anahi Hidalgo-Manzano and Luis
Felipe Muriel-Millan have contributed equally to this work.

< Edmundo Castillo
edmundo.castillo@ibt.unam.mx

P4 Liliana Pardo-Lépez
liliana.pardo @ibt.unam.mx

Departamento de Microbiologia Molecular, Instituto
de Biotecnologia, Universidad Nacional Auténoma
de México, Av. Universidad 2001, Col. Chamilpa,
Cuernavaca, Morelos 62210, México

Departamento de Ingenieria Celular y Biocatalisis, Instituto
de Biotecnologia, Universidad Nacional Autonoma

de México, Av. Universidad 2001, Col. Chamilpa,
Cuernavaca, Morelos 62210, México

Edificio Dr. Carlos Méndez, Centro Universitario de
Investigaciones Biomédicas, Universidad de Colima,
Campus Central Colima; Avenida 25 de Julio #965,

Col. V. Sn. Sebastian, C.P. 28045 Colima, Colima, México

4 IPN: CICATA Unidad Morelos del Instituto Politécnico
Nacional, Blvd. de La Tecnologia 1036-P 2/2,
62790 Atlacholoaya, Morelos, México

Department of Marine Microbiology and Biogeochemistry,
NIOZ Royal Netherlands Institute for Sea Research, 1797AB
Den Burg, P.O. Box 59, Texel, Netherlands

Introduction

Esterases and lipases constitute a class of hydrolases (EC
3) that act on ester bonds. These lipolytic enzymes are
widely distributed among eukaryotes and prokaryotes and
play essential roles in biological processes, including lipid
metabolism, growth, and maintenance of cellular membranes
(Hausmann and Jaeger 2010). Both esterases and lipases can
hydrolyze ester bonds without cofactors; however, esterases
preferentially act on simple esters or short-chain triglycerides
(< C6), whereas lipases hydrolyze triglycerides with long-
chain fatty acids (> C10). In particular, microbial lipases and
esterases are more attractive for industry than those from
animals or plants because of their versatile catalytic activity,
resistance to extreme conditions, easy genetic manipulation,
and high-yield production (Chandra et al. 2020).

Bacterial lipolytic enzymes are grouped into 19 families
according to their amino acid sequence, phylogeny, conserved
motifs, and biological functions (Kovacic et al. 2019).
Among these, family II includes the SGNH hydrolases,
which are characterized by a distinctive four-amino-acid
signature (S-G-N-H) in four conserved blocks called I, 11, III,
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and V (Akoh et al. 2004). Additionally, a tetrapeptide (G-D-
S-L) is present in the proximal amino region of the protein
that includes its catalytic Ser (Kovacic et al. 2019). GDSL/
SGNH esterases possess a versatile capability to cleave
ester bonds and, under special conditions, exhibit synthetic
or stereoselective activities. Furthermore, GDSL/SGNH
esterases are considered versatile and stable under certain
chemical conditions (LeS¢i¢ ASler et al. 2010; Wilhelm et al.
2011; Junmei et al. 2014; Yang et al. 2013).

An interesting characteristic of some GDSL/SGNH esterases
from gram-negative bacteria is that they can be fused with the
type Va secretion system. Proteins of this system are often called
autotransporters (ATs) and have a typical organization consist-
ing of a signal peptide, a passenger domain that confers the spe-
cific function of the protein, and a translocation -domain that is
embedded into the outer membrane and is fixed to the passenger
domain by an a-helical linker (Henderson et al. 2004). ATs can
be used for different biotechnological applications (Wilhelm et al.
2011), including the display of proteins of interest on the surface
of expression hosts, as has been shown for the GDSL esterases
EstA and EstP from Pseudomonas aeruginosa and Pseudomonas
putida, respectively (Becker et al. 2005; Wilhelm et al. 2007a, b;
Yang et al. 2010).

Marine environments are an excellent source of novel
esterases (Barzkar et al. 2021). Bacteria from these ecosys-
tems have established different levels of adaptation to the
fluctuating environmental conditions, such as salinity, tem-
perature, pressure, pH, and availability of nutrients (Muriel-
Millan et al. 2021). As a part of these adaptations, esterases
from marine bacteria have shown exciting potential for bio-
technological applications, including in the transformation
of a wide range of substrates, in the chemical and fuel indus-
tries, and in bioremediation (Debashish et al. 2005; Zhang
and Kim 2010; Rao et al. 2017; Wu et al. 2013).

In this study, we report a new GDSL/SGNH esterase with an
AT (EstGoM) from a marine Pseudomonas sp. isolated at a depth
of 1000 m in the southwestern Gulf of Mexico (Rojas-Vargas et al
2023). Biochemical characterization of purified recombinant Est-
GoM showed activity on p-nitrophenyl esters (p-NP) with short-
and medium-chain fatty acids at a wide range of temperatures
(10-75 °C) and within an alkaline pH. It was stable in the presence
of several inhibitors, including metal ions, chemical reagents, and
detergents. The versatility of the EstGoM enzyme under extreme
reaction conditions suggests its potential as a biotechnological tool
in industrial cleaning and bioremediation applications.

Materials and Methods
Bacterial Strains and Culture Conditions

The Pseudomonas sp. GOMS6 strain was previously isolated
from a marine water sample obtained at a depth of 1000 m
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(GenBank accession number GCA_029537485.1), and its
lipolytic activity was detected on modified lysogeny broth
(LB) plates (0.5% peptone, 0.3% yeast extract, 1% tributyrin,
1% Arabic gum, and 1.3% Bacto agar) (Glogauer et al. 2011,
Rojas-Vargas et al. 2023). For this study, the GOMS6 strain
was routinely cultured in standard LB medium (1% tryptone,
0.5% yeast extract, and 1% NaCl) with incubation at 30 °C.
The Escherichia coli DH5o (GIBCO-BRL) and BL21(DE3)
(Invitrogen) strains were grown in LB medium and incubated
at either 30 or 37 °C, depending on the experiment.

Construction of a Pseudomonas sp. GOM6 Genomic
Library and Identification of Lipolytic Genes

Genomic DNA of Pseudomonas sp. GOM6 was extracted
using the Quick-gDNA MiniPrep Kit D30245 from Zymo
Research (Irvine, CA, USA) following the protocol speci-
fications. The genomic DNA was partially digested using
the Bsp143I isoschizomer of Sau3AI (Thermo Fisher Scien-
tific™; Waltham, MA, USA). The digested genomic DNA was
separated by electrophoresis in a 0.8% agarose gel, and only
fragments between 3 and 6 kb were excised from the gel and
recovered using the GeneJET Gel Extraction Kit from Thermo
Fisher Scientific™ The DNA fragments were ligated into the
pUCI19 plasmid at a 1:10 molar ratio of vector/insert using T4
DNA ligase (Thermo Scientific™) and following the recom-
mended protocol for sticky-end ligation. The ligation reaction
mixture was transformed into electrocompetent E. coli DH5«
cells, which were then plated on modified LB plates supple-
mented with 1% tributyrin as a lipidic substrate (Glogauer et al.
2011), 0.5 mM isopropyl-p-D-thiogalactopyranoside (IPTG),
and 100 pgemL~! ampicillin. The plates were incubated at
30 °C for 48 h and 4 °C for 3 days. Colonies surrounded by
clear halos were considered potential clones with lipolytic
activity. Plasmids from positive clones were purified using
the GeneJET Plasmid Miniprep Kit from Thermo Scientific
(Waltham, MA, USA). The purified plasmids were sequenced
at the DNA Synthesis and Sequencing Unit IBt-UNAM using
the pUC/M13 reverse primer. The obtained sequences were
annotated using the RAST server (Aziz et al. 2008).

Computational Analysis of the Lipolytic EstGoM Protein

Sequences homologous to Pseudomonas sp. GOM6 EstGoM
were identified using BLASTP (https://blast.ncbi.nlm.nih.
gov/) within the nonredundant (nr) database. For the iden-
tification of domains in the EstGoM protein, the SUPER-
FAMILY server (http://supfam.org/) was used (Pandurangan
et al. 2018).

Classification of EstGoM within the lipase/esterase fami-
lies was performed by constructing a phylogenetic tree with
the amino acid sequences of close homologs identified in
the nr database, the sequences of proteins cited by Kovacic et al.
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(2019), and the sequences of some experimentally character-
ized SGNH esterases with and without natural ATs (Talker-
Huiber et al. 2003; Yang et al. 2013; Wicka et al. 2016;
Shakiba et al. 2016; Petrovskaya et al. 2015; Cai et al. 2017).
The MEGA X program was used for multiple sequence
alignment with the default parameters for the Muscle tool
(Kumar et al. 2018). The phylogenetic analysis to determine
membership in the lipase family was conducted using the
UPGMA method with a bootstrap test (3000 replicates), and
the evolutionary distances were computed using the Poisson
correction method. The Jalview program ver 2.11.1.3 was
used to visualize the sequence alignments.

Computational Modeling of EstGoM

The tertiary structure of EstGoM was predicted using
SWISS-MODEL (https://swissmodel.expasy.org/) with
automated mode parameters (Waterhouse et al. 2018), and
the structure of P. aeruginosa EstA was used as a tem-
plate (PDB: 3KVN) (van den Berg 2010). An EstGoM.pdb
archive was obtained for complete and split model emula-
tion. The suite software Swiss-PdbViewer version 4.1.0 was
used to analyze the three-dimensional structure.

EstGoM Overexpression and Purification

The EstGoM-coding gene was amplified by PCR using the
oligonucleotides Fest3Nde (5-ATCATTACATATGAAGCG
AGTTTTGACG-3') and RestEcoR (5'-AAATTGAATTCT
TATTACCAGTCGAGCACCAG3'). The PCR product was
digested with Ndel and EcoRI, gel purified, and inserted into
the pET-28a (+) vector (Novagen) previously digested with
the same enzymes. The resulting plasmid (pET-EstGoM)
was verified by DNA sequencing and used to transform the
E. coli BL21 (DE3) strain.

The E. coli BL21(DE23) strain carrying the pET-EstGoM
plasmid was grown in 1 L of LB medium containing
30 pugemL~! kanamycin with incubation at 37 °C and
200 rpm. When an optical density (OD) of approximately
0.5 was reached, IPTG was added to the culture at a final
concentration of 0.5 mM, and the cells were further
incubated at 37 °C and 200 rpm for 3 h. The culture was
divided into 100 mL aliquots, and the cells were harvested
by centrifugation for 10 min at 5000 rpm at 4 °C. The
cell pellets were stored at -20 °C until further use. Three
pellet samples were used for protein purification; each one
was resuspended in 6 mL of lysis buffer (pH 8.0; 50 mM
NaH,PO,, 300 mM NaCl, 10 mM imidazole, 2% sarkosyl,
10% glycerol, 1 mM B-mercaptoethanol, 1 X cOmplete™
Protease Inhibitor Cocktail -Roche), and lysozyme was added
at a final concentration of 1 mgemL~!. The samples were
incubated on ice for 1 h, and then, the cells were disrupted
by ultrasonication in a Virtis Virsonic 60 Ultrasonic Cell

Disruptor with six 10 s cycles of ultrasonication at 8 watts.
The crude lysates were centrifuged at 13,000 rpm for
30 min at 4 °C, and the supernatants were recovered. The
EstGoM protein was purified by affinity chromatography
using nickel resin (Ni-NTA Agarose, Qiagen) and eluted
with a lysis buffer containing 250 mM imidazole. Dialysis
was performed using a 3 kDa MW Amicon Ultra-0.5
(Merck, Germany) with a concentrated buffer containing
50 mM NaH,PO,, 300 mM NaCl, and 0.05% Triton X-100,
with the pH adjusted at 8.0, as described by Wicka et al.
(2016). The purified EstGoM was visualized by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS—
PAGE) (Fig. S1A). The purity of EstGoM was estimated by
densitometry analysis of SDS-PAGE gels using the ImageJ-
NIH software (Schneider et al. 2012).

Detection of 6xHis-EstGoM by Western Blotting

Western blot analysis was performed by loading aliquots
of purified 6xHis-EstGoM and C12DO (positive control)
(Rodriguez-Salazar et al. 2020) proteins onto a 10% poly-
acrylamide gel. Proteins were transferred to a nitrocellulose
membrane and blocked with 5% skim milk in Tris-buffered
saline (TBS; pH 7.5) for 1 h at room temperature. The mem-
brane was washed with TBS-0.1% Tween 20 (TBST) and
probed with an alkaline phosphatase-conjugated anti-6xHis
tag antibody (Abcam, UK) at a 1:5000 dilution overnight
at 4 °C. Then, the membrane was washed with TBST and
developed with SuperSignal West Pico Chemiluminescent
Substrate (Thermo Fisher Scientific™).

Enzyme activity and substrate specificity of EstGoM

The hydrolytic activity of purified EstGoM was assayed using
the following p-NP esters as substrates: p-nitrophenyl butyrate
(C4:0), p-NP valerate (C5:0), p-NP caprylate (C8:0), p-NP
caprate (C10:0), p-NP laurate (C12:0), p-NP palmitate (C16:0),
and p-NP stearate (C18:0) (Sigma, Mo., USA). Stock solutions
of p-NP butyrate, valerate, and caprylate were prepared in iso-
propanol. The p-NP caprate, laurate, palmitate, and stearate
esters were dissolved in a 4:1 isopropanol to acetonitrile mix-
ture, as previously described (Glogauer et al. 2011). The ability
of EstGoM to liberate p-nitrophenol from acyl esters was meas-
ured spectrophotometrically at 400 nm in a BioTek Synergy H1
96-well microplate reader (Corning®, USA). The total volume
of the reaction was 0.2 mL, consisting of 50 mM Tris—HCI
buffer (pH 8.0), 6.25x 10~ mg-mL~" protein, and 0.5 mM
substrate (p-NP esters). The reactions were followed for 4 min
at 30 °C. A control background of auto-hydrolyzed substrate
was considered for all reactions assayed. Esterase activity was
reported in enzyme activity units; one unit of enzyme activity
(U) was defined as the amount of enzyme that released 1 pmol
of p-nitrophenol min~! at 30 °C.
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Optimum pH, Temperature, and NaCl Concentration
for EstGoM Esterase Activity

The optimum pH for EstGoM esterase activity was deter-
mined for the hydrolysis of p-NP caprylate using Britton-
Robinson buffer over a pH range of 7 to 11 as described by
Wicka et al. (2016). The optimum temperature for EstGoM
esterase activity was determined by assaying at temperatures
ranging from 10 to 75 °C (pH 8.0); the kinetic assays were
monitored at different temperatures for 4 min in a Beckman
DU 650 Spectrophotometer equipped with a Peltier system
for temperature control. To evaluate the effect of NaCl on
enzyme activity, the assays were performed at NaCl concen-
trations of 0.3, 0.5, 1, 1.5, 2, 3, and 4 M. Reactions without
NaCl were included as controls.

Effect of Metal lons, Detergents, and Denaturing/
Chelating Agents on the Catalytic Activity of EstGoM

The effect of different concentrations of metal ions and
detergents on the EstGoM enzymatic activity was deter-
mined in the standard reaction buffer as described in the
enzyme activity section, using p-NP caprylate as the sub-
strate. The assays were performed at concentrations of 5 mM
for Na”, K1+, Mg2+, Ba2+, Mn2+, Cu2+, Ni2+, Sr2+, Hg2+,
Ca’*, Co**, and Zn”* (Ciesliniski et al. 2007; Shakiba et al.
2016). Similarly, the effect of detergents on EstGoM esterase
activity was assayed. All reactions were carried out in the
presence of 0.5% (w/v) of each of the following detergents:
3-((3-cholamidopropyl)dimethylammonium)- 1-propanesul-
fonate (CHAPS), hexadecyltrimethylammonium bromide
(CTAB), sarkosyl, SDS, sodium deoxycholate, Triton X-100,
Tween-20, and Tween-80. All reactions were independently
monitored and performed in triplicate. Reactions without
metal ions or detergents were included as control tests.

EstGoM Stability to Temperature, pH,
and Detergents

The stability of EstGoM was determined by measuring
its residual enzymatic activity after a specific incubation
time at different pH values, temperatures, or detergent con-
centrations. These assays were carried out by incubating
6.25x 10 mg-mL~"! purified EstGoM for 30 and 60 min
in the presence of each selected condition. For the EstGoM
pH stability assay, pH values in the range of 5-12 were
selected. For testing EstGoM stability in the presence of
detergents, CHAPS, CTAB, sarkosyl, SDS, sodium deoxy-
cholate, Triton X-100, Tween-20, and Tween-80 were used
at a concentration of 0.5% (w/v). The stability of the puri-
fied protein at different temperatures was assayed from
10 °C to 55 °C at 5 °C intervals. After incubation, standard
enzyme activity assays were carried out as described above.
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The different enzyme activities were considered residual
enzymatic activity for calculations. All assays were carried
out in triplicate, and controls were established at optimum
pH and temperature and in the absence of detergents during
the incubation period.

Results
EstgoM Gene Identification

Recently, we reported the genome of Pseudomonas sp.
GOMBS6, a lipolytic strain isolated from deep-sea water
(Rojas-Vargas et al 2023). To identify genes potentially
involved in the lipolytic activity observed in the GOM®6
strain, we constructed a genomic library (see Materials
and Methods). Approximately 5346 colony-forming units
(CFUs) were screened on modified LB plates supplemented
with tributyrin. After 2 days of incubation at 30 °C, two
E. coli DH5a clones exhibited clear halos indicative of
hydrolytic activity against tributyrin. In addition, to select
clones with lipolytic activity at cold temperatures, the plates
were further incubated at 4 °C; after 3 days, one colony
also showed a hydrolytic halo (clone three; Fig. S2). The
genomic DNA region inserted in the plasmid of this clone
was 4.5 kb in size. Functional genome annotation by RAST
identified five genes in the GOM6 DNA insert (Fig. S3),
one of which encoded a phospholipase/lecithinase/hemoly-
sin protein of 633 amino acid residues with a molecular mass
calculated to be 67.4 kDa (here named EstGoM), which
could be associated with the activity of E. coli clone three
on tributyrin (Fig. S2).

Bioinformatic analysis of EstGoM

A BLASTP search revealed that the closest homolog
of EstGoM is an AT domain-containing SGNH/GDSL
hydrolase family protein from Pseudomonas sp. BMS12
(WP_068824744.1) (Mishra et al. 2016), with an identity
of 84% (100% coverage and an E-value of 0.0). Interestingly,
neither this protein nor other close homologs of EstGoM
with lower identity have been functionally characterized,
except for EstA from P. aeruginosa (Wilhelm et al. 1999),
which has an identity of 50% with EstGoM (100% coverage,
E-value of 0.0) (Table S1).

The analysis of the EstGoM amino acid sequence on
the SUPERFAMILY server revealed that this protein has
two domains: an SGNH hydrolase superfamily domain
(SCOP IDE: 3,001,315) at the N-terminus covering resi-
dues 29 to 313 (E-value 1.39E-14) and an AT superfamily
domain (SCOP ID: 4,001,769) between residues 339 and
629 (E-value of 1.24e-40). Alignment of the amino acid
sequence of the SGNH hydrolase domain of EstGoM with
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those of its relatives revealed the presence of the tetrapep-
tide GDSL at the proximal amino region instead of GXSXG
conserved in the true lipases and the amino acids of the
catalytic triad (Ser34, His302, and Asp299) (Fig. S4). The
organization of EstGoM domains resembles that of proteins
secreted from gram-negative bacteria classified into the
type Va secretion system (Fig. la). The presence of the
SGNH domain and the GDSL motif in EstGoM suggested
that this protein belongs to family II of lipolytic enzymes
known as GDSL/SGNH. This enzyme presents four con-
served blocks typical of the SGNH hydrolase family (I, II,
II1, V), and only this block included a strictly conserved
amino acid essential for the catalysis (Fig. S4) (Akoh et al.
2004; Kovacic et al. 2019; Hausmann and Jaeger 2010). To
confirm this, we constructed a phylogenetic tree with 208
proteins covering all 19 presently described families. We
also included the amino acid sequences of lipolytic proteins
similar to EstGoM for which experimental characterization
has been reported (Talker-Huiber et al. 2003; Nicolay et al.
2012; Petrovskaya et al. 2015; Yang et al. 2013; Shakiba
et al. 2016; Cai et al. 2017). This analysis confirmed that
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Fig.1 EstGoM is an autotransporter esterase belonging to family II
of lipolytic enzymes. a Schematic representation of the type Va secre-
tion system, which is composed of a signal peptide (SP), a passenger
domain with specific activity, a linker, and a f-domain that forms a
B-barrel that anchors the protein to the bacterial outer membrane. b
Phylogenetic tree of EstGoM and homologs belonging to family II

itrificans ACD02023(GDSL)-EstLS

the EstGoM protein belongs to family II of lipases/ester-
ases (Fig. S5).

To obtain deep insight into the relationships of EstGoM
with nearby proteins, we performed a second analysis with
only members of the branch where EstGoM occurs, most of
which belong to family II. As shown in Fig. 1b, these pro-
teins were divided into two groups, both including members
with and without an AT. As expected, EstGoM clustered
with other Pseudomonas proteins; however, it and its closest
relative from Pseudomonas sp. BMS12 were in a different
branch, indicating the formation of a probable new subgroup
(Fig. 1b). These results strongly suggest that EstGoM is a
new esterase belonging to family II of lipolytic enzymes.

Homology Modeling of the EstGoM Protein

To determine the possible conformation of EstGoM, we
predicted its tertiary structure using the SWISS-MODEL
webserver (https://swissmodel.expasy.org/) with auto-
mated mode parameters, where the monomeric EstA of P.
aeruginosa (PDB: 3KVN) was the principal template (van

R-domain

of lipolytic enzymes. The analysis was performed using the maxi-
mum likelihood tree test in MEGA X software and the amino acid
sequences of EstGoM and its close homologs. The red circle shows
the position in the phylogenetic tree and the secondary structure of
EstGoM
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den Berg 2010) with 51.40% identity and 0.96 coverage.
The QMEANDisco Global score of the 3D model of full
length EstGoM was 0.78 + 0.5 (range 0-1) and exhibited
a typical conformation of type Va ATs (Fig. 2a), in which
the passenger domain (esterase) is secreted outside the cell
through the AT domain but remains connected to it by the
linker within the barrel lumen (Meuskens et al. 2019). The
esterase domain exhibited a globular fold in which a-helices
surrounded four parallel B-sheets. (Fig. 2b). The esterase is
linked to the B-barrel by a region of amino acids (linker) that
form a long alpha helix (Fig. 2c), and the AT is composed of
12 antiparallel -sheets creating a narrow channel (Fig. 2d).
Collectively, these results indicate that EstGoM and EstA
have similar structures, with a QMEANDisco Global score
of 0.78 +0.5.

A 3D image analysis using DeepView/Swiss-PdbViewer
was used to show the particular characteristics of the catalytic
core of SGNH esterases and their conservation in EstGoM.
A close view of the catalytic site of EstGoM shows that the
catalytic triad is formed by the amino acids Ser34, His302,
and Asp299, a distinctive core for SGNH esterases, with a
perpendicular orientation with two extra proton donors, G99
and N157 (Fig. S6) (Mglgaard et al. 2000).

Expression and Purification of the EstGoM Protein

The expression and purification conditions described in
the “Materials and Methods” section allowed us to obtain
a soluble 6xHis-tagged EstGoM protein with an estimated
molecular mass of 67 kDa, which was visualized by SDS—
PAGE and detected by Western blotting using an anti-His

Fig.2 Modeling of the three-dimensional structure of EstGoM. a
Predicted structure of the full-length EstGoM. The f-barrel (yellow)
and passenger (blue and green) domains are connected by a linker
(red) that resides in the lumen of the translocation domain. b Struc-
ture of the EstGoM esterase domain that presents a common o/f3
SGNH hydrolase fold, which consists of central B-sheets surrounded
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antibody (Fig. S1b). The average concentration of the puri-
fied protein was 0.5 mg-mL~!. Densitometry of SDS—PAGE
images revealed that the EstGoM obtained was 79% pure
(Fig. S1a). Moreover, evaluation of the purification process
determined a purification factor of 24, global yield of 15%,
and specific activity of protein preparations of 4320 U-mg
protein~! (Table S2).

Biochemical Characterization of the EstGoM Esterase
Substrate Specificity

The evaluation of the ability of EstGoM to hydrolyze p-NP
esters bearing different fatty acids at 30 and 60 °C showed
that this enzyme prefers medium-chain esters. The maximum
hydrolysis rate observed at 60 °C was for p-NP caprylate
(C8:0; 4320 U'mg protein'l), and lower transformation
rates were observed for p-NP butyrate (C4:0), p-NP valer-
ate (C5:0), p-NP caprate (C10:0), and p-NP laurate (C12:0)
(2400, 2240, 2240, and 960 U-mg protein™', respectively).
For long-chain p-NP esters (p-NP palmitate (C16:0) and
stearate (C18:0)), no hydrolytic activity was detected. The
relative activity profile is presented in Fig. 3a.

Determination of Optimal pH, Temperature, and NaCl
Concentration

The enzymatic activity profiles of EstGoM as a function
of pH, temperature, and NaCl concentration were deter-
mined for the hydrolysis of p-NP caprylate. We failed to
measure the EstGoM activity at acidic pH values due to the

(c) (d)

by a-helices. ¢ The EstGoM linker is modeled as a long o-helix. d
Structure of the p-barrel transporter of EstGoM that is composed
of 12 antiparallel B-sheets. The EstGoM model was created from
the EstA structure of P. aeruginosa (PDB: 3KVN) using SWISS-
MODEL (https://swissmodel.expasy.org/)
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spontaneous hydrolysis of p-NP substrates under these con-
ditions; therefore, we only evaluated the enzymatic activity
in the pH range from 7 to 11. The maximum EstGoM activ-
ity (100%) was at pH 9. The enzyme retained more than 80%
of its activity at pH 7 and 11 and showed minimal activity
loss at pH 8 and 10 (95% and 90%, respectively) (Fig. 3b).

With regard to the effect of temperature on the catalytic
activity of EstGoM, the enzyme was active over the whole
analyzed range of temperatures (10-75 °C), showing better
catalytic activities in the high-temperature range, with opti-
mum activity at 60 °C and relative activities above 80% in
the range of 25-75 °C. Notably, EstGoM retained approxi-
mately 50-70% of its catalytic activity at low temperatures
between 10 and 20 °C (Fig. 3c¢).

The effect of different concentrations of NaCl on the
catalytic activity of EstGoM was determined in a range
of 0.3—4 M NaCl and compared to the activity under con-
trol conditions in the absence of NaCl (Fig. 3d). The assay
results showed the halotolerant properties of EstGoM, as
the enzyme retained at least 80% of its catalytic activity
under NaCl concentrations up to 1 M. Moreover, although
a constant decrease in catalytic activity was observed at
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Fig.3 Biochemical characterization of purified EstGoM. a Deter-
mination of EstGoM substrate specificity. The relative activity was
calculated assuming the highest activity observed with p-nitrophenyl
caprylate (C8) as 100%. b Determination of the optimum pH for Est-

concentrations higher than 1 M, EstGoM retained at least
10% of its activity at extremely high concentrations of NaCl
(4 M) (Fig. 3d).

Effect of Metal lons, Detergents, and Denaturing
or Chelating Agents on the Catalytic Activity of EstGoM

The effect of metal ions on EstGoM activity was evaluated
for the hydrolysis of p-NP caprylate. The results showed
moderate tolerance to different mono- or divalent metal
ions at 5 mM. Indeed, the enzyme retained 80% of its
activity in the presence of Mg?*, K*, and Ba**, while only
60% of its activity was retained in the presence of Na™,
Mn?*, Cu®*, Ni** Sr’*, Hg?*, and Ca**. Furthermore, Zn**
and Co?* decreased the activity to 50 and 55%, respec-
tively (Fig. 4a).

The relative activity of EstGoM was evaluated in the
presence of detergents at a concentration of 0.5% (w/v)
(Fig. 4b). All the detergents decreased EstGoM activity;
however, while the relative activity with Triton X-100,
sodium deoxycholate or Tween 80 remained above 80%; the
relative activity with Tween 20 was only 60%. The relative
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ments performed in triplicate. Error bars, standard deviation (SD)
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activity of EstGoM dropped dramatically with amphiphilic
detergents such as sarkosyl (34%) and CTAB (30%) and in
the presence of SDS (10%) (Fig. 4b).

The effect of two concentrations (1 and 5 mM) of
B-mercaptoethanol and EDTA on the activity of EstGoM
was also evaluated. These compounds are denaturing and
chelating agents, respectively, and they are routinely used
in the extraction and purification of enzymes. Interestingly,
EstGoM retained more than 90% of its relative activity in the
presence of both f-mercaptoethanol and EDTA at concentra-
tions of 1 and 5 mM (Fig. 4c).
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Fig.4 Effect of metal ions, detergents and chemical reagents on Est-
GoM activity. a Relative activity of EstGoM in the presence of sev-
eral cationic metal ions (5 mM). b EstGoM activity in the presence
of detergents (0.5%). ¢ Activity of EstGoM in the presence of EDTA
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Effect of Temperature, pH, and Detergent on EstGoM Stability

The stability assays showed that EstGoM is a highly stable
enzyme at temperatures between 10 and 40 °C. Indeed, after
1 h of incubation at temperatures between 10 and 25 °C,
EstGoM was entirely stable (100% relative activity), and
at temperatures of 25-40 °C, EstGoM retained 90% of its
relative activity. At 45 °C, the relative activity was 60%,
while at 50 °C, the relative activity fell to 20%, with total
loss of activity observed at 55 °C after 1 h of incubation
(Fig. 5a). Similarly, the stability of EstGoM was evaluated
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Detergents (0.5%)

and p-mercaptoethanol at 1 and 5 mM. For all panels, the activity of
EstGoM was determined with p-NP C8. The data are the mean values
of three independent experiments performed in triplicate. Error bars
(SD)
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in the pH range of 5-12 for 1 h. Importantly, EstGoM was
highly stable in the pH range of 7-11, retaining a relative
activity between 80 and 100%. Conversely, the stability at
pH 5, 6, and 12 was drastically reduced, with 95, 80, and
90% activity loss (Fig. 5b).

Finally, the stability of EstGoM was evaluated under stor-
age with detergents (0.5% w/v) for 1 h. Surprisingly, EstGoM
exhibited complete stability in the presence of Tween 80,
sarkosyl, and sodium deoxycholate and even improved stabil-
ity in the presence of Triton X-100, CHAPS, and Tween 20
(120% relative activity). In contrast, SDS and CTAB reduced
the activity to 45 and 40%, respectively (Fig. 5c).

Discussion
In the last decade, marine microorganisms and their pro-
teins have demonstrated potential for many biotechnologi-

cal applications. Most esterase proteins were identified and
investigated at least forty years ago (Trincone 2010). An

(a)

increase in the demand for new biocatalytic tools has led to
new explorations in marine niches, where microorganisms
are considered a source of proteins with new adaptations
(Fang et al. 2014; Sana 2015). Here, by functional screening
of a genomic library of the marine Pseudomonas sp. GOM6
strain, we identified a novel esterase with an AT that was
active under several physicochemical conditions.
Phylogenetic analysis revealed that EstGoM is a GDSL/
SGNH hydrolase belonging to the II lipolytic enzyme fam-
ily (Fig. 1b), and its closest homolog is an uncharacterized
esterase from Pseudomonas sp. BMS12, a strain isolated
from lake rhizosphere sediments in India (Mishra et al.
2016). The separation of EstGoM from its homologs in a
different branch suggests the formation of a new subgroup
for this type of protein (Fig. 1b). However, more detailed
analyses of EstGoM and its homologs are needed to under-
stand the evolutionary relationship among these esterases.
The organization of domains in EstGoM indicates that
it is a type Va AT protein. Type Va ATs constitute a simple
secretion mechanism in gram-negative bacteria, consisting
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Fig.5 Effects of pH, temperature, and detergents on EstGoM sta-
bility. a Thermal stability assays were performed in a range of
10-55 °C. b pH stability of EstGoM at pH values from 5 to 12. ¢ Est-
GoM stability after incubation with different detergents (0.5%). For

all panels, the activity of EstGoM was determined with p-NP C8. The
data are the mean values of three independent experiments performed
in triplicate. Error bars (SD)
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Table 1 Comparison of the enzymatic activity of EstGoM and other esterases

Substrate specificity and activity of EstGoM

100% relative activity over p-NP caprylate (C8),
60 °C, purified

1.5 units mL~!, 1.4 units mL~!, 2.7 units mL~", 1.4
units mL ™!, 0.6 units mL~" over C4, C5, C8 C10
and C12, respectively; 60 °C, purified

100% relative activity against p-NP caprylate (C8),
60 °C, purified

Maximum relative activity (100%) against p-NP
caprylate (C8) at 60 °C and pH 9.0, also active on
pH 7.0-11.0, purified

100% relative activity against p-NP caprylate (C8),
60 °C, active on pH 7.0-11.0, purified

100% relative activity against p-NP caprylate (C8),

Reference Protein/strain Substrate specificity and activity
reported
Wilhelm EstA/Pseudomonas aeruginosa 100% relative activity against p-NP
et al. 1999 PAO1 caproate (C6), 30 °C, cellular frac-
tions
Talker- Xv_EstE/Xanthomonas vesicato- ~ 28.7 units mL™!, 27 units mL™!, 22.6
Huiber ria DSM 50861 units mL~! over C3, C6 and C4,
et al. 2003 respectively; 30 °C, purified
Nicolay EstA/Pseudomonas stutzeri A15  100% relative activity against p-NP
etal. 2012 butyrate (C4), 37 °C, purified
Petrovskaya EstPc (fused with AT877 Maximum relative activity (100%)
etal. 2015 autotransporter)/Psychrobacter against p-NP decanoate (C10) at
cryohalolentis K5T 50 °C and pH 9, also active in pH
7.2-9.5, total membrane fraction
Wickaetal. EstSON/Pseudomonas sp. S9 100% relative activity against p-NP
2016 butyrate (C4), 25 °C; km 0.0095
over p-NP C4 at 25 °C, active on pH
7.5-9.5, purified
Cai et al. EstPS1/Pseudomonas synxantha ~ 100% relative activity against p-NP
2017 PS1 butyrate (C4), also against C2, C6

pH 9.0 at 60 °C, purified

and C8 but lower than that over

C4, pH 8 at 60 °C. Additionally,
hydrolysis of pyrethroids: carba-

ryl > fenpropathrin > trans-cyperme-
thrin > cis-cypermethrin > fenvaler-
ate > bifenthrin. km pM 43 over C4
p-NP butyrate, purified

of a single polypeptide containing a f-barrel domain that
resides in the outer membrane and translocates the passenger
domain outside the cell (Meuskens et al. 2019). The p-barrel
and passenger domains are connected by an a-linker, which
in most ATs contains an intein-like motif allowing the cleav-
age and release of the passenger domain into the surrounding
environment. However, lipolytic passenger domains remain
attached to the translocator domain, performing physiologi-
cal functions (van Ulsen et al. 2018). For instance, in P. aer-
uginosa, EstA localizes on the cell surface and is required
for the synthesis of rhamnolipid surfactants and for biofilm
formation (Wilhelm et al. 2007a, b). Given that EstGoM
is structurally similar to P. aeruginosa EstA (Fig. 2a), it
is tempting to speculate that in Pseudomonas sp. GOM6,
EstGoM could remain attached to its B-barrel on the cellular
surface and play biological roles related to growth promo-
tion (e.g., niche colonization and carbon source supply) or
metabolism (Hausmann and Jaeger 2010).

Some type-Va ATs have been used to display recom-
binant proteins on the cell surface or in outer membrane
vesicles for vaccine development, biocatalysis, and biosensor
design (Jong et al. 2014; Jose et al. 2009; Tozakidis et al.
2020; Daleke-Schermerhorn et al. 2014). In addition, ATs
may positively affect the activity of recombinant proteins.
For instance, a variant of the P. synxantha EstPS1 esterase
lacking an AT exhibited a reduction in thermostability and

@ Springer

catalytic activity compared with full-length EstPS1 (Cai
et al. 2017). Thus, the AT domain of EstGoM could favor
its enzymatic activity under the conditions tested here and
could be explored to produce other proteins by changing the
passenger domain.

A search for EstGoM homologous proteins with experi-
mental data yielded only a few characterized GDSL ester-
ases with ATs from 1999 to 2017, mainly from Pseu-
domonas species (Table 1). However, unlike most reported
carboxylesterases, EstGoM displayed maximum activity
not against short-chain esters but rather against medium-
chain esters. For instance, the best substrate for EstA from
P. aeruginosa PAO1 was p-NP C6, and for P. stutzeri
A15 EstA, P. synxantha PS1 EstPS1, and Pseudomonas
sp. S9 EstSON, it was p-NP C4 (Table 1), whereas Est-
GoM showed its highest activity toward C6. In addition,
EstGoM was capable of hydrolyzing p-NP C4, C5, C10,
and C12 (Fig. 3a). This unique broad specificity makes
this protein stand out among different carboxylesterases
belonging to the same family (Table 1). The broad speci-
ficity for acyl chain length and other interesting functional
properties expands the potential of EstGoM for biotechno-
logical applications.

Indeed, among industrial applications, the ability of Est-
GoM to retain high enzymatic activity in a pH range of 7-11
(80%) and show relevant activity in a temperature range of
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10-75 °C (T,, =60 °C) facilitates its use in the detergent
industry (St. Laurent et al. 2007).

In addition, some other interesting characteristics make Est-
GoM a unique enzyme within the carboxylesterase family to
which it belongs, making it a potential candidate for industrial
applications. The high stability observed at high salt concen-
trations (80% activity at 1 M NaCl) and the activity observed
even at a concentration of 4 M NaCl will allow this enzyme to
function in brines typical of the food industry (Flores-Gallegos
et al. 2019). Alternatively, its ability to be active in the pres-
ence of a wide variety of mono- and divalent ions, different
types of detergents, and chelating ions provides the possibil-
ity of applying EstGoM in the chemical and pharmaceutical
industries or for bioremediation processes (Rafeeq et al. 2022).
EstGoM’s capacity to operate under extreme conditions, such
as low temperature, alkaline pH, and saline environments, is
closely related to the environmental parameters of its source,
a 1000-m-deep water body. Therefore, EstGoM’s robust enzy-
matic activity could be seen as an adaptation to such environ-
mental pressures of bacterial isolates inhabiting deep seas. In
this sense, it should be noticed that some enzymes exhibit sta-
bilization and/or activation under high pressure (HP). Although
HP was not tested during the activity assays of EstGoM, it is
possible that it might influence the enzymatic activity as seen
in other lipases (Eisenmenger and Reyes-De-Corcuera 2009).

In conclusion, EstGoM is a new marine GDSL/SGNH
AT esterase belonging to family II of lipolytic enzymes with
high catalytic activity against medium-chain esters. This
enzyme retains high activity over a wide range of tempera-
tures and alkaline pH, is tolerant to high salt concentrations,
and is resistant to metal ions and chemical reagents. These
properties make EstGoM an attractive potential candidate
for several biotechnological applications.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10126-024-10308-w.
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