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Abstract

The gene encoding a hypothetical YqiA/YcfP family o/B-fold hydrolase from Pseudomonas sivasensis R11S16 was cloned,
heterologously expressed in Escherichia coli, and purified as a histidine-tagged recombinant enzyme (PsEst,q,). The
enzyme, with a molecular weight of about 23 kDa, exhibited typical esterase activity against short-chain p-nitrophenyl
esters (C4>Cg > C, > C). PsEst,q, exhibited the highest activity at 20 °C and pH 9, indicating its cold-active and alkaline-
tolerant nature. The half-life of PsEst,g at 30 °C and 40 °C was nearly 6 h and 2 h, respectively. The enzyme retained
about 70-95% of its activity after 1 h of incubation over the pH range of 5-10 and remained remarkably stable, with ~50%
relative activity even in the presence of 16% NaCl. In the presence of 1 mM Ni*, Cu**, and Ca?', the enzyme activity
increased by 26.74%, 24.20%, and 20.84%, respectively. The enzyme retained more than 80% of its activity in the pres-
ence of 10% (v/v) methanol, acetone, chloroform, and butanol. The Michaelis constant (XK,,) and the maximum velocity
(Vax) of PsEsty, were determined from a Lineweaver-Burk plot to be 129.97 uM and 33.3 pmol/min, respectively, with
p-NPB as the substrate. Importantly, PsEstyfh achieved over 95% reduction in azithromycin’s antimicrobial activity. Fur-
thermore, ecotoxicological assessment indicated that the resulting transformation products did not exert significant toxic
effects on Lemna minor. To our knowledge, this study represents the first report describing the recombinant production,
functional characterization, and biotechnological potential of an esterolytic enzyme encoded by a hypothetical YqiA/YcfP
family o/B-fold hydrolase gene from P. sivasensis.
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Introduction (AMR) on a global scale and has become a critical threat to

public health (Patra et al. 2025). Antibiotic resistance not
The uncontrolled and improper use of antibiotics for human  only limits treatment options for patients but also imposes a
and animal treatment, as well as for food preservation pur-  serious economic burden on healthcare systems by increas-
poses, has led to a rapid increase in antimicrobial resistance ~ ing morbidity, mortality, and hospital stays (Mohan et al.
2025). It is estimated that resistant infections cause more
than 35,000 deaths annually in the US alone, and if cur-
rent trends continue, global annual deaths due to antibiotic
resistance could exceed 10 million by 2050 (Eke and Cua
2025). Furthermore, the global economic loss due to AMR
is reported to exceed $100 billion (Bapat et al. 2022). Anti-
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despite the implementation of national action plans to limit
antibiotic use in many countries, population growth, con-
tinued antibiotic use in veterinary and industrial animal
husbandry, and the resulting spread of antibiotic residues
into the environment are increasing the frequency of resis-
tant microorganisms in populations (Browne et al. 2021;
Cedefio-Muiioz et al. 2024). Therefore, the removal of
antibiotics from wastewater has become a highly important
issue.

Conventional wastewater treatment plants (WWTPs) pri-
marily focus on removing organic matter and nutrients, such
as nitrogen and phosphorus, and are often inadequate for
removing micropollutants, including antibiotics (Oharisi et
al. 2023; Addis et al. 2024; Wang et al. 2025a). Low-molec-
ular-weight antibiotics, in particular, are poorly removed in
WWTPs, leading to antibiotic accumulation in receiving
water environments and the selection of resistant micro-
organisms (Ezra et al. 2025). To date, it has been widely
reported that antibiotics have been detected in WWTP efflu-
ents at levels of ng/L to pg/L, and that this burden poses
serious ecotoxicological risks to river and lake ecosystems
(Singh et al. 2025). Although advanced oxidation processes,
electrocoagulation/flocculation, membrane filtration, and
adsorption are suggested as additional treatment technolo-
gies to address this issue, high costs, energy requirements,
by-product formation, scalability, and sustainability issues
limit their widespread applicability (Saini et al. 2026).
Therefore, in recent years, enzymatic treatment approaches
have emerged as a promising alternative for antibiotic
removal due to their low energy requirements, environmen-
tally friendly nature, and high catalytic activity (de Boer et
al. 2025; Gao et al. 2025).

Esterases (EC 3.1.1.1.x) are a group of enzymes with
high potential for the removal of macrolide antibiotics
(Dhindwal et al. 2023). Esterases are enzymes that mainly
convert esters into carboxylic acids and alcohols. They
also act on esters in thioesters, phosphoesters, amides, and
epoxides (Rafeeq et al. 2022). They basically catalyze the
breaking and making of carboxyl ester bonds. Although
they are quite similar to lipases in terms of structural and
functional properties, they differ from lipases in that their
specificity for short-chain esters (< C8) is higher than that
of long-chain esters (> C8) and they do not require inter-
face activation, i.e., they can hydrolyze water-soluble esters
(Mussakhmetov and Silayev 2025). Their active sites do
not form a hydrophobic area as in lipases. Alternatively,
they have an acyl-binding site in their active site to bind
the substrate (Noby et al. 2022). Unlike lipases, esterases
do not require a cofactor for their activity (Mussakhme-
tov and Silayev 2025). Structurally, these enzymes with
an o/ folding motif are classified as the serine hydrolases
and contain the catalytic triad serine (Ser), aspartic acid
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(Asp), and histidine (His) in their active sites (Barzkar et
al. 2021). Glycine (Gly) and other small molecules in the
region where the oxyanion hole is formed around the serine
in the active site are conserved to keep the enzyme-substrate
association stable. Typically, these enzymes have the con-
sensus sequence Gly-X-Ser-X-Gly (Gly: glycine, X: any
amino acid), in which the serine in the active site is located
(Rafeeq et al. 2022). In the first step of esterolytic catalysis,
serine in the active site undergoes a nucleophilic attack on
the carbon atom in the carbonyl functional group of the sub-
strate to form a tetrahedral intermediate stabilized by His
and Asp. Then, due to the proton transfer between His and
Asp, a rearrangement occurs in the whole molecule and an
alcohol is released from the tetrahedral intermediate. In par-
allel, a covalent bond occurs between the acyl substrate and
the enzyme, and an acyl-enzyme complex is formed. The
hydrolyzed water (activated by His) acts by nucleophilic
attack on the acyl-enzyme complex, forming a second tet-
rahedral intermediate (carboxylate). Finally, histidine pro-
vides a proton to the oxygen atom of Ser, and the covalent
bond between Ser and the acyl compound is broken. Thus,
a carboxylic acid is released while the enzyme is restored
(Aranda et al. 2014).

In addition to esterase enzymes, it is known that dif-
ferent enzyme classes, such as laccase, peroxidase, and
B-lactamase, can also be used in antibiotic degradation;
however, the individual use of these enzymes shows limited
effectiveness against the wide variety of antibiotics found
in real wastewater environments due to their high substrate
specificity (Nawaz et al. 2024; Adigiizel et al. 2025; Jiang
et al. 2025). Thus, fusion enzyme approaches, which com-
bine multiple catalytic functions in a single biocatalytic sys-
tem, emerge as a more viable strategy due to their potential
to simultaneously affect different classes of antibiotics. In
designing fusion enzymes, the relatively small molecular
size of the catalytic components facilitates the genetic con-
struction process and increases the probability of proper
folding and functional expression (Elleuche 2015). There-
fore, esterases with esterolytic activity and relatively small
structures are particularly advantageous as core components
in fusion enzyme architectures. In this study, a hypothetical
“YqiA/YcfP family alpha/beta fold hydrolase” was evalu-
ated as a suitable candidate for fusion enzyme design to
expand the catalytic scope for macrolide antibiotics due to
its small molecular weight, bioinformatics-based distinct
esterolytic potential, and structure composed of a small
number of amino acids.

There are many esterases that are effective in removing
antibiotics. However, most of them do not possess the bio-
chemical properties suitable for real wastewater treatment
applications. The main reason for this lies in the wastewa-
ter’s physicochemical properties. The alkaline discharge
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water from WWTPs is usually cooled before being released
into aquatic ecosystems. Therefore, it is desirable that
enzymes capable of removing antibiotics from WWTPs
discharge water be effective at relatively cold temperatures
of 15-20 °C and at a pH range of 8-9 (Martin and Vanrol-
leghem 2014). However, it has been observed that many
esterase enzymes reported to have antibiotic removal poten-
tial do not possess these characteristics. For example, Pseu-
domonas sp. GD100 esterase showed good activity under
neutral and alkaline conditions, but it was determined that
the maximum activity temperature was 50 °C and that there
was a significant decrease in activity parallel to the decrease
in temperature (Kim et al. 2002). Therefore, a psychrotoler-
ant Pseudomonas isolate was selected as the source of the
YqiA/Y cfP family alpha/beta-fold hydrolase gene.

In summary, within the scope of this study, a psychrotol-
erant Pseudomonas sp. R11S16 isolated from the Kagkar
Mountains was identified based on its 16 S rRNA gene
sequence, and its YqiA/YcfP family alpha/beta fold hydro-
lase gene was cloned into a suitable expression vector and
heterologously expressed in Escherichia coli. The biochem-
ical and catalytic properties of the recombinant enzyme
were characterized in detail, and its potential for use in
antibiotic degradation was evaluated. In this regard, the pre-
sented study constitutes a first in the literature, as it compre-
hensively reveals the functional properties of a hypothetical
YqiA/Y cfP family o/f fold hydrolase enzyme and evaluates
its potential for use in the biocatalytic degradation of mac-
rolide antibiotics.

Materials and methods
Materials and reagents

Enzymes, buffers, and nuclease-free water used in cloning
were purchased from Thermo Fisher Scientific (Waltham,
MA). Glycerin, bovine serum albumin (BSA), Coomassie
Brillant Blue R-250, B-merkaptoetanol (BME), sodium
dodecyl sulfate (SDS), acetic acid, orthophosphoric acid,
solvents, and p-nitrophenol (p-NP) linked substrates were
obtained from Sigma-Aldrich (Darmstadt, Germany).
Medium and buffer components were procured from Merck
(Darmstadt, Germany). Ethylenediaminetetraacetic acid
(EDTA) was purchased from PanReac Applichem (Bar-
celona, Spain). Other reagents and laboratory equipment
(glass/plastics) were obtained from Tekkim (Bursa, Tur-
key), Biobasic (Toronto, Canada), AnalytiChem (Zedelgem,
Belgium), and Condalab (Madrid, Spain) unless otherwise
stated.

Molecular identification of bacterial strain

A psychrotolerant strain, designated as R11S16, was isolated
from a water sample collected from the Kagkar Mountains
(GPS coordinates, 40°52' 54.01" N, 41°08’ 23.26" E). R2A
agar was used as isolation media, and isolate R11S16 was
purified by repeated streaking on Nutrient agar (Karakaya
2025). Genomic DNA was extracted from an overnight cul-
ture using PureLink® DNA Isolation Kit (Invitrogen, USA)
according to the manufacturer’s instructions. The 16 S
rRNA gene was amplified by PCR using universal bacterial
primers (27 F and 1525R). The PCR products were purified
and sequenced using an ABI PRISM 3730 XL automatic
sequencer with the forward primer 518 F (28) (Buchholz-
Cleven et al. 1997) and the reverse primer 800R (Chun and
Goodfellow 1995).

Chromatogram files in ABI format were checked using
Chromas version 1.45, and the primers overlapped to
obtain the 16 S rRNA gene nucleotide sequence in FASTA
format for isolate R11S16. The resultant 16 S rRNA gene
sequence was deposited in GenBank under accession num-
ber PP213417. The 16 S rRNA gene sequence was uploaded
onto the EzBioCloud server (Chalita et al. 2024) and pair-
wise sequence similarities of the nearest phylogenetic
neighbours determined. Phylogenetic trees were generated
using the MEGA X software package (Kumar et al. 2018)
using the neighbor-joining, maximum-parsimony (MP), and
maximum-likelihood (ML) methods. The topologies of the
resultant trees were evaluated by bootstrap resampling with
1000 replicates after Felsenstein (Felsenstein 1985). Since
the primary focus of this study was functional character-
ization of a cold-active esterase, genome-level taxonomic
analyses were not pursued.

Cloning of the YqiA/YcfP family alpha/beta fold
hydrolase gene

Oligonucleotide primers with an Xhol cut site (italic) at both
ends were designed based on the Pseudomonas sivasensis
type strain genome data, with an Xhol cut site (italic) at
both ends for the YqiA/YcfP family alpha/beta fold hydro-
lase gene. Restriction enzyme recognition sites of the gene
were investigated using NEB cutter v3.0 (https://nc2.neb.co
m/NEBcutter2/?noredir), and possible signal peptides in the
gene were analyzed using SignalP-6.0 web tool (https://serv
ices.healthtech.dtu.dk/services/SignalP-6.0/). The possibilit
y that the designed primers form dimers within and between
themselves was evaluated using the Thermo Fisher Scien-
tific Multiple Primer Analyzer (https://www.thermofisher.c
om). Melting temperatures were calculated using the NEB
Tm Calculator web tool, considering the DNA polymerase
to be used in the PCR reaction.
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Genomic DNA from cells recovered by centrifuging an
overnight fresh culture of P. sivasensis R11S16 at 10,000
x g for 10 min was extracted using the Invitrogen™ Pure-
Link™ Genomic DNA Mini Kit following the manufactur-
er’s guidelines. YqiA/YcfP family alpha/beta fold hydrolase
gene was amplified using forward (5'-ATTCTCGAGCTG
TATATCCACGGTTTC-3') and reverse (5'-AATCTCGAG
CAGTGCCGAAAAATC-3") primers. Amplification was
performed in a thermocycler microtube containing 10X
Taq Buffer (3 uL), Tag DNA Polymerase (0.25uL: 1.25 U),
genomic DNA (3 pL), 10 pmol forward primer (0.8 pL),
10 umol reverse primer (0.8 pL), 10 mM dNTP (0.8 pL),
and nuclease-free water (18.95 pL) (Adigiizel 2020). The
reaction mixture was subjected to pre-denaturation in a
thermal cycler (Biorad- T100™, Hercules, CA) at 95 °C for
2 min, preceded by 30 cycles: 40 s denaturation at 95 °C,
40 s oligonucleotide annealing at 60 °C, and 60 s exten-
sion at 72 °C, followed by a final extension step at 72 °C
for 5 min. Plasmid pET20b(+) was extracted from E. coli
DH5a cells using FavorPrep™ Plasmid Extraction Kit
(Favorgen, Pintung, Taiwan). PCR product and pET20b(+)
were separately digested with Xhol (# ER0691) according
to the manufacturer’s user guide. After the resulting digests
were extracted from 0.8% agarose gel using the GeneJET
Gel Extraction Kit, 6 pL of the PCR product and 2 pL of
linearized pET20b(+) were ligated by incubating the reac-
tion mixture composed by adding 1 pL of 10X T4 DNA
ligase buffer, 0.5 pL of SU/uL T4 DNA ligase (# 15224041)
and 0.5 puL of nuclease-free water at 25 °C overnight (Tabor
1989). DNAs in the ligation mixture (3.5 pL) were intro-
duced into CaCl,-competent E. coli DHS5a cells (50 pL)
using the heat-shock transformation protocol described by
Chung and Miller (1993). Transformants were grown on
LB Agar medium supplemented with ampicillin to a final
concentration of 50 pg/mL, followed by agarose gel elec-
trophoresis of plasmids rapidly extracted from replicates of
transformants, and clones containing the recombinant mol-
ecule were identified by comparing their lengths (Choud-
hary and Laurie 1991). Afterward, the verified recombinant
molecule was subcloned into E. coli BL21(DE3) using the
same transformation method for heterologous expression of
the gene.

Heterologous expression and purification

A loop of clones containing the recombinant molecule was
transferred to 50 mL of LB liquid medium containing ampi-
cillin in a 250 mL Erlenmeyer flask and cultured at 37 °C,
175 rpm with shaking until the optical density (ODg)
reached 0.4-0.6. IPTG was then added to the culture to
a final concentration of 0.3 mM, and the culture was fur-
ther incubated for 5 h at 18 °C and 175 rpm under shaking
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conditions (Adigiizel et al. 2023). After incubation, the cul-
ture was centrifuged at 10,000 x g for 5 min, and the recov-
ered supernatant was treated as a crude enzyme solution.
Expression was verified by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and esterase
assay.

The crude enzyme solution was concentrated by pass-
ing through a 10-kDa molecular weight cut-off (MWCO)
ultrafiltration disk fabricated with regenerated cellulose
(Ultracell®, Merck Millipore, MA, USA) utilizing an
Amicon™-Stirred Ultrafiltration Cell (Merck KGaA, Darm-
stadt, Germany) (Cilmeli et al. 2024). A. Equal volumes of
concentrated crude enzyme solution and HisPur™ Ni-NTA
resin (Thermo Scientific™) were gently mixed and kept at
4 °C for 1 h. Unbound proteins were washed through the
column with phosphate buffer (50 mM, pH 7.4), and then
bound proteins were eluted with a linear gradient of 100—
400 mM imidazole prepared in washing buffer at a flow rate
of 0.3 mL/min (Adigiizel et al. 2024). Fractions (each of 1
mL) exhibiting esterase activity were then pooled, concen-
trated, and dialyzed against 50 mM phosphate buffer (pH
7.0) for further studies.

SDS-PAGE analysis, total protein estimation and
esterase assay

SDS-PAGE analysis was conducted on a 10% acrylamide
gel using a modified version of the method developed by
Laemmli (1970). Following electrophoresis performed with
Mini-Protean Tetra Cell Electrophoresis System (Bio-Rad
Laboratories, Hercules, CA), protein bands visualized by
Coomassie staining (41) (Adigiizel and Tunger 2016) were
imaged using the Gel Doc XR System (Bio-Rad Labora-
tories, Hercules, CA). Total protein concentrations of the
enzyme solutions were estimated via the method outlined
by Bradford (1976) using a bovine serum albumin (BSA)
standard curve. Esterase activity was assayed by spectro-
photometric (410 nm) monitoring of the release of the chro-
mophore p-nitrophenolate (p-NP) from the chromogenic
substrate p-nitrophenyl butyrate (p-NPB) as previously
described by Adigiizel (2020).

Bioinformatic analysis

The cloned YqiA/Y cfP family alpha/beta fold hydrolase gene
from P. sivasensis R11S16 was sequenced at BM Labosis
(Ankara, Turkey) using Sanger sequencing and subsequently
aligned with the homolog in the type strain of P. sivasen-
sis using the Clustal W algorithm from BioEdit software
7.2.5  (https://itservices.cas.unt.edu/software/bioedit725).
The aligned genes were visualized in Jalview. The possible
functional and structural domains of the enzyme encoded by


https://itservices.cas.unt.edu/software/bioedit725

3 Biotech (2026) 16:242

Page 50f 22 242

the gene were identified using the PFAM database, which
performs searches based on the HMMER algorithm (Pay-
san-Lafosse et al. 2025). Physicochemical features of the
enzyme expressed in E. coli BL21(DE3) were calculated
using the ExPASy ProtParam tool (Gasteiger et al. 2005).
The secondary (2D) structure of the expressed enzyme was
investigated using the “SAS-Sequence Annotated by Struc-
ture” tool (Milburn et al. 1998), while its tertiary structure
was built using the SWISS-MODEL web server (Water-
house et al. 2018).

Biochemical characterization of PsEst,g,

The effect of temperature was examined by monitoring
enzyme activity over a temperature range of 5-50 °C in 50
mM Tris-HCl buffer (pH 8). The influence of pH on PsEst, ,’s
activity was studied by performing esterase assays within a
pH range of 4 to 10 at optimum temperature, utilizing citrate
(pH 4-6), phosphate (pH 6-8), and Tris—HCI (pH 8-10) as
buffer systems (50 mM). For each experiment, results are
expressed as percentages based on the highest activities of
the enzyme, defined as 100% (Adigiizel et al. 2025).

The stability of PsEst,; was assessed by measuring
the esterase activity after pre-incubation of the enzyme
at 30 and 40 °C for up to 6 h. The initial esterase activity
was accepted 100%. The enzyme solution prepared in the
above-mentioned buffer systems of different pHs was pre-
incubated for 1 h at 20 °C, and then the percentage residual
esterase activity was determined under optimal conditions
to assess the effect of pH on PsEstyfh’s stability (Adigiizel
and Tunger 2016).

The effect of NaCl on PsEst,q, was investigated by exam-
ining esterase activity in the presence of NaCl at concentra-
tions up to 16%. The maximum esterase activity measured
was assumed to be 100% (Adigiizel et al. 2024).

The influence of metal ions (Ni**, Ca*2, Co2, K*, Mg*2,
Cu*?, and Fe"?) and chemicals (BME, EDTA, SDS, Triton
X-100, and Tween 20) was evaluated by assaying the ester-
ase activity of PsEst 4, in conditions where the final concen-
trations of these ingredients were 1 and 10 mM. The results
are presented as relative activity in percent compared to the
esterolytic activity of PsEst,q, assayed under the same con-
ditions without metal ions or chemicals (100%) (Adigiizel
et al. 2024).

To determine the effects of ethanol, acetone, methanol,
dimethyl sulfoxide (DMSO), chloroform, 2-propanol, and
butanol, the esterolytic activity of the enzyme was measured
under optimal conditions in the presence of 10% v/v or 30%
of the solvents. The data were expressed as relative activity,
as a percentage of esterase activity measured in the solvent-
free reaction mixture under the same conditions (Adigiizel
and Tunger 2016).

The catalytic activity of PsEst,q against p-nitrophenyl
acetate (p-NPA; C,), p-nitrophenyl butyrate (p-NPB; C,),
p-nitrophenyl caprylate (p-NPC; Cy), p-nitrophenyl dec-
anoate (p-NPD; C,,), p-nitrophenyl laurate (p-NPL; C,,),
p-nitrophenyl myristate (p-NPM; C,,), and p-nitrophenyl
palmitate (p-NPP; C,,) was determined through the stan-
dard assay method under optimum conditions to assess the
substrate specificity. The highest catalytic activity was con-
sidered to be 100% (Adigiizel 2020).

The enzyme’s catalytic efficiency against p-NPB was
evaluated based on the Michaelis-Menten constant (X,,)
and maximum velocity (V,,,,) values calculated from the
Lineweaver-Burk plot, which was constructed from enzyme
activities in reaction mixtures containing substrate at con-
centrations ranging up to 4 mM. Enzymatic reactions were
performed in 50 mM Tris-HCl buffer at 20 °C (Adigiizel et
al. 2025).

Molecular docking

The binding interaction between PsEst, 5, and substrates was
examined using molecular docking, as previously reported
by Adigiizel et al. (2025). PsEstyg,’s 3D structure in pdb
format, constructed using the Swiss Model, was used as a
receptor. The 3D molecular structures of the substrates were
retrieved from the PubChem database (https://pubchem.ncbi
.nlm.nih.gov/) in SDF format. Substrates and receptors were
prepared for docking by performing dehydration, charge
neutralization, and hydrogenation using UCSF Chimera
1.18 software (Pettersen et al. 2004). Afterward, molecular
docking was performed within a grid box encompassing the
entire PsEst, g, structure using AutoDock Vina v1.1.2 (Trott
and Olson 2010). The exhaustiveness parameter was set to
8, and a total of 10 binding modes were generated for each
ligand with a maximum energy range of 3 kcal/mol. Finally,
the enzyme-substrate combinations with the lowest bind-
ing free energies were selected, and their interactions were
analyzed using BIOVIA Discovery Studio Visualizer 2025
software (Dassault Systémes).

Removal of azithromycin antimicrobial activity

The experiments were performed as described by Adigiizel
et al. (2023), with minor modifications. The reactions were
carried out at 20 °C for 120 min in a 50 mM Tris-HCI buffer
(pH 9) supplemented with 50 pg/mL of azithromycin and
20 U/mL of PsEst,q,. The removal of antimicrobial activity
was monitored by sampling at 20, 40, 60, 90, and 120 min.
The enzyme in the reaction mixture was removed by ultra-
filtration. The resulting enzyme-free solutions were passed
through sterile syringe filters and analyzed for residual anti-
microbial activity against Bacillus subtilis using the agar
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well diffusion method (Mazmanci et al. 2023). To that end,
~5x 107 bacterial cells were spread on Mueller-Hinton Agar
(MHA) plates, then wells with a diameter of 8 mm were cre-
ated. Afterward, 70 pL from each sample was poured into
the wells. The plates were incubated at 37 °C for 16 h, and
the antimicrobial activity was determined by measuring the
diameters of the inhibition zones. Time-dependent changes
in zone size were used to assess the enzyme’s effect on
azithromycin’s antimicrobial activity of azithromycin. An
enzyme-free reaction mixture was used as a positive con-
trol. The percent decrease in the antibiotic’s antimicrobial
activity was calculated using the following formula (1).

E —50.24 100
Decrease in antimicrobial activity (%) = [100 — %}

T,
(T, — 50.24) 100} ’ (1)

— 100 —
T

where, Ty represents the inhibition zone area of the anti-

biotic solution, E corresponds to the inhibition zone area
measured for the reaction mixture following enzymatic
treatment, and 7, denotes the inhibition zone area of the
enzyme-free reaction control. The surface area of the agar
well was calculated to be 50.24.

For kinetic evaluation, the decrease in antimicrobial
activity was analyzed under the assumption of pseudo-first-
order kinetics by calculating—In(A/Ao) values from the
remaining activity data.

Ecotoxicological assessment

The acute toxicity of the end-products after removal of the
azithromycin antimicrobial activity was evaluated using
duckweed (Lemna minor) as the test organism (Radi¢ et al.
2010). After the removal, the reaction mixture was passed
through a 10 kDa MWCO ultrafiltration membrane. The
ultrafiltrate, containing the end products after removal, was
used as a test group for toxicological evaluation, while the
buffer solution used to prepare the reaction mixture served
as a control group.

L. minor was obtained from a commercial firm and sub-
jected to 2 month of acclimaton in 500 ml glass beakers
containinng 100 mL in 10% the original Hoagland’s nutrient
medium under a 16:8 h light: dark period of fluorescent light
with a light intensity of 6500-10,000 1x at 24+2 °C (Fekete-
Kertesz et al. 2015; Zhou et al. 2020). Stock cultures were
transferred to fresh medium in every 3-7 days. Healthy
duckweeds with two frond colonies were placed in 15 mL-
petri dishes containing 10 mL of the test and control groups.
The toxicity test was conducted by exposing duckweeds to
the control and test groups for 7 days. Toxicity was recorded
as growth parameters (number of fronds), fresh weight, dry
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weight, and photosynthetic pigment content (chlorophyll a,
chlorophyll b, and carotenoids).

Duckweed growth was determined by measuring frond
number, fresh weight, and dry weight, according to the ISO
20,079 test protocol (Radic¢ et al. 2010). The frond number
was scored at the start (T,) of the experiment and 7 days
(T,) after. All visible fronds were counted. To measure fresh
weight, L. minor was surface-dried between layers of paper
towels. Growth was determined as Relative Growth Rate
(RGR, g/days) as follows; log N final fresh weight (g) — log
N initial fresh weight (g)/ time (days) (Basiglini et al. 2018).
The dry weight was determined after plants were dried at
80 °C for 24 h to calculate dry weight (g) to fresh weight (g)
ratio (DW/FW) (Radi¢ et al. 2011). To assess the potential
toxic effect of the tested materials, the Percent Inhibition of
Growth Rate (%I,.) was calculated based on the number
of frond measurements according to the formula (2) given
below (OECD 2006):

(me—pr)
ue

%I, = 100 )

where, 1 cand p r are the average number of fronds in the
control group and test group, respectively.

The photosynthetic pigment content of duckweeds is
widely used to evaluate the effect of a xenobiotic on the
photosynthetic system. Fronds weighing 0.2 g were picked
from each treatment and control group on the 7th day of
the experiment to determine pigment content. Fronds were
homogenized with 80% cold acetone (1:15 w/v) to prepare
the extract and, the obtained homogenate was then centri-
fuged at 8000 x rpm for 10 min at 4 °C (Basiglini et al.
2018). The supernatant was collected into clean tubes and
analyzed by spectrometry. To determine the chlorophyll
and carotenoid content, optical densities at 461, 646.8, and
663.2 nm wavelengths were measured using a UV-visible
spectrometer. Then, chlorophyll a (Chl a), chlorophyll b
(Chl b), total chlorophyll (Chl tot), and total carotenoid
(TC) contents were calculated using the following formulas
(3-6) (Kumar et al. 2024).

Chla (u g/II]L) = [(1225 X OD663_2) — (279 X OD646.8)] (3)
Chl b (LL g/mL) = [(2150 X OD646.8) — (510 X OD663_2)] (4)
Chl tot (}l g/HlL) = [(715 X OD663>2) + (1871 X 0D64G.8)] (5)

TC (p. g/IHL) = [0D461 — (0046 X OD663'2)] X 4 (6)
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Table 1 Pairwise 16 S rRNA gene sequence similarities between strain
R11S16 and the most closely related Pseudomonas type strains

Most closely related ~ Accession number Similar- nt

type strain ity (%)  differ-
ences

Pseudomonas sivasen- JAAOWU010000041 100.00  0/1459

sis P77

Pseudomonas LC647547 99.93 1/1459

petroselini MAFF

311,094T

Pseudomonas extrem- AHIP01000073 99.86  2/1459

australis 14-37

Pseudomonas LC582666 99.86  2/1459

cyclaminis MAFF

301,449

Pseudomonas LC500864 99.86  2/1459

kitagugiensis MAFF

212,4087

Statistical analysis

All experiments, except for the 16 S rRNA-based identifica-
tion of the bacterial strain and the cloning of the YqiA/YcfP
family alpha/beta fold hydrolase gene, were performed in
triplicate. Results were expressed as mean=standard devia-
tion (SD) after being computed using Microsoft Excel Soft-
ware. The results are also plotted on the graph with standard
error bars. Statistical significance of data from characteriza-
tion and azithromycin removal experiments was evaluated
using one-way analysis of variance (ANOVA), followed by

Fig. 1 Phylogenetic affiliation

of the enzyme-producing strain
R11S16. a Colony morphology

of strain R11S16 grown on TSA
following incubation at 15 °C for
three days. b Neighbor-joining
phylogenetic tree based on 16 S
rRNA gene sequences showing the
position of strain R11S16 among
closely related Pseudomonas type
strains. Bootstrap values (>50%)
based on 1000 replications are
shown at branch nodes. Nodes
marked with an asterisk (*) indi-
cate clades that were consistently
supported by MP and ML trees.
Entomomonas asaccharolytica
F2AT was used as the outgroup.
Bar, 0.010 substitutions per nucleo-
tide position

pairwise comparisons using Tukey’s post hoc test. Results
from the experiment, performed for the ecotoxicological
assessment, were analyzed by a t-test. Sigma Plot 11 (Systat
Software, USA) was used for all statistical analyses.

Results and discussion
Phylogenetic affiliation of strain R11516

The nearly complete 16 S rRNA gene sequence (1459 bp) of
strain R11S16 was obtained. Comparative sequence analy-
sis revealed that strain R11S16 showed 100.0% sequence
similarity to Pseudomonas sivasensis P7', followed by
Pseudomonas petroselini MAFF 311,094 (99.93%) and
Pseudomonas extremaustralis 14-37 (99.86%) (Table 1).
Phylogenetic analysis based on 16 S rRNA gene sequences
placed strain R11S16 within the genus Pseudomonas,
clustering tightly with P. sivasensis P7" (Fig. 1). Compa-
rable tree topologies indicated a stable and consistent phy-
logenetic placement of strain R11S16. Although several
closely related Pseudomonas species exhibited high 16 S
rRNA gene sequence similarity, strain R11S16 consistently
grouped with the type strains of P. sivasensis lineage with
strong bootstrap support across all phylogenetic reconstruc-
tions. Strain R11S16 formed smooth, circular, cream-col-
ored colonies on Tryptic Soy Agar (Fig. 1), consistent with

» Pseudomonas poae DSM 14936" (JYLIO1000039)

- Pseudomonas trivialis DSM 14937" (JYLK01000002)
Pseudomonas allii MAFF 301514" (LC548100)

{ Pseudomonas simiae OLi" (AJ936933)

L Pseudomonas tritici SWRI145" (CP077084)

L Pseudomonas asgharzadehiana SWRI132" (GCA 019139815)
Pseudomonas kitaguniensis MAFF 212408" (LC500864)
Pseudomonas antarctica CMS 35" (AJ537601)
{SOP.ceudommms meridiana CMS 38" (AJ537602)

Pseudomonas extremaustralis 14-3" (AHIP01000073)

L Pseudomonas grimontii CFML 97-514" (AF268029)

- Pseudomonas paraveronii V3/K/3/5" (CAVMKF010000001)

' Pseudomonas violetae TNT11" (JAKNRV010000349)
leseudomonasﬁldesensis KGO01" (MK859934)
Pseudomonas petroselini MAFF 311094" (LC647547)
] 7}solate R11S16 (PP213417)

"

’Pseudomonas sivasensis PT' (JAAOWU010000041)

Pseudomonas cyclaminis MAFF 301449" (LC582666)

L Pseudomonas haemolytica DSM 108987" (VOIW01000014)

L Pseudomonas aylmerensis SIE40" (MAUE01000044)

Entomomonas asaccharolytica F2A' (MW222116)
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phenotypic characteristics commonly reported for members
of the genus Pseudomonas (Méndez et al., 2017). Notably,
several phylogenetically related species included in the
analysis have previously been reported from cold or tem-
perate environments, supporting the ecological relevance of
strain R11S16 as a psychrotolerant bacterium and a potential
source of cold-active enzymes (Duman et al. 2020; Xiong et
al. 2023). Based on 16 S rRNA gene sequence similarity and
phylogenetic clustering with the type strain, strain R11S16
was assigned to P, sivasensis. This level of molecular identi-
fication was considered sufficient to provide a reliable taxo-
nomic framework for subsequent analyses focusing on the
biochemical characterization and industrial potential of the
cold-active esterase produced by strain R11S16.

Cloning, heterologous expression and purification

The gene YqiA/YcfP family alpha/beta fold hydrolase (yfh)
amplified by PCR from the genomic DNA of P. sivasesis
R11516 isolate was analyzed electrophoretically, and a
single DNA band of about 600 bases was observed on
0.8% agarose as predicted (Supplementary information 1).
The amplified yth gene and pET20b(+) were successfully
digested with Xhol, ligated, and the thus generated con-
struct (pET20b(+)-yfh) was transformed into E. coli DH5a
(Supplementary information 2). Transformants grown over-
night at 37 °C in the presence of ampicillin were screened
as harboring the pET20b(+)-yfh by comparing the size of
the rapidly isolated plasmids (Supplementary information
3). The insert in the recombinant molecule was identified by
sequencing using the universal T7 promoter (5'- TAATACG
ACTCACTATAGGG-3") and T7 terminator (5-GCTAGTT
ATTGCTCAGCGG-3") primers. Thus, recombinant mole-
cule and the gene orientation was verified. Furthermore, the
cloned gene was aligned with its homolog in the type strain

M 1 2 3 4 5 6

-—

250 kDA

50
150 KDA +——sm—
100 kDA «—
70 kDA «——
50 kDA «— -

40 kDA <+t

30 kDA +— -

L e P

Fig. 2 a SDS-PAGE analysis showing the extracellular protein pro-
files of (Line 1) E. coli BL21(DE3) cells harboring pET20b(+)-yth
in the presence of IPTG, (Line 2) E. coli BL21(DE3) cells harbor-
ing pET20b(+) in the presence of IPTG, (Line 3) E. coli BL21(DE3)
cells in the absence of IPTG, (Line 4) E. coli BL21(DE3) cells harbor-
ing pET20b(+) in the presence of IPTG. Line M indicates the protein
marker. b SDS-PAGE analysis of the (Line 5) crude enzyme solution
and (Line 6) enzyme solution after purification
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P sivasensis using Clustal Omega (https://www.ebi.ac.uk/
jdispatcher/msa) and visualized in Jalview (Waterhouse et
al. 2009) (Supplementary information 4). Accordingly, the
108th, 254th, 256th, 257th, 275th, and 297th nucleotides in
the yfh gene of isolate R11516 were found to be different
from those of the type strain of P. sivansensis. As a result
of protein-based analyses performed on NCBI (https://blas
t.ncbi.nlm.nih.gov/Blast.cgi) database; the amino acid con-
tent of the gene product was found to be different YqiA/
YcfP family alpha/beta hydrolases from P. sivasensis (Pro-
tein accession number: WP _181640331.1), Pseudomonas
cyclaminis (Protein accession number: WP_122305492.1),
Pseudomonas fluorescens (Protein accession number:
WP _191946927. 1), Pseudomonas grimontii (Protein
accession number: WP_090400878.1), Pseudomonas rho-
desiae (Protein accession number: WP_348749120.1) and
Pseudomonas azotoformans (Protein accession number:
WP_071497189. 1) by 97.0%, 96.5%, 95.5%, 95.5%,
95.0%, 94.5% and 94.0%, respectively. Finally, the veri-
fied recombinant molecule was subcloned into E. coli
BL21(DE3).

The gene yfh was extracellularly expressed with a his-
tidine tag (6X-His) under the control of the T7 promoter.
Expression of the gene was assessed by SDS-PAGE analysis
(Fig. 2a). On the acrylamide gel, the expression of yfh gene
was proved by the observation of a unique protein band with
amolecular weight of approximately 23 kDa in the extracel-
lular liquid from the culture of E. coli BL21(DE3) cells har-
boring pET20b(+)-yth, in comparison with the extracellular
liquid from the culture of E. coli BL21(DE3) cells with and
without pET20b(+). In addition, the esterase titer in the crude
enzyme solution recovered from the IPTG-induced culture
of the E. coli BL21(DE3) harboring the pET20b(+)-yth was
56.83+0.82 U/mL. In contrast, no extracellular esterase
activity was detected in the culture of E. coli BL21(DE3)
harboring pET20b(+) grown under the same conditions. The
expressed recombinant protein was designated PsEst,q,. The
specific activity of PsEst, 4 was 170.10+5.09 U/mg protein.
SDS-PAGE analysis also revealed that the enzyme had a
lower molecular weight than the cold-active esterases from
Pseudomonas sp. TB11 (Dong et al., 2015), Serratia sp.
(Jiang et al., 2016), Zunongwangia profunda (Rahman et
al., 2016), Bacillus halodurans (Noby et al., 2020), Pseu-
domonas sp. E2-15 (Liu et al., 2021), Deinococcus radio-
durans (Zhang et al., 2021), Pseudomonas sp. E5-12 (Liu et
al., 2022), Aphanizomenon flos-aquae (Knepp et al., 2022),
Arthrobacter soli (Cao et al., 2023), Halobacterium salina-
rum (Ortega-de la Rosa et al., 2024), Haloarcula japonica
(Kato et al., 2025), and Aspergillus niger (Xing et al., 2025).
On the other hand, it had a similar molecular weight to cold
active esterases from Psychrobacter pacificensis (Wu et al.,
2013), Bacillus cohnii (Noby etal., 2018), and Lysinibacillus
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sp. (Matrawy et al., 2022). In summary, PsEst, 4, may be the
smallest cold-active esterolytic enzyme ever reported to our
knowledge. PsEst,4,’s small nature makes it worthwhile for
fusion protein construction with other cold-active enzymes,
notably laccase, for bioremediation.

Bioinformatic analysis of PsEst g,

Protparam analysis of the expressed enzyme confirmed
its molecular weight of about 23024.75 Da. The analysis
revealed that the enzyme has an isoelectric point of 6.11
and a half-life of more than 10 h in E. coli. The instabil-
ity value of PsEst, g, calculated as 37.26, indicates that it is
stable. The aliphatic index value of the enzyme, based on
the ratio of aliphatic (branched chain) amino acids (alanine,
valine, isoleucine, and leucine) in its structure, was found
to be 86.01. The detected Grand average of hydropathicity
(GRAVY) value for the enzyme was negative (-0.336), indi-
cating that the enzyme is mainly water-soluble.

The 3D structure of PsEstyfh was generated by the Swiss-
Model web tool based on the Pseudomonas trivialis esterase
deposited in the Protein Data Bank (PDB) with the code
AOAOH5AAT2.1.A (Fig. 3a). The amino acid sequence of
PsEst,q, was 93.50% identical to that of P. frivialis ester-
ase. The GMQE (Global Model Quality Estimate) for the
modeled enzyme was 0.88, indicating the model’s reliabil-
ity. The MolProbity score of the model was computed as
0.73 based on the Ramachandran plot shown in Fig. 3b. The
Ramachandran Favored value (97.47%) indicated that the

Fig.3 a PsEst,q’s 3D structure
constructed by SwissModel.

Blue and red regions represent

the N-terminus and C-terminus,
respectively. b Ramachandran

plot of @, y torsion angles of
amino acid residues in PsEst,g,.

¢ Secondary structure analysis of
PsEstyq,. Serin: Ser/S, Aspartic
acid: Asp/D, Histidine: His/H. Flat
arrows are a simplified representa-
tion of B-sheets, and the direction
of the arrow indicates the direction
of the amino acid sequence (from
the N-terminus to the C-terminus).
Ribbons depict a-helix structures.
Thin, straight lines indicate regions
lacking secondary structure

enzyme folded into common and sterically allowed angle
combinations in natural proteins. Ramachandran Outliers
and Rotamer Outliers values, which indicate the rate of sig-
nificant conformational errors, were found to be 0%. A topo-
logical analysis proves that PsEst, g, exhibits a classical o/
fold. The analysis performed on the secondary structure of
PsEst, g, revealed that the enzyme comprises 8 alpha helices
and 7 beta-sheets (Fig. 3¢). It is also observed that the con-
served Gly-X-Ser-X-Gly pentapeptide motif is positioned at
the end of the 3rd beta-sheets, while Ser-68, Asp-146, and
His-171, forming the catalytic triad, are located after the
3rd, 7th, and 8th beta-sheets, respectively.

Biochemical characterization of PsEst,g,

The experiments to evaluate the effect of temperature
(5-50 °C) revealed that PsEst, exhibited a distinct tem-
perature optimum at 20 °C (Fig. 4a). At 4 °C, the enzyme
retained only 12.21+£0.46% of its maximal activity (P
< 0.001), whereas its activity increased markedly to
75.80+£1.98% at 10 °C (P < 0.001). Such a substantial
increase in activity between 4 °C and 10 °C indicates that
the enzyme requires a minimum threshold of thermal energy
for efficient catalysis. This behavior suggests a partially
psychrophilic character but indicates that the enzyme may
not be fully active in extreme cold environments. PsEst g,
retained 87.54% activity at 25 °C, indicating a reason-
able activity beyond its optimum (P < 0.05). However, at
30 °C, the enzyme’s relative activity decreased to 26.30%
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Fig. 4 a The influence of temperature (5—50 °C) on esterolytic activ-
ity of PsEstq,. b Effect of pH on the activity of PsEstq,. Citrate (blue
empty circles), phosphate (red empty triangles), and Tris—HCI (green
empty diamonds) buffer systems were used to adjust the pH of the

(P < 0.001). A further substantial decrease was observed by
increasing the temperature to 40 °C and 50 °C, remaining at
6.40+2.82% and 0.84+£0.74% relative activity, respectively.
These findings suggest the significant thermal variability
typical of enzymes adapted to low-temperature conditions;
the increased flexibility of the enzyme’s structure increases
catalytic efficiency at low temperatures while making it
susceptible to thermal denaturation at high temperatures.
A similar phenomenon was noted for esterases exhibiting
maximum activity at temperatures of 0-30 °C, such as those
from Lactobacillus plantarum (Esteban-Torres et al., 2014),
Glaciozyma antarctica (Hashim et al., 2018), Bacillus coh-
nii N1 (Noby et al., 2021), D. radiodurans (Zhang et al.,
2021), A. flos-aquae (Knepp et al., 2022), Marinomonas sp.
efl (Marchetti et al., 2023), Pseudomonas sp. TB11 (Sha
et al., 2024). In addition, PsEst q’s small size may have
contributed to its strong sensitivity to temperatures above
25 °C. On the other hand, in contrast to PsEst,q,, many cold-
active esterases, such as those from EstC (Kato et al. 2025),
EstSON (Wicka et al. 2016), MtEst45 (Lee 2016), Est A (Ke
et al. 2018), Est19 (Liu et al. 2021), EstRag (Matrawy et
al. 2022), and Est1260 (Liu et al. 2023) have been reported
to exhibit maximum activity above 30 °C. Ultimately, the
enzyme’s behavior at the tested temperatures could be
advantageous in processes requiring catalysis at low to
medium temperatures, contributing to energy savings and
preserving heat-sensitive substrates.
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reaction mixtures. The highest esterase activity for each set of experi-
ments was regarded as 100%. Results from triplicate experiments were
displayed, with bars representing the standard error

The cold-active properties of PsEst can be attrib-
uted to several structural adaptations within its amino acid
sequence. The maintenance of catalytic efficiency at low
temperatures may be associated with a hydrophobic residue
ratio of about 40%, which supports structural flexibility. It
can also be explained within the framework of the activity-
flexibility-stability trade-off characteristic of cold-adapted
enzymes, which enables the protein to undergo the neces-
sary conformational changes for catalytic activity at low
temperatures (Dhaulaniya et al. 2019). Furthermore, the
relatively high glycine content (~9%) enhances backbone
mobility due to its lack of a side chain, thereby lowering
the activation energy barrier and increasing efficiency at
low temperatures (Truongvan et al. 2016). The abundance
of uncharged polar residues, such as glutamine and threo-
nine, further contributes to this structural flexibility (Kashif
etal. 2017).

The activity of PsEst, g, was investigated across a range of
pH values using citrate (pH 4—6), phosphate (pH 6-8), and
Tris-HCI (pH 8-10) buffer systems. The results summarized
in Fig. 4b revealed that PsEst,’s catalytic activity is highly
susceptible to hydrogen ion concentration in the environ-
ment. The enzyme showed rather weak catalytic efficiency
in acidic conditions, like many other bacterial esterases (He
et al. 2024; Yang et al. 2025). The relative esterase activity
between pH 4 and pH 6 remained below 5%, and no signifi-
cant difference was detected among enzyme activities cal-
culated within this pH range (P > 0.05). The relative activity
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of PsEstq, at pH 7 was calculated to be 11.74+1.79% (P <
0.001). PsEst, g, exhibited its highest activity at pH 9. More-
over, the enzyme retained its relatively high catalytic effi-
ciency over a constrained range of alkaline pHs, particularly
between pH 8 and 10, indicating a distinct preference for
alkaline conditions. Remarkably, PsEst, 5, was able to retain
more than 65% of its activity at pH 10, unlike its counter-
parts from B. halodurans (Noby et al., 2020), Pseudomonas
sp. E2-15 (Liu et al., 2021), D. radiodurans (Zhang et al.,
2021), Exiguobacterium antarcticum (Hwang et al., 2023),
Altererythrobacter indicus DSM 18604 (Li et al., 2025), and
Pseudomonas sp. DO1 (Kuan et al., 2023).

The observed alkaliphilic character of PsEst,q, can be
attributed to its specific amino acid composition, a common
feature among alkali-stable enzymes. Such enzymes com-
monly contain more arginine (Arg/R) and neutral hydro-
philic residues (His, asparagine/Asn/N, and glutamine/
GIn/Q), which are crucial for maintaining structural integ-
rity at high pH. Arginine residues in particular are known to
form robust hydrogen bonds and stable ion pairs, thereby
neutralizing the destabilizing effects of deprotonation at
alkaline pH and helping to preserve the catalytic conforma-
tion of the enzyme (He et al. 2024). The fact that 23.1%
of the amino acid composition of the enzyme consists of
arginine and neutral hydrophilic amino acid residues pro-
vides a convincing explanation for the significant activity
of the enzyme under alkaline conditions. The combination
of the enzyme’s cold-active characteristic and its relatively
high catalytic activity in alkaline conditions makes it par-
ticularly valuable for various biotechnological applications,
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Fig.5 a The effect of temperature on stability of PsEst,q,. b The influ-
ence of pH on the stability of PsEst,q,. Citrate (blue empty circles),
phosphate (red empty triangles), and Tris—HCIl (green empty dia-

including food processing, pharmaceutical synthesis, and
bioremediation.

The results also showed that the phosphate buffer system
was less favorable than Tris-HCI for enzyme activity. It may
be due to the higher ionic strength of phosphate buffer com-
pared to Tris-HCI at the same concentration, which alters
the charge distribution in the enzyme’s active site, limiting
substrate binding. Alternatively, the cosmotropic phosphate
ions may have strong electrostatic interactions with water
molecules, forming an ordered hydration shell around the
enzyme and thereby reinforcing hydrophobic interactions
between amino acids, making it difficult for the active site to
undergo the conformational changes required for substrate
binding. Another possible reason is the direct inhibitory
effect of phosphate ions binding to the active site.

The stability of the enzyme at 30 °C and 40 °C was
assessed by pre-incubating the enzyme at these tempera-
tures for 6 h and thereafter calculating its remaining activity
(Fig. 5a). After 1 h of pre-incubation at 30 °C, it was found
that almost all of the enzyme’s activity was preserved (P
> 0.05). The relative activity of PsEst,q was calculated as
73.22+2.76% and 61.19+1.13%, respectively, at the end
of 2 and 4 h of pre-incubation at the same temperature (P
< 0.001). The PsEst,g’s half-life at this temperature was
determined to be nearly 6 h. PsEst g exhibited moderate
stability at 40 °C. It was observed that 91.62+3.61% of the
activity was retained after the enzyme was pre-incubated for
1 h under the same conditions (P < 0.001). On the other
hand, pre-incubation at 40 °C for 2 h reduced the cata-
lytic activity of the enzyme by half. After 4 h and 6 h of
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monds) were used for adjust pH of the reaction mixture. Experimental
data were shown as mean values from triplicate measurements, accom-

panied by standard error bars
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pre-incubation at 40 °C, the relative activity of PSEst, g was
36.72+2.82% and 20.67+3.98%, respectively (P < 0.001).
Results revealed that PsEstyq, is more stable than various
cold-active/adaptive esterases, including EstC (Brault et
al. 2012), Est12 (Wu et al. 2013), Est97 (Fu et al. 2013),
ThaEst2349 (De Santi et al. 2016), J15 (Shakiba et al. 2016),
EstT1-39 (Dong et al. 2017), Est700 (Zhang et al. 2018),
EstN7 (Noby et al. 2018), GaDlh (Hashim et al. 2018),
and EstRag (Matrawy et al. 2022). The apparent stability
of the enzyme under mesophilic conditions increases its
robustness to slight temperature variations that may occur
during the process, offering additional advantages that will
improve the overall flexibility of processes in bioremedia-
tion and detergent industry applications.

The stability of PsEst,q, was assessed over the pH range
from 4 to 10. The results plotted in Fig. 5b demonstrated that
the enzyme was remarkably stable, especially under mildly
acidic, neutral, and alkaline conditions. The enzyme exhib-
ited relative activities of 94.53+0.30% and 93.75+8.13%
following pre-incubation in Tris-HCI buffers at pH 9 and
pH 10, respectively. The enzyme retained 93.67+4.39%
and 87.31+5.32% of its initial activity after pre-incubation
in phosphate buffers at pH 7 and 6. The change in enzyme
activity compared to the initial activity was not statisti-
cally significant following pre-incubation between pH 8
and pH 10 (P> 0.05). Additionally, pre-incubation in citrate
buffer at pH 5 and pH 6 resulted in residual activities of
71.72+5.32% and 89.73+1.94%, respectively, relative to
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Fig. 6 The effect of NaCl on esterolytic activity of PsEst,q. Highest
enzyme activity against p-NPB accepted as 100%. Data were reported
as mean values calculated from triplicate assays, and with standard
error bars
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the initial activity (P < 0.001). In contrast, a pronounced
decrease in stability was observed in citrate buffer at pH
4, where the relative activity dropped to 56.67% following
pre-incubation for 60 min at 20 °C (P < 0.001). These find-
ings suggest that the enzyme stability markedly declines at
more acidic pH values. Even though the Tris-HCI buffer
provides a favorable environment for short-term catalytic
activity due to its buffering capacity at neutral and slightly
alkaline pH conditions, it may not be as effective as the
phosphate buffer in maintaining long-term stability. Such a
discrepancy may be related to the fact that Tris-HCl leads to
weaker ion-protein interactions or the increased structural
flexibility of the enzyme in the environment.

The esterolytic activity of PsEst 5, under different NaCl
concentrations was examined, revealing that the enzyme
exhibited its highest activity at 2% NaCl concentration
(Fig. 6). The relative activity of the enzyme in the absence of
salt was 55.99+2.67%, which suggested that low salt levels
could have exerted a stabilizing effect on the catalytic struc-
ture of the enzyme and thus have improved its activity (P <
0.001). Although enzyme activity was partially maintained at
4% (65.47+3.70% relative activity) and 8% (65.63+8.09%
relative activity) NaCl, a noticeable decline was observed
compared to 2% NaCl (P < 0.001). At higher salt concen-
trations (12% and 16%), the decrease in esterolytic activ-
ity became more pronounced, indicating that excessive salt
may disrupt ionic interactions within the protein structure,
negatively impacting the enzyme’s conformational stabil-
ity and substrate-binding capacity. The results also showed
that there was no significant variation in enzyme activity
due specifically to increasing NaCl concentrations from
12% to 16% (P > 0.05). The findings demonstrate that the
PsEst, g, esterase enzyme exhibits moderate NaCl tolerance
comparable to that of the cold-active esterases from Psy-
chrobacter pacificensis (Wu et al., 2015), Z. profunda (Rah-
man et al., 2016), Siberian permafrost metagenomic DNA
library (Boyko et al., 2021), Lysinibacillus sp. (Matrawy et
al., 2022), H. salinarum NCR-1 (Ortega-de la Rosa et al.,
2024), but it is less than that of esterases like ESTA92D
(Ke et al. 2018) and Est1260 (Liu et al. 2023). A possible
reason for PsEst, ;,’s moderate salt tolerance may be its low
lysine content (1.4%) and its greater proportion negatively
charged amino acids compared with its mesophilic counter-
parts (Adigiizel et al. 2024; Li et al. 2024). Another reason
may be that the pl value is in the slightly acidic range (Lu
and Daniel 2021).

The esterolytic activity of PsEst, g, in the presence of var-
ious metal ions (1 and 10 mM) is presented in Fig. 7a. The
results show distinct variations in enzyme activity depend-
ing on the ion type and concentration. The relative activity of
the enzyme in the presence of 1 mM Ni** and Cu** increased
to 126.74+1.25% and 124.20+2.92%, respectively (P <
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Fig. 7 Influence of metal ions (a) and various chemicals (b) on
PsEstyq,’s catalytic activity. Enzyme activity was evaluated under
optimal assay conditions by incorporating either | mM (indicated by
filled blue diagonal lines) or 10 mM (indicated by filled red diagonal
lines) concentrations of the tested additives. Enzyme activity measured

0.001). In contrast, a significant loss (>60%) in the enzyme
activity was observed with increasing the concentration of
these ions to 10 mM (P < 0.001). The regulatory effect of
Cu?* and Ni** ions at low concentrations on enzyme activity
may be due to their ability to stabilize enzyme conforma-
tion and facilitate substrate binding by forming coordinative
bonds with the side chains of amino acids such as histidine,
aspartate, and glutamate (Kim et al. 2008). On the other
hand, these ions in excessive concentrations may have
inhibited the enzyme by conformational changes that block
the catalytic site, resulting from binding of ions to the imid-
azole rings of histidines and thiol groups of cysteines, or
by generating the reactive oxygen species that can attack
the amino acids in the active site due to their strong Lewis
acid character (Macomber and Imlay 2009; Halliwell and
Gutteridge 2015). It has been determined that Ca?" ions at
of 1 mM and 10 mM concentrations enhanced the estero-
lytic activity of PsEstq, which represents a significant
advantage for biotechnological applications where calcium
salts are widely used (P < 0.001 for 1 mM, P < 0.01 for
10 mM). Ca** is a known stimulator and cofactor for many
hydrolase enzymes and contributes to the optimal confor-
mation of the catalytic triad (Ser-His-Asp) by establishing
electrostatic interactions with negatively charged amino
acid residues close to the active site, especially in esterases
and lipases (Jaeger and Eggert 2002; Singh et al. 2024).
The relative enzyme activity in the presence of Co*", K*,

without any additives was defined as the control (100%). All data are
represented as the mean of triplicate experiments with standard error
bars (BME: B-merkaptoetanol, EDTA: ethylenediaminetetraacetic
acid, SDS: sodium dodecyl sulfate, TX-100: Triton X-100, TW 20:
Tween 20)

Mg*, and Fe?" at 1 mM concentration in the reaction mix-
ture was 79.60+4.69%, 75.10+£1.71%, 72.89+1.35%, and
71.73+£0.75%, respectively (P < 0.001). Elevated concen-
trations of Mg?" resulted in a limited inhibitory effect (P <
0.001), whereas Fe**, Co*", and K* diminished the enzyme
activity by >50% at higher concentrations (P < 0.001).

The effect of various chemicals at 1 and 10 mM con-
centrations on the activity of PsEst,, is shown in Fig. 7b.
It was obvious that chemicals influenced the enzyme in a
concentration-dependent manner. In the presence of | mM
BME, there was a slight decrease (~25%) in the enzyme
activity (P < 0.001), whilst no activity was detected as the
concentration of BME was raised to 10 mM. The inhibitory
effect of PME does not seem to be related to the reduction
of the disulfide bond since it is not in the enzyme struc-
ture. Nevertheless, when the concentration of PME was
increased, it may have sterically or chemically hindered
enzyme-substrate interactions by reacting with the sulf-
hydryl group of cysteine (Cys)-161 (Sondhi et al. 2021).
Addition of SDS at concentrations of 1 or 10 mM to the
reaction mixture led to significant enzyme inactivation (P
< 0.001), probably because SDS causes conformational
changes in the enzyme structure by disrupting critical
hydrophobic interactions in the active site (Hou et al. 2020).
Similarly, the presence of EDTA led to a marked decrease
in enzyme activity, with relative activities of 46.44+3.15%
(P<0.001)and 28.75+1.11% (P < 0.001) at its 1 mM and
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10 mM concentrations, respectively. A non-ionic detergent,
Triton X-100, did not affect the activity at low concentra-
tions (P> 0.05), but it significantly reduced the activity at
high concentrations (P < 0.001), similar to esterases from
H. salinarum NCR-1 (Ortega-de la Rosa et al., 2024), E.
antarcticum (Hwang et al., 2023), and Streptomyces livi-
dans TK24 (Fang et al., 2024). On the other hand, in the
presence of another non-ionic detergent, Tween 20, at a con-
centration of 1 mM, the decrease in activity (~22.57%) was
statistically significant (P < 0.001).

The influence of solvents, namely ethanol, methanol,
acetone, chloroform, isopropanol, DMSO, and butanol, on
enzyme activity is illustrated in Fig. 8. Accordingly, the
enzyme fully retained its activity in the presence of 10%
(v/v) butanol, a moderately hydrophobic solvent with a
relatively long carbon chain (P> (0.05). In comparison, its
relative activity was more than 70% when the butanol con-
centration was increased to 30% (P < 0.001). PsEst g, was
slightly inhibited by 10% and 30% concentrations of isopro-
panol and DMSO (P < 0.001). When methanol and acetone
were added to the reaction mixture at a final concentration
of 10%, a relatively small decrease in the catalytic activ-
ity of the enzyme was observed (P> 0.05), but increasing
the concentration of the solvents in the reaction mixture to
30% resulted in a loss of about 55% and 70% of the enzyme
activity, respectively (P < 0.001). Furthermore, ethanol in
the reaction mixture significantly diminished the enzyme
activity at 10% and 30% concentrations. The findings indi-
cate that PsEst,q, could be used in biotechnological applica-
tions involving organic solvents, especially with moderate
hydrophobicity.

The evaluation of PsEst,’s ability to hydrolyze p-NP
esters with different fatty acid chains (C,-C,¢) at pH 9 and
20 °C revealed that it preferred short-chain esters as sub-
strates (Fig. 9a). PsEst g, exhibited the highest catalytic effi-
ciency against p-NPB, followed by p-NPC (94.94+2.28%),
p-NPA (88.56+1.52%), and p-NPD (55.49+1.13%).
The relative activity of the enzyme in reactions carried
out in the presence of p-NPL as a substrate was recorded
as 43.48+0.45%. On the other hand, the enzyme did not
exhibit significant catalytic activity against the p-NPM sub-
strate (6.44+0.87%), and its activity toward p-NPP was so
weak that it was nonexistent. The differences in the mean
values of PsEst s hydrolytic activity against the tested
substrates were greater than expected by chance (P <
0.01). Based on the above findings, it appears that PsEst, g,
exhibits functional properties similar to a typical esterase
like Tan410 (Yao et al. 2021), LIP2 (Mohanan et al. 2022),
E53 (Ding et al. 2022), Gsu768 (Zhang et al. 2024), Dhs82
(Wang et al. 2025b), Epux1 (Soto-Hernandez et al. 2025),
and Est4L (Park et al. 2021); however, it shows a relatively
broader substrate specificity compared to esterases from
D. radiodurans (Zhang et al., 2021), Klebsiella aerogenes
(Gao et al., 2021), Alicycliphilus denitrificans BQ1 (Fuen-
tes-Jaime et al., 2022), Lysinibacillus sp. (Matrawy et al.,
2022), Staphylococcus chromogenes (Hwang et al., 2022),
and Microbacterium chocolatum SIT101 (Li et al., 2024).

Kinetic analysis performed with p-NPB revealed
that PsEst g exhibited behavior consistent with classi-
cal Michael-Menten kinetics (Fig. 9b). Furthermore, the
K, and V,,. values of the enzyme were calculated from
the Lineweaver-Burk plot as 129.97 uM and 33.3 pmol/

Fig. 8 Effect of solvents (Ethanol:
EtOH, Methanol: MeOH, Acetone:
Ace, Chloroform: TCM, Isopro-
panol: IPA, Dimethyl sulfoxide:
DMSO, Butanol: n-BuOH) on
PsEst,q, activity. Assays were car-
ried out under optimal conditions,
incorporating each solvent at 10%
(v/v), marked by blue diagonal
lines, or 30% (v/v), marked by red
diagonal lines. Enzyme activity
without solvent served as 100%.
Data from three replicate experi-
ments was illustrated as the mean
with standard error bars
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Fig. 9 a Substrate specificity of PsEstyq, (p-NPA: p-nitrophenyl ace-
tate, p-NPB: p-nitrophenyl butyrate, p-NPC: p-nitrophenyl caprylate,
p-NPD: p-nitrophenyl decanoate, p-NPL: p-nitrophenyl laurate, p-
NPM: p-nitrophenyl myristate, and p-NPP: p-nitrophenyl palmitate).
The experiments were conducted in a 50 mM Tris-HCI buffer (pH 9)

min, respectively. The results show that PsEstyfh’s affinity
towards p-NPB is higher than that of its many counterparts
(Barman and Dkhar 2022; Santos et al. 2023).

Molecular docking

Substrates, including p-NPA, p-NPB, and p-NPC, which
exhibited high catalytic preference in functional assays,
were docked against PsEst q,. The models, built based on
the interaction with the lowest binding energy (Vina score),
are shown in Fig. 10. Calculated binding energies for p-
NPA, p-NPB, and p-NPC were —5.4 kJ/mol, -6.0 kJ/mol,
and —5.8 kJ/mol, respectively. In this context, the substrate
binding affinity order (p-NPA>p-NPB>p-NPH) was found
to be consistent with functional analyses. Three conven-
tional hydrogen bonds (TYR 7, GLY 10, and LYS 19), two
n-donor hydrogen bonds (HIS 9, SER 13, and HIS 171),
seven van der Waals interactions (SER 17, PHE 11, ALA 20,
SER 67, SER 68, LEU108, and THR 148), and a m-cation
bond (LYS 19) were observed between the enzyme and p-
NPA. The model constructed with p-NPB indicated that
the SER 68 and HIS 171 residues of PsEst, g, interact with
the substrate via conventional hydrogen bonds. It confirms
the role of Ser 68 in the conserved Gly-X-Ser-X-Gly motif
of esterases as an active site residue (Sarkar et al. 2020).
It revealed that the substrate interacts with the enzyme’s
MET 97 and TYR 101 residues via alkyl and n-alkyl bonds,
respectively. In addition, seven van der Waals interactions
(PHE 11, LEU 69, ALA 91, PRO 94, PHE 98, THR 148,
and LEU 149) were detected between PsEst,q, and p-NPB.
According to the model shown in Fig. 10e and f, despite no
hydrogen bond being formed between p-NPC and the amino

p-NPB  p-NPC p-NPD p-NPL p-NPM

0.01 1
0.008 1
1/v

0.006 A

0.004 4

&6

y =3,8993x + 0,003
R?=0,7201

p-NPP

-0.001 -0.0005 0 0.0005 0.001 0.0015

b 1/1s]

at 20 °C. In calculating the relative activities, the observed maximum
activity was assumed to be 100%. b Lineweaver-Burk graph plotted
by using the data of the esterase assays in the presence of p-NPB (0—4
mM) as a substrate

acid residues of the enzyme, a n-n stacked bond (TYR 101),
a m-alkyl bond (HIS 171), three alkyl bonds (LEU 69, ALA
91, and PRO 94), and six van der Waals interactions (PHE
11, SER 68, MET 97, PHE 98, THR 148, and LEU 149)
were detected between the PsEst, 4 and p-NPC.

PsEst,¢,-mediated reduction of antimicrobial
activity of azithromycin

The time-dependent effect of PsEstq on the antimicro-
bial activity of azithromycin was evaluated. As shown in
Fig. 1la, a rapid decrease in azithromycin’s antimicro-
bial activity was detected in the early stages of the reac-
tion. Within the first 20 min, a decrease of approximately
57.35+1.87% in activity was observed, and this decrease
rose to 86.25+1.22% by the 60th min. Extending the reac-
tion time resulted in a maximum decrease of approximately
95.50+3.08% after 120 min, indicating that azithromycin
is highly susceptible to PsEst . The sharp initial decline
likely implies a rapid enzymatic interaction resulting from
the presence of ester-linked functional groups that are read-
ily accessible to esterase activity. PsEstyth decreases the
antimicrobial activity of the azithromycin by hydrolyz-
ing the ester bond within the macrolactone ring through a
nucleophilic attack initiated by the catalytic serine residue.
This enzymatic hydrolysis results in the opening of the
macrocyclic ring, subsequently leading to the loss of its
ribosomal binding affinity (Zielinski et al. 2021; Kelly et
al. 2026). The surface-accessible active site architecture,
facilitated by the enzyme’s small molecular size, enables
the rapid hydrolysis of azithromycin substrates without
significant steric hindrance. To the best of our knowledge,
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Fig. 10 3D representations of the individual interactions between
PsEstyq, and p-NPA (a), p-NPB (¢), and p-NPC (e). 2D representations
of the individual interactions between PsEst,, and p-NPA (b), p-NPB
(d), and p-NPC (f). Interactions between the enzyme and substrates
were investigated using molecular docking with AutoDock Vina
v1.1.2, based on three-dimensional structures generated with Swiss-

Model and the PubChem database. UCSF Chimera and Discovery Stu-
dio Visualizer were used during the analysis. For each substrate, only
the best-scoring enzyme—substrate complexes were presented (p-NPA:
p-nitrophenyl acetate, p-NPB: p-nitrophenyl butyrate, and p-NPC:
p-nitrophenyl caprylate)
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no study in the literature has evaluated the use of esterases
to reduce azithromycin’s antimicrobial activity under simi-
lar conditions and methodologies. However, the reported
effects of previously characterized esterases on other
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macrolide antibiotics underscore the comparative superior-
ity of PsEstyg, over its counterparts. The esterase OCA_1
was reported to remove tylosin completely within 30 min,
tilmicosin within 2 h, and tildipirosin within 4 h (Tao et al.
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Fig. 12 Absorption spectra of duck-
weed homogenates after exposure
to the control group (green straight
line) and the test group (black
dashed line). The control group 1
was 50 mM Tris-HCl buffer (pH 9),
while the test group was the ultra-
filtrate of the reaction mixture after
azithromycin removal experiments.
The control group (green solid
line) refers to duckweed grown in
a 50 mM Tris-HCl buffer (pH 9),
while the test group (black dashed
line) represents duckweed grown
in the ultrafiltrate of the reaction
mixture obtained following an
azithromycin removal experiment
conducted with PsEstyth
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2026). In another study, Enho-Ere (0.1 mg/mL) was found
to convert 100% of erythromycin and clarithromycin, and
50% of roxithromycin at a concentration of 0.8 g/L over a
12-hour reaction period (Zhang et al. 2023).

Kinetic analysis (Fig. 11b) revealed that the decrease
in the antimicrobial activity of azithromycin followed
pseudo-first-order kinetics during the early reaction phase
(0-60 min), as indicated by the increase in —In(A/Ao) from
0 to 1.98. The substantially smaller increment observed at
later time points, with —In(A/Ao) reaching 3.10 at 120 min,
indicates saturation of the enzymatic process. The high cata-
lytic performance of PsEst,, at low temperatures and under
alkaline conditions is a distinctive feature that sets it apart
from many related enzymes concerning its applicability for
macrolide antibiotic removal. For instance, the cold-active
erythromycin esterase (EstB) from Alcanivorax diesel-
olei B-5(T) exhibits maximum catalytic activity at 20 °C;
however, its efficiency declines significantly at pH values
above 8.5 (Zhang et al. 2014). Furthermore, research on
Enho-Ere derived from Enterobacter hormaechei indicates
that its high catalytic activity is confined to a pH range of
6.0-8.0 and temperatures between 40 °C and 55 °C (Zhang
et al. 2023). Similarly, EreA from Rhodococcus gordonii
1jjtx-2 has been reported to lack significant activity under
both alkaline conditions and at low temperatures (Ren et
al. 2022). Furthermore, the small molecular size of PsEst, g,
represents a critical strategic advantage for protein engineer-
ing. Unlike many other esterases with macrolide removal
activity, such as erythromycin esterase from Pseudomonas
sp. GD100 (Kim et al., 2002), EstB (Zhang et al., 2014),
EreA (Ren vd., 2022), and Enho-Ere (Zhang et al., 2023),
the compact structure of PsEst g may facilitate its integra-
tion into multifunctional fusion enzyme systems, ensuring
better stability and secretion efficiency in heterologous

500 550 600 650 700 750

Wavelength

hosts (Elleuche 2015). Overall, these results demonstrate
that PsEst,q, effectively reduces the antimicrobial activity
of azithromycin in a time-dependent manner, offering a
promising, energy-efficient, and structurally versatile tool
for environmental remediation of antibiotic residues in cold
and alkaline environments.

Ecotoxicological assessment

Ecotoxicological assessment of end-products in the reac-
tion mixture, where the azithromycin antimicrobial activity
was reduced (by enzymatic treatment), was first performed
based on calculated Percent Inhibition of Growth Rate
(%I,). The measured %I, value at the end of the 7-day
experiments indicated minimal inhibition (4.76%) in the
test group duckweed, which was not biologically significant
compared to the control group (P > 0.05). Photosynthetic
pigment content is another crucial growth indicator for
evaluating toxicity in duckweed. Therefore, the absorption
spectra of homogenized duckweed were recorded (Fig. 12).
In the current study, it was observed that the photosynthetic
pigment content of L. minor was not significantly affected
from the test group when compared to the control group (P
> (.05). The decrease in chlorophyll a, chlorophyll b, and
total chlorophyll content was 4.88+0.18%, 4.61+0.50%,
and 4.81+£0.13%, respectively. To further support the tox-
icity assessment, the carotenoid contents of the test and
control groups were also compared, as carotenoids act as
antioxidants that protect chlorophyll pigments and scavenge
free radicals, thereby reducing oxidative damage to cellular
membranes and DNA. The total carotenoid content in the
test group was 3.12+0.21% lower than in the control group
(P=0.432).
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Conclusion

The present study reports a previously uncharacterized
esterolitic enzyme from P. sivasensis R11S16, which was
successfully expressed in E. coli. The enzyme exhibits a rare
combination of desirable biochemical features, including
strong activity at cold temperatures, an alkaline pH prefer-
ence, considerable stability across a broad pH range, mod-
erate tolerance to various additives (NaCl, solvents, metal
ions, and chemicals), and a compact molecular structure.
These properties make it useful, especially for wastewater
treatment applications. Furthermore, the enzyme’s ability to
almost eliminate the antimicrobial activity of azithromycin,
and the fact that the transformation products released during
the process did not cause toxic effects, highlight that PsEst g,
is a promising tool for the biocatalytic removal of macrolide
antibiotics and the reduction of the environmental spread
of antimicrobial resistance. Beyond environmental applica-
tions, the enzyme is also suitable for detergent, textile, and
pharmaceutical industries. Additionally, the enzyme’s small
molecular size presents a significant advantage for synthetic
biology applications, especially in the design of multi-func-
tional fusion enzymes aimed at expanding catalytic versatil-
ity for the removal of structurally diverse xenobiotics.
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