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ARTICLE INFO ABSTRACT

In the present work, a structure-based design approach was used for the generation of a novel variant of syn-
thetic glutathione transferase (PvGmGSTU) with higher sensitivity towards pesticides. Molecular modelling
studies revealed Phel17 as a key residue that contributes to the formation of the hydrophobic binding site (H-
site) and modulates the affinity of the enzyme towards xenobiotic compounds. Site-saturation mutagenesis of
position Phel17 created a library of PvGmGSTU variants with altered kinetic and binding properties. Screening
of the library against twenty-five different pesticides, showed that the mutant enzyme Phel17Ile displays 3-fold
higher catalytic efficiency and exhibits increased affinity towards a-endosulfan, compared to the wild-type
enzyme. Based on these catalytic features the mutant enzyme Phel17Ile was explored for the development of an
optical biosensor for a-endosulfan. The enzyme was entrapped in alkosixylane sol-gel system in the presence of
two pH indicators (bromocresol purple and phenol red). The sensing signal was based on the inhibition of the
sol-gel entrapped GST, with subsequent decrease of released [H™] by the catalytic reaction, measured by sol-gel
entrapped indicators. The assay response at 562 nm was linear in the range pH = 4-7. Linear calibration curves
were obtained for a-endosulfan in the range of 0-30 pM. The reproducibility of the assay response, expressed by
relative standard deviation, was in the order of 4.1% (N = 28). The method was successfully applied to the
determination of a-endosulfan in real water samples without sample preparation steps.
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1. Introduction

Over the last three decades there has been an intense research in-
terest in the field of enzyme biosensors. These analytical tools, except of
being accurate, environmentally benign and safe, they can provide real-
time monitoring with minimum sample preparation in a simple and
efficient manner [1-5]. Enzymatic biosensing methods based on en-
zyme activity or inhibition have been widely used [6]. Some examples
include the enzymes cholinesterases, organophosphate hydrolase, al-
kaline and acid phosphatase, ascorbate oxidase, lipase etc. [7,8].

In enzyme-based biosensors the enzymes are immobilized by

adsorption, cross-linking, covalent bond formation, entrapment or af-
finity capture [5,9,10]. In the entrapment method, the enzyme is re-
stricted within a three-dimensional structure of a matrix such as silicate
materials using the sol-gel process, electropolymerized films, poly-
saccharide or carbon paste [5,11,12]. This method provides simplicity
and stabilization of enzyme activity. However, leaching of enzyme and
possible diffusion barriers are the main disadvantages [5]. The sol-gel
process involves hydrolysis of alkoxide precursors under acidic condi-
tions followed by condensation of the hydroxylated units, which leads
to the formation of a porous gel [5,11-13]. The alkoxide precursor
molecules are hydrolyzed in the presence of water at low pH, resulting
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in the formation of silanol (Si—OH) groups. In the second step, the
condensation reaction between silanol moieties at alkaline (or acidic)
pH results in the formation of siloxane (Si—O—Si) polymers, generating
a matrix in which an enzyme can be entrapped [14,15].

Glutathione transferases (GSTs, EC 2.5.1.18) comprise a family of
enzymes that are involved in the detoxification mechanism of en-
dogenous and xenobiotic electrophile compounds [16-20]. They cata-
lyze the nucleophilic attack of reduced glutathione (GSH) on the elec-
trophilic centre of xenobiotic compounds [21]. Different GST
isoenzymes have already found successful applications in the develop-
ment of enzyme biosensors for the determination of herbicides and
insecticides [3,9,17,22-26].

Enzyme engineering is the process of improving the catalytic,
functional or structural features of an enzyme by modifying its amino
acid sequence [27]. The goal of this technology is to improve or over-
come the potential disadvantages of native enzymes (e.g. low stability,
low specificity and catalytic activity), aiming at maximizing the bio-
catalytic applications of the enzymes [28]. A number of interesting
engineering studies can be found in the literature [29-32]. Rational
design using computational tools and directed evolution are the two
main approaches in enzyme engineering [33-35]. However, the com-
bination of directed evolution and rational protein design is becoming
increasingly useful and effective [36]. The application of enzyme en-
gineering for the development of tailor-made enzymes with improved
properties for application in biosensor technology is gaining particular
interest over the last years [28]. Enzyme mutants with higher sensi-
tivity can improve biosensor's analytical performance such as durability
and sensitivity [8,24].

The present work, through the combination of directed evolution
and rational protein design approach, aims at the development of an
optimized GST mutant for the creation of an optical GST-based bio-
sensor for a-endosulfan. Endosulfan is a toxic insecticide which is
considered as a major Persistent Organic Pollutant (POP). It has been
detected in a variety of environmental samples across the world [37].
The development, therefore, of a new method for direct determination
of endosulfan in environmental samples (e.g. water) has both scientific
interest and practical importance.

2. Materials and methods
2.1. Materials

All enzyme substrates, antibiotics, tetraethyl orthosilicate (TEOS),
phenyltrimethoxysilane (PTMOS) and polyethylene glycol (PEG) were
purchased from Sigma-Aldrich, (USA). Ampicillin and chloramphenicol
were purchased from Sigma-Aldrich, (USA). KAPA Taq and KAPA High
fidelity DNA polymerases were purchased from KAPA Biosystems
(USA). Plasmid purification kit was obtained by Macherey—Nagel,
(Germany) and QIAquickTM Gel Extraction kit from Quiage (Germany).
The pesticides: fenvalerate, permethrin, diazinon, malathion, carbaryl,
atrazine, diuron, fluorodifen, alachlor, metolachlor, dichlorvos,
omethoate, A-cypermethrin, dieldrin, spirodiclofen, a-cyhalothrin,
spinosad, deltamethrin, aldrin, spiromesifen, thiacloprid, pirimicarb,
methomyl, chlorpyriphos, endosulfan, carbofuran and fluazifop-p-butyl
were purchased from Riedel de Haen (Germany).

3. Methods
3.1. Protein determination

Protein concentration was determined by the Bradford assay using
BSA (fraction V) as a standard [38].

3.2. Site-saturation mutagenesis

The expression construct pT7PvGmGSTUG [39] was used as
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template for site-saturation mutagenesis at amino acid position 117,
using the quick-change method [23]. The mutations were introduced
using a set of degenerate synthetic oligonucleotides, in which the mu-
tation site was diversified using a randomized NNN codon. The pairs of
oligonucleotide primers used in the PCR reactions for the saturation
mutagenesis were as follows:

FPrimer117 5" AAA GCT ACT NNN TCT ATT GAT 3’

RPrimer117 5" ATC AAT AGA NNN AGT AGC TTT 3’

The PCR contained: 8 pmol of each primer, 5x Kapa High Fidelity
DNA polymerase's buffer, 100 uM each dNTP, 5ng of plasmid DNA-
shuffling and 1 U Kapa HiFi DNA polymerase. The PCR comprised of
30 cycles of denaturation at 94 °C for 2 min, annealing at 40 °C for 2 min
and polymerization at 72 °C for 2min. A final extension time at 72 °C
for 10 min was performed, after the 30th cycle. After completion of the
PCR, the reaction product was subjected to Dpnl digestion. Following
digestion, the mutated plasmids DNA (pEXP5-CT/TOPO/TA) were used
to transform competent E. coli TOP10 cells. Transformed cells were
selected by LB agar plate containing ampicillin (100 pg/mL). The site-
saturation library was screened by measuring the enzyme activities-
using CDNB/GSH substrate system. Transformants were grown at 37 °C
in LB medium (10 mL) containing ampicillin (100 pg/mL).

3.3. Expression and purification of the wild-type and mutants' enzymes

E. coli cells (BL21(DE3) or BL21(DE3)pLysS), harbouring the re-
combinant plasmid pT7PyGmGSTUG were grown at 37 °C in LB medium
containing ampicillin (100 pg/mL) and chloramphenicol (34 pug/mL)
(for the BL21(DE3)pLysS strain). Protein expression was performed as
described by Chronopoulou et al. [39]. Enzyme purification was carried
out using affinity chromatography as described by Chronopoulou et al.
[39]. Protein purity was judged by SDS PAGE.

3.4. Assay of enzyme activity and kinetic analysis

GST assays were performed by measuring the reaction rate (37 °C)
between CDNB (1mM) and GSH (2.5mM) at 340nm
(e =9.6mM ™ “ecm™') as previously described [17]. Steady-state ki-
netic analysis were carried out as described by Chronopoulou et al.
[17]. Curve-fits were obtained using the GrafPad (GraphPad Software
Inc., Version 7.00) computer program.

3.5. Inhibition analysis and screening of the wild type and mutants
PyGmGSTUGs

GST inhibition analysis was performed using the CDNB/GSH
system, as described above, in the presence or absence of 100 uM pes-
ticide diluted in acetone. During the course of the assay (30-60s) no
measurable pesticide/GSH conjugation was observed. The ICs, values
of a-endosulfan were measured using the CDNB/GSH assay system in
the presence of different concentrations of a-endosulfan (0-100 pM),
respectively. The ICso values were determined by fitting the con-
centration-response data to the following Eq. (2):

100

%inhibition = ———
1+ (ICs/[1])

(2
where [I] is the pesticide concentration. The ICso values were de-
termined using the program GraphPad Prism version 7.00.

3.6. Biocomputing analysis

3.6.1. Sequence database search and phylogenetic tree construction

In order to identify homologous PvGmGSTUG protein sequences, the
non-redundant publicly available databases: UniProtKB [40] and Gen-
Bank [41] were searched with the entire amino acid sequences of
PyGmGSTUG applying reciprocal BLASTp and tBLASTn [42]. The entire
PyGmGSTUG amino acid sequence was searched against PROSITE [43],
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in order to identify protein domains. The retrieved protein sequences
were aligned using CLUSTALW [44]. The resulting multiple sequence
alignment was trimmed by applying Gblocks [45] with default options,
and subsequently was used to reconstruct a phylogenetic tree by em-
ploying the neighbor-joining method [46]. The number of amino acid
substitutions per site was estimated using the JTT model [47].

3.6.2. Molecular docking

To in silico establish the complex structures of the PvGmGSTUG and
a-endosulfan or GSH, the docking suite ZDOCK (version 3.0) was used
[48]. Docking experiments were conducted on the models that had
been energetically minimized and conformationally optimized using
molecular dynamics simulations. ZDOCK uses a scoring function that
returns electrostatic, hydrophobic and desolvation energies as well as
performing a fast pairwise shape complementarity evaluation. RDOCK
was utilized to refine and quickly evaluate the results obtained by
ZDOCK [48]. RDOCK performs a fast minimization step to the ZDOCK
molecular complex outputs and re-ranks them according to their re-
calculated binding free energies.

3.6.3. Energy minimization and molecular dynamics simulations

Energy minimizations were used to remove any residual geometrical
strain in each molecular system, using the Charmm27 forcefield as it is
implemented into the Gromacs suite, version 4.5.5 [49]. All Gromacs-
related simulations were performed though our previously developed
graphical interface [50]. Molecular systems were then subjected to
unrestrained Molecular Dynamics Simulations (MDS) using the Gro-
macs suite, version 4.5.5 [49]. MDS took place in a SPC water-solvated,
periodic environment. Water molecules were added using the truncated
octahedron box extending 7 A from each atom. Molecular systems were
neutralized with counter-ions as required. For the purposes of this study
all MDS were performed using the NVT ensemble in a canonical en-
vironment, at 300 K and a step size equal to 2 femtoseconds for a total
100 ns simulation time. An NVT ensemble requires that the Number of
atoms, Volume and Temperature remain constant throughout the si-
mulation.

3.7. Entrapment of enzyme and pH indicators in sol-gel

Sol-gel formation was carried out as previously described [9]. The
hybrid sol-gel contained TEOS and PTMOS in a 2:1 M ratio. In a glass
vial, TEOS (1.10mL), PTMOS (0.45mL), CTAB (82mM), ethanol
(0.50 mL), water (0.70mL) and 0.1 M HCI (0.35 mL), were added. The
vial was capped and placed in an ultrasonic bath for 10 min. After so-
nication, the clear solution was left at room temperature, for approxi-
mately 15h. One mL of the sol-gel was withdrawn and added to a vial
containing 3.0 mg of bromocresol purple and phenol red (1:1 ratio)
indicator. Then, 20 pL of the mixture were placed on a microscope slide

% Remaining activity
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and left at 4 °C for 24 h. The same procedure was followed for enzyme
by keeping the sol-gel mixture for 1 h at 4 °C. The enzyme (0.95-2.4 U/
mL) was mixed with polyethylene glycol N-hydroxy-hydro-
xysuccinimide ester (1:1 w/v) and left for 1 h at the same temperature,
before mixing. Then, the mixture (200-500 pL) was placed in a glass
cuvette and 30-60 uL. KOH (1 M) was added for xerogel formation.
“Aging” of xerogel was achieved using TEOS (2 or 5 days). The sol-gel
was stored in potassium phosphate buffer (1 mM, pH = 7).

3.8. Determination of a-endosulfan in natural water samples

Recovery experiments were carried out using drinking water (col-
lected from Athens water supply network) and mineral water samples
(Korpi, NESTLE Hellas), spiked with known amounts (0.8-16 uM) of a-
endosulfan. Spectroscopic measurements were carried out in the region
700-300 nm in potassium phosphate buffer (1 mM, pH = 6.5). For
standard curve creation, the absorbance at 562nm was measured
(3 min response time for color development).

3.9. Stability analysis of the immobilized enzyme

Stability analysis of the wild-type and its Phel17Ile mutant (free
and sol-gel entrapped) at 4°C was monitored by periodically mea-
surement of enzyme activity in 1 mM potassium phosphate buffer
pH 6.5 using the CDNB/GSH system [17].

4. Results and discussion
4.1. The interaction of PvGmGSTUG with pesticides

GSTs that belong to the tau class contain a deep binding cleft, which
has been evolved to accommodate a broad range of hydrophobic sub-
strates and non-substrate ligands [18,20]. Non-substrate ligands usually
bind to the L-site (ligandin-binding site), which is located in a distinct
region or overlaps with the G- and H-sites [51,52]. The binding of these
compounds to the L-site of GSTs affects the binding of the normal
substrates and therefore inhibits the enzyme's catalytic activity [53]. In
the present work, the interaction of a wide range of non-substrate li-
gands (pesticides) with PvGmGSTUG was studied to characterize en-
zyme's binding selectivity towards xenobiotics.

PyGmGSTUG is a synthetic isoenzyme that was recently designed
and created in our lab [39] by DNA shuffling of abiotic stress-inducible
GST genes from Phaseolus vulgaris and Glycine max. The interaction was
investigated by measuring the inhibition of the enzyme's catalytic ac-
tivity. As shown in Fig. 1, PvGmGSTUG displays a wide binding speci-
ficity and interacts with a wide range of pesticides. Among all tested
compounds, the most potent inhibitors were selected for screening with
mutants.

= PvGmGSTUG
H Phell7lle

¥ Phell7Trp

O Phell7Ser
C'Phell7His

© Phell7Gly

Fig. 1. Inhibition of the wild-type enzyme and the mutants Phel17Ile, Phe117Gly, Phel17His, Phel17Trp, Phel17Ser by pesticides (100 uM). In the absence of
pesticides, enzyme activity was taken as 100%. Experiments were performed in triplicate using GSH-CDNB as substrate system.
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Table 1

Steady-state kinetic analysis of PvGmGSTUG and its mutants for the CDNB/GSH
substrate system using as a variable substrate GSH. The CDNB was used at
saturated concentration.

Enzyme Ky (mM) (GSH)  Keq (min 1) Keat/Km

(GSH) (mM~*min~ %)

(GSH)
Wild-type 1.17 + 0.090 194.1 + 4.85 165.89 + 16.90
(PvGmGSTUG)

Phel17Ser 0.15 * 0.013 75.65 + 1.30 511 + 53.06
Phel17Gly 0.89 + 0.09 60.16 + 2.49 67.60 + 9.63
Phel17His 0.38 + 0.038 69.44 + 1.76 182.73 + 22.90
Phel17Trp 0.57 * 0.06 194 + 6.13 340.35 + 46.58
Phel17Ile 0.22 * 0.024 116.6 *+ 2.80 530.0 + 70.54

4.2. Structural determinants that affect pesticide binding to PvGmGST and
design of H-site mutants: the role of Phel17

Enzyme-based biosensors that rely on the inhibition of the enzyme
activity by xenobiotic compounds, allow their measurement based on
the determination of the inhibition of the substrate turnover rates
[5,21,26]. Although the enzyme-based biosensors are in general ap-
propriate and efficient, their sensitivity and specificity depend on the
enzyme's itself catalytic properties [24]. A suitable enzyme that re-
cognize with high affinity the target compound is a requirement [54].
Protein engineering is, therefore, a powerful strategy for the design of
tailor made enzymes with appropriate improvements for the develop-
ment of such analytical applications [55].

Analysis of the molecular model of PyGmGSTUG revealed that
Phel17 seems to be in a rather remote end of the PvGmGSTUG structure
without too much involvement in the overall fold of the enzyme.
However, careful study and exhaustive molecular dynamics simulation
prove that Phell?7 is a key residue and plays a central role in binding
and catalysis. Phel17 is strategically located immediately after helix H4
and just before helix H5. It establishes interactions with a set of posi-
tively charged residues nearby. Namely, hydrogen bonds and zt-stacking
interactions are formed between Phel17, the preceding Arg113 and the
following Lys122 and Argl24 residues (Fig. 3) That interaction ar-
rangement is pivotal and vital for the spatial arrangement of the H4
helix. Disruption of these interactions results in a rather significant
change in the relative angle between helices H4 and H6 with a poten-
tially profound effect to the H-site. The evolutionary study revealed that
the closest GST structure bearing GSH is the 2CA8 PDB file (Suppl.
Fig. 1). The two structures were superimposed and the GSH coordinates
were copied to the PvGmGSTUG molecular system. The system was
energetically optimized and subjected to molecular dynamics simula-
tions. The interaction pattern revealed a stabilizing mechanism for the
PyGmGSTUG enzyme that is highly dependent on position 117. In more
detail, as mentioned above, the H4 helix is spatially coordinated by the
loop bearing the 117 position. The H4 helix is stabilized by hydrogen
bonding of Aspl05 in the midst of the helix to Arg21 (Fig. 4A-B).
Consequently, Arg21 hydrogen bonds and stabilizes Phel8, which is a
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Fig. 2. Dose-response inhibition effect of a-endosulfan on the wild-type
PvGmGSTUG (A) (ICso value: 9.84 = 0.61 uM) and mutant Phell7Ile (@)

(ICsp value: 5.17 * 0.47uM) enzymes. GSTs were assayed using the
CDNB-GSH assay system and the experiments were performed in triplicate.

key residue to the GSH coordination and catalysis (Fig. 4C-D). Any
change in position 117 will trigger a cascade that will affect sig-
nificantly the substrate binding and catalysis via the Aspl05—
Arg21 — Phel8 route.

Phell7 was subjected to site-saturation mutagenesis aiming at
creating a new enzyme variant with improved catalytic and binding
properties towards a-endosulfan. Following site-saturation mutagen-
esis, the coding sequences of the mutant enzymes were cloned, ex-
pressed in E. coli BL21(DE3) and the library of the mutated enzymes
were screened using activity assays [56] for selecting mutant enzymes
with high inhibition potency towards a-endosulfan. Five clones dis-
playing the desired characteristics were selected for further study. Se-
quencing analysis verified that the five clones contained a single point
mutation at position 117. The substitutions were amino acids with wide
diversity in their physicochemical properties: Ile, His, Trp, Gly and Ser.

4.3. Kinetic analysis of site-saturation enzyme variants

The wild-type PvGmGSTUG enzyme and site-saturations variants
were purified by affinity chromatography and subjected to steady-state
kinetic analysis and the results are shown in Fig. 5 and the kinetic
parameters in Table 1 and Table 2. Kinetic analysis using GSH as
variable substrate (Table 1) showed that all site-saturation variants
obey Michaelis-Menten kinetics and display improved affinity for GSH,
compared to the wild-type enzyme. The improvement in K,,°*" value is
higher for the mutants Phell7Ile and Phell7Ser (~5-fold) which is
translated to 3-fold improvement in catalytic efficiency (Keae/Km o)
(Table 1). Kinetic analysis using CDNB as variable substrate (Fig. 5,
Table 2), showed that all but Phe117Ser mutant do not obey Michaelis-
Menten kinetics, but rather a sigmoid dependence on substrate con-
centration with Hill coefficient > 1, suggesting a positive co-
operativity between the two H-sites.

The role of Phe117 was further investigated by in silico mutagenesis
experiments. All mutants were modelled on a computer-based

Table 2
Steady-state kinetic analysis of PvGmGSTUG and its mutants for the CONB/GSH substrate system using as a variable substrate CDNB. The GSH was used at saturated
concentration.
Enzyme So.5 (mM) (CDNB) Kear (min~ 1) (CDNB) ny (CDNB) Keat/Kin (MM~ min %)
Wild-type (PvGmGSTUG) 0.88 = 0.05 - 1.77 * 0.14 -
Phell7Ser 2.59 + 0.31% 97.98 + 7.15 - 37.83 = 7.28"
Phel17Gly 0.94 + 0.057 - 2.30 £ 0.23
Phell7His 0.92 + 0.07 - 1.50 = 0.11
Phell7Trp 0.68 *= 0.05 - 2.09 = 0.23
Phell7Ile 0.71 + 0.07 - 1.33 = 0.13

2 The mutant Phel17Ser enzyme obeys Michaelis-Menden kinetics and this value should be considered as K, (mM).
> The mutant Phel17Ser enzyme obeys Michaelis-Menden kinetics and this value should be considered as kca/Km (mM ™! min ™).
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O polar »sidechainacceptor () solventresidue arene-arene
Q acidic  + sidechain donor O metalcomplex ~ ©H arene-H
Q basic  --* backbone acceptor solventcontact @+ arene-cation
O greasy = backbone donor metalfion contact

proximity » ligand Oreceptor

contour exposure exposure

Fig. 3. Study of the structural significance of Phel17 on the fold and function of the PvGmGSTUG enzyme. Left: The 3D structure of PvGmGSTUG with the Phel17
residue highlighted in turquoise color. The key interacting residues are shown in stick representation. Right: The 2D interaction diagram for the residue Phell7.

~J GSH1212

N\

Fig. 4. The structural mechanism that elaborates how the Phel17 residue can influence the catalytic potential of the PyGmGSTUG enzyme. A: The structure of the
PvGmGSTUG enzyme with key residues highlighted in stick representation. B: Zoom-in of A. C: The 2D interaction diagram for the residue Arg21. D: 2D interaction
diagram for the residue Phel8.

molecular system and were subjected to unrestrained, explicitly sol- wild-type enzyme and the Phel17His mutant behave quite similarly as
vated molecular dynamics (MDs) simulations. The results of the mole- the side chains of the Phe and His residue are capable of establishing
cular modelling study coincide with the experimental results (Tables 1 the same interactions. The imidazole ring of His residue can maintain
and 2) and solidify the proposed mechanism described herein. The the interactions of the original benzene ring of the Phe of the wild-type
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Fig. 5. Kinetic analysis of the wild-type PvGmSTUG and its mutants (Phel17Ile, Phel17Gly, Phel17His, Phel17Trp and Phel17Ser), using the GSH as a variable
substrate and CDNB at a fixed concentration (left graphs) or using the CDNB as a variable substrate and GSH a fixed concentration (right graphs). A: wild-type
enzyme PvGmSTUG, B: mutant Phel17Ile, C: mutant Phe117Gly, D: mutant Phel17His, E: mutant Phel17Trp and F: mutant Phel17Ser.

enzyme. Consequently, the structure of Phell7His mutant remains
unchanged upon MDs (Fig. 6C). The structure of Phel17Gly mutant is
the only one of the five variants that resulted in a relative shift of the H4
helix towards the catalytic site, thus via the Asp105 to Arg21 interac-
tion pushing Phel8 into the conformational space of the catalytic site
and restraining and limiting the spatial flexibility of the ligand
(Fig. 6B). On the contrary, the Phel17Ser, Phel17Trp and Phell7Ile
variants produced molecular systems where the H4 helix is tilted and
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slightly shifted away from the catalytic site. This structural effect has
consequently dragged Arg21 towards Aspl05 and has allowed more
space to Phel8. This translates in an increase of the overall volume of
the catalytic site. The increase in volume is most observed in the
Phel17Ile mutant, with the Phel17Ser to follow and the Phell17Trp
mutant with the least increase in the volume of the catalytic site of the
enzyme (Fig. 6A, D and E).
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Fig. 5. (continued)
4.4. Inhibition analysis of site-saturated enzyme variants towards pesticides (ICs0 = 5.17 = 0.47uM) compared to the wild-type enzyme

To assess the effect of mutations at position 117 on enzyme's in-
hibition by pesticides, kinetic inhibition analysis was carried out
(Fig. 1). The results showed that the mutants Phel17Ile, Phel17Trp,
and Phell7Ser display higher sensitivity towards organochloride in-
secticides. Among all mutants, Phel171Ile was more sensitive towards o-
endosulfan, reaching 100% inhibition. Concentration-response curves
(Fig. 2), for the wild-type enzyme and the mutant Phel17Ile, showed
that the latter enzyme is more sensitive to inhibition by a-endosulfan
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(9.836 = 0.610 uM) (Fig. 2). The ability of a-endosulfan to bind and
inhibit the catalytic activity of mutant Phel17Ile was explored for the
development of analytical enzyme-based biosensor.

In an effort to investigate in silico the binding potential of the
Phel17Ile mutant, a-endosulfan was docked and the resulting mole-
cular system was subjected to MDs alongside the same system of the
wild-type enzyme. The systems reached equilibrium and the molecular
interactions of the docked a-endosulfan compound were identified
(Fig. 7). The results confirm that the Phel17Ile mutant has a rather
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Fig. 6. In silico mutation study for the PvGmGSTUG mutants A: Phel17Ser, B:
Phel17Gly, C: Phel17His, D: Phel17Trp and E: Phell7Ile.

larger catalytic site (> 25% increase in volume) when compared to the
wild-type enzyme. Phel8 interacts with a-endosulfan and acts as a
barrier that balances a-endosulfan to achieve the two hydrogen bonds
with Lys56 and Val57. However, on the Phel17Ile mutant and due to
the increase in volume of the catalytic site, the Phel8 residue has
moved away, dragged from the movement of the H4 helix, as discussed
above. This allowed a-endosulfan to move deeper towards the enzyme
core and establish two more interactions with Phe43 and Met13. This
shift does not only allow the extra two interactions but more im-
portantly it coordinates a-endosulfan in optimal position for Lys56 to
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interact with the -S=0O moiety and secure higher affinity of the
Phel17Ile mutant for this compound, when compared to the wild-type
enzyme.

4.5. Enzyme immobilization, stability and kinetic analysis

The mutant enzyme Phell7Ile was entrapped in a sol-gel polymer
(Fig. 8), which was synthesized by condensation reaction between
TEOS and PTMOS at acidic pH in the presence of CTAB, a single
chained cationic surfactant [9,15]. Leaching of the enzyme through
diffusion from the sol-gel matrix was not detected. The use of CTAB
allows the synthesis of a flexible silica sol-gel matrix able to adopt
suitable shape with desirable pore size network [57] and mechanical
strength [58]. The use of alkoxysilane, PTMOS and TEOS are preferred
for enzyme immobilization due to their ability to provide desirable pore
structure, uniform pore-size distribution, high specific pore volumes,
large internal surface area [59] and surface functionalities [60].

After sol-gel synthesis, “aging” of the matrix was achieved for two or
five days. During the “aging” process, cross-linking of the polymer
network increases and the internal solvent is expelled from the matrix,
causing alterations in internal polarity and viscosity. In addition, the
average pore size decreases [61]. This “aging” step was found to be
crucial, as resulted in improvement in enzyme stability, as illustrated in
Fig. 9. As it can be seen from the figure, the activity of the entrapped
enzyme decreased at a significant lower rate, compared to that of the
free enzyme under the same conditions. The immobilized enzyme re-
tained > 60% of its initial activity after about twenty-five days, while
the free enzyme totally lost its activity after twelve days of storage.
These data clearly show that the entrapment benefited significantly the
long-term stability of the enzyme, which improves considerably the
practical viability of this system.

The concentration-response curve of the entrapped enzyme for o-
endosulfan was assessed and the results are shown in Fig. 10. As can be
seen from the figure, the entrapped enzyme notably retains its sensi-
tivity towards a-endosulfan but exhibits increased affinity with an ICs,
of 2.60 + 0.22uM, suggesting that the sol-gel process provides an
appropriate technology for the development of a GST-based biosensor.

4.6. Biosensor assessment and application

The sensing-signal of the GST-based biosensor exploited the in-
hibition by a-endosulfan of the CDNB/GSH conjugation reaction, cat-
alysed by the sol-gel entrapped mutant Phel17Ile.

Cl s6
GST ON
+ GSH ———* + HCl
NO,

The concentration of released H* ions reflects the progress of the
conjugation reaction and therefore pH, changes can be transduced to an
optically measurable signal by the immobilized indicators. The mixture
of bromocresol purple and phenol red provided adequate sensitivity
and reproducibility. Fig. 11A shows the VIS spectrum of sol-gel en-
trapped mixture of two dyes at pH values ranging from 4.0 to 7.0. As
can be seen, the mixture of the two indicators exhibits two distinct
absorption maxima, at 444 and 562 nm. Linear dependence (R? = 0.98)
of the absorption at 562 nm versus pH was found between pH4 to 7
(Fig. 11B). The optical signal at 562nm of the sol-gel entrapped
Phell7Ile mutant enzyme was assessed using different concentrations
of a-endosulfan (Fig.11C). As can be seen in Fig. 11D a linear depen-
dence (R? = 0.98) of the absorption at 562 nm versus different con-
centrations of a-endosulfan (0.625-30 uM) was observed, suggesting
that the system can provide a high sensitive analytical method for a-

ON

NO,
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Fig. 7. Molecular docking of a-endosulphan in the PvGmGSTUG structure. A: The wild type PvGmGSTUG with docked a-endosulphan. B: The Phel17Ile mutant

PyGmGSTUG with docked a-endosulphan.

endosulfan determination.

The biosensor was further evaluated using real water samples (fin-
ished drinking water and bottled mineral water) spiked with known
concentrations of a-endosulfan and the results are illustrated in Fig. 12.
The optical signal at 562nm obeys different response when used
drinking water and mineral water, compared to that observed using
ddH,O. This may be due to the differences in salt and organic content of
the two water samples. Linearity was observed within the concentration
range of 0.8-16 uM of a-endosulfan, obeying the following equations:

Mineral water: y = 0.0249 x + 0.338, (R% = 0.99)

Drinking water: y = 0.0472 x + 0.303, (R* = 0.99)

Recovery experiments using drinking water and bottled mineral
water samples spiked with a known amount of a-endosulfan, were also
achieved and the results are listed in Table 3. Recoveries of a-en-
dosulfan in the mineral water were in the range between 80.6 and
103% (mean value 93.42 + 3.25%, N = 6). For drinking water, re-
coveries were ranged between 88 and 104% (mean value
98.6 = 3.46%, N = 4). The reproducibility of the assay response, ex-
pressed by relative standard deviation, was in the order of 8.54% and
7.02% for the mineral and drinking water, respectively.

The design of enzyme biosensors is mainly based on the knowledge
about the target analyte, as well as the complexity of the biological
sample as well as the matrix in which the analyte has to be determined.
The application of enzymes with wide binding specificity for devel-
oping biosensors, such as acetylcholinesterases [63-65], tyrosinases
[66] and GSTs [3,9,17,22-26], suffer from poor specificity since many
inhibitors can interfere and therefore one limitation of such biosensors
is the difficulty in discriminating between different inhibitors. Such
biosensors can only be used for the quantification of a known analyte
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(e.g. a-endosulfan in the present work) in a sample where only this
particular known analyte is present. Alternatively, such biosensors can
be exploited as detection systems able to detect several analytes si-
multaneously. This can be achieved using data processing of Artificial
Neural Networks (ANNs) coupled with a sensor array. This combinan-
tion can substantially improve the selectivity and allow exact de-
termination of pesticides present in a sample. ANN can combines the
response of different enzymes (e.g. different engineered forms of GST)
to find a pattern that relates inhibitor concentrations with the inhibition
percentages measured. Such biosensors have been developed based on
acetylocholinesterase [63-65] or tyrosinase [66] inhibition and che-
mometric data analysis using ANNs. This area represents a very pro-
mising approach in environmental monitoring and screening.

5. Conclusion

In the present work, a structure-based combinational approach was
used for the design of an optimized mutant of PyGmGSTUG, for the
development of an optical biosensor for a-endosulfan determination.
Site-saturation mutagenesis at residue 117 proved to be a successful
approach for the improvement of enzyme's sensitivity towards a-en-
dosulfan. The proposed biosensor provides a low-cost alternative to
current chromatographic-based methods [62]. Since GSTs exhibit wide
inhibition capabilities, the present approach can be further adapted and
optimized to different pesticides, providing a route for developing
analytical tools for environmental and toxicological applications.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbagen.2018.12.004.
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Fig. 11. Dependence of optical signal on pH. A. Visible spectra of sol-gel with entrapped bromocresol purple/phenol red at different pH values B. Calibration curve of
the absorption at 562 nm on different pH. C. Visible spectra of the sol-gel co-entrapped Phel17Ile and bromocresol purple/phenol red in the presence of different

concentration of a-endosulfan (0-30 uM). D: Calibration curve of the absorbance at 562 nm on a-endosulfan concentration (0-30 pM).
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