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ARTICLE INFO ABSTRACT

Keywords: Tau class glutathione transferases (GSTUs) play essential roles in plant defense by facilitating the nucleophilic
Cicer arietinum attack of glutathione (GSH) to a wide range of electrophilic xenobiotics. In addition to their conjugating activity,
Fabaceae

these enzymes possess hydroperoxidase function, enabling the detoxification of harmful organic hydroperoxides
into less reactive alcohols. In this study, we identified three closely related GST isoenzymes (96-98 % sequence
identity) from Cicer arietinum (CaGSTUs) through computational homology screening. Full-length cDNAs
encoding these GSTs were cloned, recombinantly produced in E. coli, and purified for functional characterization.
Enzyme kinetics were evaluated using model substrates, cumene hydroperoxide (CuOOH) and 1-chloro-2,4-dini-
trobenzene (CDNB), revealing that CaGSTU1-1 displayed superior hydroperoxidase activity and thermal sta-
bility. Based on these properties, CaGSTU1-1 was selected as the parental scaffold for directed evolution via DNA
shuffling, using the homologous Glycine max isoenzyme GmGSTU4-4. Screening of the generated chimeric library
resulted in the identification of a new variant, CaGmGSTU, which demonstrated a fourfold enhancement in
catalytic turnover and efficiency toward both substrates. Additionally, CaGmGSTU exhibited altered ligand-
binding characteristics, including increased affinity for selected pesticides. Structural modeling and viscosity-
dependence kinetics indicated that these enhancements were primarily driven by changes in enzyme flexi-
bility. Given the widespread toxicity of hydroperoxides and related pollutants, CaGmGSTU represents a prom-
ising tool for detoxification applications in environmental and agricultural biotechnology.

Directed evolution
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Pesticide binding
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1. Introduction transduction, and homeostasis, even under non-stress conditions

(Labrou et al., 2015; Horvath et al., 2023). In addition, they have been

GSTs comprise a heterogeneous family of enzymes involved in
multiple physiological and detoxification processes. In plant systems,
GSTs are widely recognized for their ability to catalyze the conjugation
of GSH to a broad spectrum of endogenous and exogenous electrophilic
compounds, thereby facilitating detoxification (Labrou et al., 2015;
Cassier-Chauvat et al., 2023). Beyond this conjugation activity, many
plant GSTs also function as hydroperoxidases, enabling the reduction of
organic hydroperoxides to less harmful alcohols (Gallé et al., 2021).
Their expression is highly responsive to environmental stresses,
including both abiotic and biotic, underscoring their involvement in
plant stress adaptation. Additionally, GSTs contribute to diverse physi-
ological processes such as primary and secondary metabolism, signal
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associated with significant adaptive traits, including herbicide resis-
tance in plants, pesticide resistance in insects, and drug resistance
mechanisms in humans (Micic et al., 2024; Zhang et al., 2025; Xu et al.,
2025).

Plant GSTs are classified into several distinct classes based on
phylogenetic relationships, gene structure, and overall protein archi-
tecture. These classes include dehydroascorbate reductase (DHAR),
elongation factor 1By (EF1By), glutathionyl hydroquinone reductase
(GHR), Phi (GSTF), Hemerythrin (GSTH), Iota (GSTI), Lambda (GSTL),
Theta (GSTT), Tau (GSTU), Zeta (GSTZ), microsomal prostaglandin E
synthase type 2 (mPGES-2), tetrachloro-hydroquinone dehalogenase
(TCHQD), and Ure2p-like proteins (Lallement et al, 2014;
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Sylvestre-Gonon et al., 2019). While most GSTs function as dimers,
GSTLs, GHRs, and DHARs are exceptions, typically existing as mono-
meric enzymes. Each monomer is organized into two domains with
distinct roles and structural features. The N-terminal domain resembles
the thioredoxin fold, characterized by a papafa motif, and houses the
GSH-binding site (G-site). The C-terminal domain, predominantly
a-helical, contributes to substrate recognition through the formation of
the hydrophobic substrate-binding site (H-site) (Sylvestre-Gonon et al.,
2019). Catalytic residues, typically tyrosine, serine, or cysteine, within
the N-terminal domain, activate the thiol group of GSH to be at least
partially under the thiolate form at physiological pH range of 6-7
(Lallement et al., 2014; Mannervik, 2023). GSTs belonging to the same
class typically share more than 40 % amino acid sequence identity,
whereas those from different classes generally exhibit less than 25 %
sequence identity (Oakley, 2011). Despite this divergence, the overall
three-dimensional structure of GSTs remains highly conserved across
classes. This structural conservation, coupled with significant active-site
plasticity, underlies the broad substrate specificity and functional
versatility of GST enzymes (Labrou et al., 2015; Kontouri et al., 2024).

In plants, the majority of GSTs belong to the Phi (GSTF) and Tau
(GSTU) classes, which represent the most thoroughly characterized
classes to date. Both GSTFs and GSTUs are known for their broad sub-
strate specificity and are critically involved in the detoxification of
xenobiotic compounds, including a wide range of herbicides and pesti-
cides (Neuefeind et al., 1997; Dixon et al., 2002). Their ability to con-
jugate GSH to diverse electrophilic substrates plays a central role in
safeguarding plant cells from chemical stress. Importantly, these en-
zymes have been associated with multiple herbicide resistance (MHR) in
agricultural weeds, a phenomenon attributed to enhanced metabolic
detoxification driven by the upregulation or functional adaptation of
endogenous GSTs (Dixon et al., 2002).

GSTs are widely recognized as valuable platforms for protein engi-
neering, owing to their broad substrate scope, modular domain orga-
nization, comprising discrete GSH-binding (G-site) and hydrophobic
substrate-binding (H-site) regions, and the ease with which they can
be expressed and purified in E. coli systems (Perperopoulou et al., 2018).
Engineered GSTs, particularly those involved in pesticide detoxification,
provide critical insight into the molecular underpinnings of xenobiotic
metabolism and resistance evolution in plants and other organisms
(Chronopoulou et al., 2018). Numerous studies have utilized approaches
such as site-directed mutagenesis and directed evolution to dissect the
structural and functional determinants of GST activity. For instance,
Dixon et al. (2003) employed DNA shuffling and subsequent mutagen-
esis of Zea mays Tau class GST genes to generate variants with a 29-fold
enhancement in fluorodifen detoxification. Similarly, Axarli et al.
(2016) applied DNA shuffling to homologous Tau GSTs from Glycine
max, yielding chimeric enzymes with atypical allosteric behaviour and
significantly improved catalytic efficiency against the same herbicide. In
another study, Axarli et al. (2017) constructed a recombinant library of
alpha-class GSTs by combining human (hGSTA1-1) and rat (rGSTA1-1)
genes. Screening of this library identified a chimeric form (GSTD4) with
superior GSH-binding affinity, enhanced turnover, and elevated thermal
stability. Structural analysis of GSTD4 revealed subtle conformational
shifts in the G-site, and further optimization through site-saturation
mutagenesis at position Cys112 (Cys112Ser) led to increased oxidative
resistance and catalytic performance. Additionally, Chronopoulou et al.
(2018) developed a GSTU variant from Phaseolus vulgaris and Glycine
max, using cDNA derived from stress-treated tissues, resulting in an
enzyme with enhanced glutathione peroxidase activity and atypical ki-
netics toward CDNB. More recently, directed evolution efforts by Ioan-
nou et al. (2022) and Axarli et al. (2023) have yielded highly efficient
engineered Phi and Tau GST variants with markedly improved detoxi-
fication capacities.

Cicer arietinum (chickpea) is a globally significant legume, valued for
its high protein content and dense nutritional composition, which
contribute to both human health and agricultural sustainability (Silva
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et al., 2025). Recent studies have highlighted its potential in promoting
eco-friendly agricultural practices and supporting food security,
particularly in regions facing climatic and resource challenges (Akchaya
etal., 2025). To strengthen stress resilience and optimize productivity, a
deeper understanding of the species’ detoxification systems is critical
(Asati et al., 2024). In this context, the present study investigates the
functional roles of three previously uncharacterized GST isoenzymes
from C. arietinum, with a focus on their contributions to stress response
and xenobiotic metabolism. Additionally, through directed evolution, a
novel chimeric variant, (CaGmGSTU), exhibiting markedly enhanced
hydroperoxidase activity and modified ligand-binding behaviour was
found and characterised. Given the toxicity and prevalence of organic
hydroperoxides in both agricultural and environmental settings,
CaGmGSTU holds promise as an effective biocatalyst for detoxification,
with potential applications in plant biotechnology and environmental
bioremediation.

2. Results and discussion
2.1. Identification, cloning, expression of CaGSTUs

Previous studies have established that the Tau class GST isoenzyme
GmGSTU4-4 from Glycine max exhibits significant hydroperoxidase ac-
tivity and plays a key role in cellular detoxification and antioxidant
defense mechanisms (Axarli et al., 2009a, 2016, 2023). To explore the
catalytic diversity of homologous GSTUs in C. arietinum, a BLASTp
analysis was performed using the GmGSTU4-4 amino acid sequence
(UniProt ID: 049235) as the query. Several candidate GST sequences
were identified in the C. arietinum genome and further evaluated
through BLASTn searches in the Chickpea Transcriptome Database
(CTDB; Verma et al., 2015).

Among the identified candidates, three uncharacterized GST iso-
enzymes, designated CaGSTU1-1, CaGSTU2-2, and CaGSTU3-3, exhib-
iting amino acid sequence identities ranging from 64.3 % to 33.8 %,
were selected for experimental characterization (Fig. 1A). Tran-
scriptomic data revealed that the corresponding mRNAs are upregulated
under salinity stress conditions. This is consistent with findings by Kaur
et al. (2022), who reported elevated levels of hydrogen peroxide and
malondialdehyde in salt-stressed C. arietinum, indicative of oxidative
stress. Notably, CaGSTU1-1 and CaGSTU2-2 transcripts were also found
to be overexpressed in chickpea tissues subjected to drought stress and
Fusarium wilt infection, suggesting a potential multifunctional role for
these enzymes in mediating responses to both abiotic and biotic
stressors.

To assess the evolutionary relationships of the three CaGSTs, a
phylogenetic analysis was conducted alongside representative members
of known GST classes from various plant sources. The resulting tree,
shown in Fig. 1B, clearly places all three CaGSTUs within the Tau class
(GSTU), a major plant-specific GST subclass associated with detoxifi-
cation and stress responses. CaGSTU1-1 clusters closely with a Tau class
GST from Medicago truncatula (MtGSTU47, Accession No: AUW37507.1)
sharing a SeqID 86.3 %. MtGSTU47 shows gene expression in all plant
tissues under normal growth or stress conditions and exhibits wide
substrate specificity. Experimental evidence supports the protective role
of MtGSTUs in plant cell physiology (Han et al., 2018). Additionally,
AtGSTU19 (Accession No: NP_565178.1) clusters in a neighboring clade
of Tau class GSTs, supporting the functional similarity of CaGSTU1-1
with other Tau class members from Arabidopsis. Gene expression anal-
ysis using microarray datasets indicated that AtGSTU19 is broadly
expressed across most Arabidopsis tissues and exhibits the highest tran-
script abundance among Tau class GSTs (Zimmermann et al., 2004).
Studies involving transgenic Arabidopsis plants with elevated AtG-
STU19 expression have demonstrated significantly improved tolerance
to salt and drought stress, along with protection against methyl
viologen-induced oxidative damage. These findings suggest that AtG-
STU19 plays a regulatory role in abiotic stress responses, potentially by
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Fig. 1. Sequence alignment and phylogenetic analysis of CaGSTUs. (A) Multiple sequence alignment of CaGSTU1-1, CaGSTU2-2, and CaGSTU3-3 was performed
using CLUSTAL Omega (Sievers and Higgins, 2018) and visualized with ESPript 3.0 (Robert and Gouet, 2014). The alignment is annotated with the predicted
secondary structure of CaGSTU1-1, where a-helices are depicted as coils, p-strands as arrows, and p-turns are indicated as “TT.” Residue numbering corresponds to
CaGSTU1-1. Conserved residues are shaded, and columns with >70 % similarity based on physicochemical properties are boxed. GenBank accession numbers:
CaGSTU1-1 (ALZ41811.1), CaGSTU2-2 (ALZ41812.1), CaGSTU3-3 (ALZ41813.1). (B) Phylogenetic tree showing the relationship of CaGSTUs (highlighted in red)
with members of known plant GST classes including Phi (GSTF), Tau (GSTU), Lambda (GSTL), Theta (GSTT), Zeta (GSTZ), Iota (GSTI), Dehydroascorbate Reductase
(DHAR), Tetrachloro-hydroquinone Dehalogenase (TCHQD), Microsomal prostaglandin E synthase type 2 (mPGES-2), Elongation factor 1By (EF1By), Glutathionyl
hydroquinone reductase (GHR), Hemerythrin (GSTH), Ure2p, and an outgroup of protein sequences to support better clustering results. The amino acid sequences
used in the analysis are provided in the Supplementary file. Sequence alignment was carried out using CLUSTAL Omega. The phylogenetic tree was constructed with
the UPGMA method with the JTT model, and the branches were evaluated for their robustness using the bootstrap test with 500 replications. Evolutionary analyses
were conducted in MEGA12 (Kumar et al., 2024) and visualized using iTOL v5 (Letunic and Bork, 2021). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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stimulating antioxidant enzyme activity and thereby contributing to
reactive oxygen species (ROS) detoxification and redox homeostasis
(Roxas et al., 2000). CaGSTU2-2 and CaGSTU3-3, while also grouping
within the Tau clade, are located in a distinct sub-branch, suggesting
greater sequence divergence and possibly specialized functional roles.
Their clustering with another GSTU from Medicago truncatula
(MtGSTU46, Accession No: AUW37506.1) and different GSTUs (e.g.
GSTU43 from Solanum lycopersicum, Accession No: NP_001234086.1 or
GSTUs from Populus trichocarpa, Accession No: ADB11389.1 and
ADB11390.1) implies that they may differ in substrate specificity,
regulation, or physiological function. For example, MtGSTU46 exhibits
narrow substrate specificity in comparison with MtGSTU47 which dis-
plays a broader spectrum of substrate specificity (Han et al., 2018).
MtGSTU46 expression levels are escalated when drought and salinity
stress conditions occur (Hasan et al., 2021). What is more, Liu et al.
(2019) found that GSTU43 plays an important role against low
temperature-induced oxidative stress in tomato plants and, therefore,
facilitates the redox homeostasis of plants.

Full-length ¢cDNAs encoding the open reading frames (ORFs) of
CaGSTU1-1, CaGSTU2-2, and CaGSTU3-3 were amplified by RT-PCR
from C. arietinum mRNA and subsequently cloned into the pEXP5-CT/
TOPO®TA expression vector, which is driven by the T7 promoter. The
constructs were transformed into E. coli for heterologous expression.
CaGSTU1-1 and CaGSTU2-2 were successfully purified via single-step
affinity chromatography using GSH-Sepharose resin. In contrast, CaG-
STU3-3 exhibited negligible binding to the GSH matrix and was instead
purified by ion-exchange chromatography using DEAE-Sepharose with
stepwise salt elution. The purity of all three recombinant enzymes is
shown in Fig. S1.

2.2. Substrate specificity and kinetics analysis of CaGSTUs

The substrate specificity profiles of the CaGSTU isoenzymes were
evaluated using a panel of structurally diverse electrophilic substrates.
As shown in Fig. 2, CaGSTU1-1 exhibited the broadest substrate speci-
ficity and the highest activity across all tested substrates, particularly
toward cumene hydroperoxide, trans-2-nonenal, and CDNB analogs.
CaGSTU2-2 showed moderate activity toward the halogenated sub-
strates (CDNB and BDNB) and trans-2-nonenal but demonstrated rela-
tively low activity toward hydroperoxides. CaGSTU3-3 displayed the
highest activity towards CDNB and BDNB but minimal activity toward
hydroperoxides or trans-2-nonenal, indicating a narrower substrate
range.

To further characterize their enzymatic properties, steady-state
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kinetic analysis was performed using GSH and CDNB as the electrophilic
substrate (Fig. 3). Key parameters, including turnover number (k) and
Michaelis constant (K;,), were determined and are summarized in
Table 1. Among the three isoenzymes, CaGSTU1-1 exhibited the highest
catalytic turnover (k¢ = 694 min ), along with a moderate K, for GSH
(0.61 mM) and low K, for CDNB (0.34 mM), resulting in high catalytic
efficiencies (kcat/Km) of 1137.7 mM ! min~! for GSH and 2041.2 mM !
min~! for CDNB. CaGSTU2-2 demonstrated intermediate activity (keat =
346 min~!) but a remarkably low Ky, for GSH (0.17 mM), resulting in
high keat/Km value for GSH (2035.3 mM ' min~'). However, CaGSTU2-
2 displayed sigmoidal kinetics for CDNB, as indicated by an Sy.5 of 0.35
mM and a Hill coefficient of ny = 1.5 + 0.1, suggesting positive coop-
erativity in substrate binding at the H-site. This behaviour reflects po-
tential allosteric regulation or intersubunit communication. Such
cooperative kinetics are characteristic of several tau and phi class GSTs
and have been linked to intersubunit communication mediated through
the dimer interface, as previously observed in crystallographic studies
(Axarli et al., 2016; Ioannou et al., 2022). CaGSTU3-3 displayed the
lowest turnover rate (ke 206 min~'), the highest Ky, for GSH (0.82
mM), and the lowest catalytic efficiencies toward both substrates. The
kinetic response to CDNB also showed sigmoidal behaviour (Sp.5 = 0.46
mM; ng = 2.1 4+ 0.2), indicating stronger cooperativity than CaG-
STU2-2. Despite this, the overall lower activity and catalytic efficiency
(251.2 mM ! min~! for GSH and 447.8 mM ! min~! for CDNB) suggest
that CaGSTU3-3 may serve more specialized or regulatory roles rather
than detoxification.

Collectively, these results highlight CaGSTU1-1 as the most catalyt-
ically competent isoenzyme. The presence of cooperative kinetics in
CaGSTU2-2 and CaGSTU3-3 further underscores the structural and
functional diversity of tau-class GSTs in C. arietinum and points to po-
tential regulatory roles in stress response through allosteric substrate
modulation.

2.3. Thermal stability

The thermal stability of CaGSTU1-1, CaGSTU2-2, and CaGSTU3-3
was evaluated through thermal denaturation assays (Fig. 4), which
provide a rapid and effective means of determining enzyme stability
under heat stress. The melting temperature (Tp,), defined as the tem-
perature at which 50 % of enzymatic activity is lost, was used as a metric
for thermostability. As summarized in Table 2, all three isoenzymes
exhibited substantial thermal resistance, with Ty, values ranging from
63.5 °C to 69.9 °C. Among the three enzymes, CaGSTU1-1 displayed the
highest thermostability, with a T, of 69.9 + 0.7 °C, indicating

CaGSTU1-1
. CaGSTU2-2
= CaGSTU3-3

Fig. 2. Substrate specificity of CaGSTUs. Enzymatic activity (units/mg) profiles of three CaGST isoenzymes toward halogenated aromatic compounds (1-chloro-
2,4-dinitrobenzene, 1-bromo-2,4-dinitrobenzene), hydroperoxides (cumene hydroperoxide, tert-butyl hydroperoxide, benzoyl hydroperoxide) and the alkenal trans-
2-nonenal. Data are presented as mean values with error bars representing + standard deviation. The y-axis is shown on a logarithmic scale to enhance visualization
of differences across a wide range of activity levels. Assays were performed under standard conditions as described in the Materials and Methods section.
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Fig. 3. Steady-state kinetic analysis of CaGSTU isoenzymes using GSH and CDNB as substrates. Michaelis—-Menten kinetics were evaluated for CaGSTU1-1 (A,
D), CaGSTU2-2 (B, E), and CaGSTU3-3 (C, F). (A-C) Reactions were performed using GSH as the variable substrate and 1-chloro-2,4-dinitrobenzene (CDNB) at a
fixed, saturating concentration. (D-F) Reactions were performed using CDNB as the variable substrate while keeping GSH concentration fixed. Each data point
represents the mean of three independent experiments conducted in triplicate. Kinetic parameters (K, and k) were derived by nonlinear regression fitting to the
Michaelis-Menten equation, except in cases of observed sigmoidal kinetics, where the Hill equation was applied.

Table 1
Steady-state kinetic analysis of CaGSTU1-1, CaGSTU2-2 and CaGSTU3-3 for the
CDNB/GSH and substrate system.

Enzyme Keat Kn(mM) Ky (mM) keat/Km keat/Kim
(min~%) (GSH) (CDNB) (mM ! (mM ! min®
min~1) b
(GSH) (CDNB)
CaGSTU1- 694 + 0.61 + 0.34 + 1137.73 2041.2
1 9.9 0.07 0.02
keat Kmn So.5 kea/Km kca/So.5
(min~1) (mM) (mM)* (mM~! (mM~?!
(GSH) (CDNB) min~') min')
(GSH) (CDNB)
CaGSTU2- 346 + 0.17 + 0.35 + 2035.3 988.6
2 16.2 0.01 0.06
CaGSTU3- 206 + 0.82 + 0.46 + 251.2 447.8
3 4.0 0.06 0.17

2 The Hill coefficients were ny_1.5 + 0.1 and 2.1 £ 0.2 for CaGSTU2-2 and
CaGSTU3-3, respectively.

exceptional structural resilience under thermal stress. This value places
CaGSTU1-1 among the most thermostable plant GSTs reported to date
(Axarli et al., 2017; Skopelitou et al., 2015), further supporting its se-
lection as a robust candidate for protein engineering and biotechno-
logical applications requiring enzyme function under elevated
temperatures. CaGSTU2-2 exhibited high thermal stability, with a T, of
67.5 + 0.8 °C, only slightly lower than CaGSTU1-1. This suggests that it
retains a relatively stable conformation under physiological and
moderately elevated temperatures, potentially reflecting its functional
role in stress environments. In contrast, CaGSTU3-3 showed the lowest
thermostability, with a Tr, of 63.5 + 1.4 °C, suggesting a more labile
structure under thermal stress. The reduced thermal stability may be
associated with lower catalytic activity and substrate affinity observed

100+
CaGSTU1-1
CaGSTU2-2
CaGSTU3-3

Remaining activity (%)
g

c Ll 1 Ll Ll
0 20 40 60 80

Temperature (°C)

1
100

Fig. 4. Thermal inactivation profiles of CaGSTU1-1, CaGSTU2-2, and
CaGSTU3-3. The plot illustrates the thermal stability of CaGSTU isoenzymes
based on residual enzymatic activity following a 10 min incubation at varying
temperatures (4-80 °C). Enzyme activity is expressed as a percentage of the
initial activity measured at 25 °C. Data points represent the mean from three
independent experiments. The melting temperature (Ty,), defined as the tem-
perature at which 50 % of enzyme activity is lost, was derived from the inac-
tivation curve.

in kinetic analyses, further indicating that CaGSTU3-3 may be special-
ized for functions not requiring prolonged activity under stress
conditions.

2.4. Directed evolution

The most catalytically efficient and thermostable isoenzyme, CaG-
STU1-1, was selected for directed evolution alongside the Tau class
GmGSTU4-4 from Glycine max, which is well characterized for its high
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Table 2

Melting temperatures of CaGSTU1-1, CaGSTU2-2
and CaGSTU3-3 based on results from thermal
denaturation studies.

Enzyme Tm (°C)

CaGSTU1-1 69.9 + 0.7
CaGSTU2-2 67.5+ 0.8
CaGSTU3-3 63.5+ 1.4

hydroperoxidase activity (Axarli et al., 2016, 2023). Using DNA shuf-
fling (Arnold, 1998; Reetz et al., 2006; Axarli et al., 2016), a library of
chimeric variants was constructed and screened for enhanced enzymatic
activity (Fig. S2). Among the screened clones, one variant, designated
CaGmGSTU, exhibited the highest specific activity and was selected for
further characterization.

Sequence analysis of CaGmGSTU (Fig. 5) confirmed that it was pri-
marily derived from CaGSTU1-1, with incorporated sequence segments
from GmGSTU4-4. Notably, no spontaneous point mutations were
detected. The recombinant CaGmGSTU protein was expressed in E. coli,
purified to homogeneity (Fig. S3), and subjected to detailed kinetic
characterization using CDNB and cumene hydroperoxide (CuOOH) as
representative substrates (Table 3).

To evaluate the catalytic improvements achieved through directed
evolution, steady-state kinetic parameters of the chimeric enzyme
CaGmGSTU were compared with its parental isoform CaGSTU1-1 using
two model substrates: the halogenated aromatic compound CDNB and
the organic hydroperoxide CuOOH (Table 3). CaGmGSTU demonstrated
a substantial increase in catalytic turnover, with a k¢,c of 1300 min~},
nearly double that of CaGSTU1-1 (694 min’l, Table 1). The enzyme
maintained a similar K;;, for GSH (0.60 mM) and a modest increase in Ky,
for CDNB (0.41 mM), suggesting that substrate binding affinity
remained largely unchanged. Notably, the catalytic efficiency of
CaGmGSTU was significantly enhanced, with kea/Kp values of 2166.7
mM ! min~! (GSH) and 3170.7 mM ! min! (CDNB), outperforming
the wild-type CaGSTU1-1 and establishing CaGmGSTU as a superior
detoxifying enzyme in the CDNB assay system. When assayed with
cumene hydroperoxide, a model hydroperoxide, CaGmGSTU exhibited a
keat of 1470 min_l, representing a ~4-fold enhancement relative to
CaGSTU1-1 (kcat = 370 min~1). The K, values for GSH were nearly
identical (0.59 vs. 0.30 mM), while CaGmGSTU showed a slightly higher
K, for CuOOH (3.40 mM vs. 2.51 mM), indicating a modest decrease in
substrate affinity. However, the overall catalytic efficiency toward
CuOOH (kcat/Km = 432.4 mM ™! min~?) was 2.9-fold greater than that of
CaGSTU1-1 (kea/Km = 147.4 mM™! min’l), affirming a marked
improvement in hydroperoxidase activity. Taken together, these results
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Table 3
Steady-state kinetic analysis of CaGmGSTU for the CDNB/GSH and CutOOH/GSH
and substrate systems and of CaGSTU1-1 for the CuOOH/GSH system.

Enzyme kear Kin K (mM) kear/Kim keat/Km
(min~%) (mM) (CDNB) (mM ! (mM ! min®
(GSH) min~1) 1
(GSH) (CDNB)
CaGmGSTU 1300 + 0.60 + 0.414+0.04 2166.7 3170.7
28.5 0.09
Enzyme kecar K K, (mM) keat/Km keat/Km
(min~") (mM) (CuOOH) (mM~?! (mM~?!
(GSH) min~Y) min)
(GSH) (CuOOH)
CaGmGSTU 1470 + 0.59 + 3.40+0.39 24915 432.4
64.7 0.11
CaGSTU1-1 370 + 0.30 + 251 +023 12333 147.4
12.3 0.03

demonstrate that directed evolution successfully enhanced both the
turnover rate and catalytic efficiency of the engineered CaGmGSTU
without significantly compromising substrate affinity. The enzyme
exhibited a 4-fold overall increase in hydroperoxidase activity compared
to its parental form, consistent with its proposed role as a high-
performance detoxification biocatalyst. These improvements are
particularly significant given the environmental and physiological
relevance of hydroperoxide detoxification.

Given the unchanged Ky, values, the observed increase in k4 likely
reflects an alteration in the rate-limiting step of the enzymatic reaction.
To explore this possibility, viscosity dependence assays were conducted
to probe the role of diffusional constraints in the catalytic cycle. Previ-
ous studies suggest that the rate-limiting step in GSTs often involves
product release or conformational transitions associated with diffusion
(Ricci et al., 1996; Caccuri et al., 1996; Morgenstern, 2024). According
to this model, if product release is diffusion-controlled, a linear rela-
tionship between the inverse relative rate constant (k/kcar), where ko
is measured at standard viscosity 19, and the relative viscosity (n/no)
should be observed with a slope near unity. Conversely, if product
release is governed by chemical or structural factors, the slope should
approach zero.

As shown in Fig. 6, increasing the viscosity of the reaction medium
led to a clear decrease in k¢, for the wild-type CaGSTU1-1, yielding a
slope of 0.61 + 0.05 in the plot of relative viscosity (5/4°) versus kg/
kcat- This result suggests that the rate-limiting step in the catalytic cycle
is at least partially governed by diffusion-limited conformational rear-
rangements. In contrast, the CaGmGSTU variant exhibited a signifi-
cantly lower slope of 0.31 + 0.03 under identical conditions, indicating
a reduced dependence on diffusional or structural transitions for

CaGSTU1-1
CaGmGSTU
GmGSTU4 -4

CaGSTU1-1
CaGmGSTU
GmGSTU4 -4

CaGSTU1-1
CaGmGSTU
GmGSTU4 -4

CaGSTUL-1
CaGmGSTU
GmGSTU4 -4

MADQVILLDFWPSPFGMRLRIALAEKGIEFEYREEDLRNKSPLLLOMNPIHKKI PVLVHN
MADQVILLDFWPSPFGMRLRIALAEKGI EDLRNKSPLLLOMNBMHKK I PVl
MSDEVVLLDFWPSPFGMRVRIALAEKGIKYEYKEEDLRNKSPLLLOMNPVHKKI PVLIHN

GKPICESLIAVQYIDEVWNHKSPLLPSDPYQRSQARFWADYVDKKIYDAGRNIWTKKGEE
GKPICESLIAVQYIDEVWNHKSPLLPSDPYQRSQARFWADYVDKKIYDL ERRINBORCEE
GKPICESLIAVQYIEEVWNDRNPLLPSDPYQRAQTRFWADYVDKKIYDLGRKIWTSKGEE

QEAAKKEFIDALKLLEQELGDKTYFGGDKLGFVDVALIPFYTWFKGYETFGNFIVEKECP
BB AxxEFEEA LKL LEEPECDK TY FGGDKLGFVDVAL I PFYTWFKGYETFGNFIVEKECP
KEAAKKEFIEALKLLEEQLGDKTYFCGGDNLGFVDIALVPFYTWFKAYETFGTLNIESECP

KFIAWAKRCMQIESVSKSLPDQEKVYEFIVDIRKKIGIE 219
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Fig. 5. Sequence alignment of the chimeric CaGmGSTU variant with its parental isoenzymes CaGSTU1-1 and GmGSTU4-4. Amino acid sequences were
aligned using CLUSTAL Omega (Sievers and Higgins, 2018). Regions of CaGmGSTU derived from GmGSTU4-4 are highlighted in yellow, while segments originating
from CaGSTU1-1 are shown in green. Residues that are identical in both parent sequences are unshaded and conserved in CaGmGSTU. The alignment reflects the
chimeric nature of CaGmGSTU as reconstructed from the nucleotide sequences of the respective genes used in DNA shuffling. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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3.5-

Fig. 6. Effect of solvent viscosity on catalytic turnover for the CONB/GSH
reaction catalyzed by CaGSTUs and the CaGmGSTU variant. The reciprocal
of the relative turnover number (kZ/kcar) is plotted against relative viscosity
(n/n°), adjusted by varying glycerol concentrations. Data are shown for CaG-
STU1-1 (@), CaGSTU2-2 (a), CaGSTU3-3 (@), and the engineered CaGmGSTU
variant ([]). Linear regression was applied to assess the viscosity dependence of
each enzyme. All measurements were performed in triplicate, and values
represent the mean of three independent experiments.

catalytic turnover. These findings imply that the engineered variant
operates with a shifted or modified rate-limiting step, likely involving a
more efficient product release mechanism that is less influenced by
dynamic structural fluctuations.

This interpretation aligns with previous studies on GmGSTU4-4 and
related GSTs, which have identified a-helix 2 and the C-terminal a-helix
9 as key flexible elements modulating enzyme dynamics and influencing
catalytic efficiency (Ricci et al., 1996; Caccuri et al., 1996). Structural
alterations in these regions may underlie the observed shift in
rate-limiting behavior in CaGmGSTU.

To further investigate the role of chemical reactivity in limiting the
reaction rate, the impact of substrate structure was evaluated. Enzyme
assays using CDNB and its brominated analogue (BDNB revealed that the
wild-type CaGSTU1-1 exhibited a specific activity ratio (U/ mg)CDNB/ w/
mg)B°NB = 0.7. In contrast, the corresponding ratio for CaGmGSTU was
1.15, suggesting a reversal in substrate preference. This shift is consis-
tent with the lower electrophilicity of the bromo substituent and sup-
ports the conclusion that chemical reactivity plays a diminished role in
the rate limiting step of the engineered variant. Collectively, these
findings reinforce the idea that structural modifications in CaGmGSTU
have altered the overall mechanism by relieving constraints on product
release, thereby enhancing overall catalytic performance.

2.5. Structure prediction and analysis

Homology modeling was used to predict the three-dimensional
structures of CaGSTU1-1 and its engineered variant CaGmGSTU,
providing a structural framework to contextualize the observed kinetic
behaviors. The dimeric model of CaGSTU1-1 bound to GSH is shown in
Fig. 7A. Based on structural homology to GmGSTU4-4 (Axarli et al.,
2009b), critical amino acid residues constituting the hydrophobic
substrate-binding site (H-site) were identified, including Phel0, Tyr107,
Argll1, Trpl14, and Ile212 (Fig. 7B). Similarly, residues critical for
GSH binding (G-site) were mapped and include Serl3, Phel5, Argl8,
Lys40, Lys53, Ile54, Ser67, and Lys104 (Fig. 7C). These residues are
consistent with those previously implicated in substrate recognition and
catalytic activity in Tau class GSTs (Axarli et al., 2009a, 2016).

Mapping the amino acid substitutions introduced through DNA
shuffling revealed that most of the altered residues in CaGmGSTU are
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located outside the G- and H-sites, often at solvent-exposed positions
(Fig. 7D). These peripheral locations suggest that most mutations are
structurally neutral, exerting minimal direct influence on catalysis or
substrate binding. However, one mutation, Ile212Leu, stands out as
potentially functionally relevant. Residue 212 is situated within the C-
terminal a-helix near the H-site, a region known to influence catalytic
dynamics and substrate access (Axarli et al., 2016).

Analysis of non-covalent interactions indicates that Ile212 in CaG-
STU1-1 participates in 57 distinct interactions, whereas Leu212 in
CaGmGSTU forms only 53. This reduction in contact number suggests a
modest destabilization of the C-terminal helix, potentially increasing
local flexibility. Given its proximity to the H-site, the Ile212Leu substi-
tution may enhance dynamic motions in this region, contributing to the
improved catalytic turnover observed in CaGmGSTU. This structural
adaptation is consistent with the altered kinetic and viscosity-
dependence profiles of the engineered variant.

To further explore the structural basis underlying the enhanced
catalytic behavior of CaGmGSTU, the flexibility of key secondary
structural elements was assessed through Normal Mode Analysis (NMA)
using the DynaMut server (Rodrigues et al., 2018; https://biosig.lab.uq.
edu.au/dynamut/). Particular focus was placed on the C-terminal
a-helix 11, previously implicated in modulating enzyme dynamics
(Fig. 1A). As shown in Fig. 7E, a-helix 11 exhibited the highest defor-
mation energy among all structural elements, indicating a region of
pronounced local flexibility. This was further supported by atomic
fluctuation analysis (Fig. 7F), which revealed elevated amplitude of
motion in this region, highlighting its dynamic nature. In addition to
a-helix 11, the loop connecting a-helices 4 and 5 also demonstrated high
flexibility and functional relevance. This loop influences the stability
and movement of a-helix 4, which in turn contributes critical residues to
the H-site, such as conserved tyrosine and arginine residues essential for
substrate interaction (Fig. 7B). The vector field representation of the first
non-trivial vibrational mode (Fig. 7G) illustrates large-scale coordinated
movements centered around a-helix 11 and the a4—a5 loop, reinforcing
their central role in the dynamic behavior of the enzyme. Furthermore,
residue cross-correlation analysis (Fig. 7H) showed strong positive cor-
relation in the motion of these regions, indicating that their fluctuations
are synchronized in both phase and frequency.

Taken together, these findings suggest that the kinetic enhancements
observed in CaGmGSTU are closely associated with altered flexibility in
specific structural domains, particularly a-helix 11 and the a4-a5 loop.
These dynamic regions appear to facilitate more efficient catalytic
turnover and substrate processing by modulating access and movement
at the active site.

2.6. Ligandin function

In addition to their well-established catalytic role, GSTs also perform
a non-enzymatic function known as ligandin activity and bind a wide
variety of endogenous and exogenous small hydrophobic molecules
without catalyzing chemical transformation (Ma et al., 2024; Yuan et al.,
2025). This binding typically occurs at the so-called L-site, a distinct
non-catalytic site that often partially overlaps with or is adjacent to the
G or H site of the enzyme (Schwartz et al., 2018).

To investigate the ligandin function, the binding and inhibitory ef-
fects of a range of pesticides on CaGSTU1-1 and CaGmGSTU were
examined, and the results are presented in Figs. 8 and 9 and listed in
Table 4. The ICsg values for CaGmGSTU provide a direct assessment of
the binding affinity between the pesticides and the enzyme. Across all
tested pesticides, CaGmGSTU consistently exhibited lower ICs values
(Table 4), indicating increased sensitivity to inhibition and suggesting
enhanced ligand-binding interactions. This is particularly evident in the
case of tolclofos-methyl (Arena et al., 2018), where the ICsy of
CaGmGSTU (78.4 + 6.4 pM) was significantly lower than that of CaG-
STU1-1 (134.6 + 14.7 pM), corresponding to a ~1.7-fold increase in
inhibitory potency. Similarly, for pyraclostrobin, the ICsy was reduced
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from 96.9 + 2.2 pM in CaGSTU1-1 to 53.7 + 1.8 pM in CaGmGSTU,
indicating a 1.8-fold enhancement in inhibitor binding. Another differ-
ence was observed with permethrin, where the ICs( dropped from 146.9
+ 7.5 pM to 93.6 + 8.8 pM in the mutant, a reduction of over 35 %,
further emphasizing the altered ligandin functionality of the engineered
enzyme. The ICsy values for endosulfan and diflubenzuron were also

a-helix 11

C-terminus
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lower in CaGmGSTU, though the differences were more modest.

Taken together, these data confirm that the directed evolution
strategy not only enhanced catalytic activity but also altered the en-
zyme’s xenobiotic-binding properties, particularly toward structurally
diverse pesticides. These findings support the potential utility of
CaGmGSTU in biosensing or bioremediation applications, where

[ lys108

C-terminus

a-helix 11

(caption on next page)
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Fig. 7. Structural and dynamic analysis of CaGSTU1-1 and the engineered CaGmGSTU variant. (A) Predicted surface model of CaGSTU1-1 showing the dimeric
structure with bound GSH represented as sticks and colored by atom type. (B) Key amino acid residues forming the hydrophobic substrate-binding site (H-site) are
shown in stick representation and colored by atom type; GSH is highlighted in green. (C) Key residues comprising the GSH-binding site (G-site) are shown, with GSH
in green. Hydrogen bonds are indicated by blue lines, hydrophobic interactions by dashed lines, and electrostatic interactions by yellow lines. (D) Predicted subunit
structure of CaGmGSTU. Residues differing from the CaGSTU1-1 parent sequence are depicted as sticks and colored by atom type. GSH is shown in green stick
representation. (E) Deformation dynamics analysis of CaGmGSTU using DynaMut (Rodrigues et al., 2018). The magnitude of structural deformation is represented by
tube thickness and color: blue (low), white (moderate), red (high). (F) Atomic fluctuation analysis of CaGmGSTU using DynaMut. Tube thickness and color represent
the amplitude of atomic motion: blue (low), white (moderate), red (high). (G) Vector field representation of the first non-trivial normal mode of CaGmGSTU,
highlighting large-scale dynamic motions, particularly in the C-terminal a-helix 11 and the a4—a5 loop. (H) Residue cross-correlation fluctuation map of CaGmGSTU.
Highly correlated residue pairs (correlation coefficient >0.8) are shown in red, indicating synchronized dynamic behavior (Cab = 1: same period and phase; Cab =
—1: same period, opposite phase; Cab = 0: no correlation). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version

of this article.)

increased sensitivity to environmental contaminants is advantageous.

Among the pesticides tested, tolclofos-methyl, a fungicide that in-
hibits phospholipid biosynthesis and is used to manage soil-borne dis-
eases (Arena et al., 2018), showed the highest inhibition potency.
Therefore, detailed inhibition kinetics analysis was performed to
examine the interaction of tolclofos-methyl with CaGmGSTU. Fig. 10
depicts the Lineweaver-Burk double-reciprocal plots for the inhibition of
CaGmGSTU by tolclofos-methyl. The results showed tolclofos-methyl
behaved as a competitive inhibitor of GSH (Fig. 10A) and linear
mixed-type inhibitor towards CDNB (Fig. 10C).

The inhibition constants determined from the secondary plots
derived from Lineweaver-Burk data (Fig. 10B-D) and found 30.7 + 2.5
puM and 46.5 + 3.5 uM towards GSH and CDNB, respectively. The in-
hibition patterns observed suggest that tolclofos-methyl competes with
GSH for binding at the enzyme’s G-site. In contrast, the mixed-type in-
hibition observed with CDNB indicates that tolclofos-methyl can bind
either to the free enzyme or to the enzyme-CDNB complex. This is
consistent with the competitive inhibition mechanism observed for GSH.
These data suggest that, at least in the case of tolclofos-methyl, the L-site
of CaGmGSTU is located within or overlaps with the G-site.

3. Conclusions

This study reports the successful engineering of a novel GST variant,
CaGmGSTU, through DNA shuffling of isoenzymes from C. arietinum and
G. max. The engineered enzyme exhibited significantly enhanced cata-
lytic efficiency, up to fourfold, towards model electrophilic substrates,
along with improved hydroperoxidase activity and altered ligandin
properties. Structural and kinetic analyses revealed that these functional
gains were primarily driven by modifications in enzyme flexibility,
particularly within dynamic regions critical for catalysis and substrate
binding. Given the rising environmental and agricultural concerns
associated with oxidative stress and pesticide contamination, CaGmG-
STU represents a promising candidate for biotechnological applications
in detoxification, stress tolerance enhancement, and sustainable crop
protection strategies.

4. Experimental
4.1. Molecular cloning

Total RNA was extracted from C. arietinum tissues following the
protocol established by Brusslan and Tobin (1992). First-strand cDNA
synthesis was carried out using a commercial reverse transcription kit
(Thermo Fisher Scientific), and the resulting cDNA was used as a tem-
plate for the amplification of three GST isoenzymes, CaGSTU1-1, CaG-
STU2-2, and CaGSTU3-3. Gene-specific primers (listed in Table S1) were
employed in PCR reactions conducted in a final volume of 50 pL,
comprising 8 pmol of each primer, 0.5 pg of cDNA, 50 pM dNTPs, 5 pL of
10 x reaction buffer, and 1 unit of Taq DNA polymerase. The PCR
conditions included an initial denaturation step, 30 amplification cycles
(94 °Cfor 30 s, 55 °C for 30 s, 72 °C for 1 min), and a final elongation at
72 °C for 10 min. The amplified products were initially cloned into the

pCR™ II-TOPO™ vector and subsequently re-amplified using the same
primers to ensure the amplification of full-length open reading frames
(ORFs). These amplicons were then directionally cloned into the
pEXP5-CT/TOPO®TA vector for expression under control of the T7
promoter. All recombinant constructs were confirmed by DNA
sequencing. The plasmid was transformed into chemically competent
E. coli BL21 (DE3) cells for recombinant protein production.

4.2. Bioinformatics and structural analysis

Putative homologs of GSTs in C. arietinum were identified using the
Phytozome database (https://phytozome-next.jgi.doe.gov/; C. arietinum
v1.0, genome ID: 492), employing the amino acid sequence of the
Glycine max GST isoenzyme GmGSTU4-4 (UniProt ID: 049235) as a
query. Multiple candidate sequences were retrieved and further evalu-
ated through BLASTn searches against the NCBI expressed sequence tag
(EST) databases. From these, three sequences showing expression under
various abiotic stress conditions were selected for experimental
characterization.

Multiple sequence alignment of the candidate CaGSTU isoenzymes
was performed using CLUSTAL Omega (Sievers and Higgins, 2018) and
visualized with ESPript 3 (Robert and Gouet, 2014). Homology model-
ling of CaGSTU1-1 and the engineered CaGmGSTU variant was carried
out via the SWISS-MODEL server (Waterhouse et al., 2018), using the
crystal structure of GmGSTU4-4 (PDB ID: 4TOP; 82.65 % identity) as the
structural template (Axarli et al., 2009b). Model reliability was assessed
based on the Global Model Quality Estimate (GMQE), yielding values of
0.84 and 0.85 for CaGSTU1-1 and CaGmGSTU, respectively. Structural
accuracy was further supported by QMEAN scoring (Z-score: 0.81)
(Benkert et al., 2011).

To examine molecular interactions, non-covalent contact analysis
was performed using both the Protein Contacts Atlas (Kayikci et al.,
2018) and the Arpeggio server (Jubb et al., 2017). Final model visual-
ization, structural superposition, and interaction mapping were carried
out using UCSF Chimera version 1.19 (Pettersen et al., 2004) and
PyMOL (DeLano, 2002).

4.3. Expression and purification

Expression of CaGSTU1-1, CaGSTU2-2, and CaGSTU3-3 enzymes
was carried out in E. coli BL21 (DE3) cells, cultured at 37 °Cin 1 L of LB
medium containing 100 pg/mL ampicillin. CaGSTU1-1 and CaGSTU2-2
were purified by affinity chromatography using a GSH-Sepharose CL6B
matrix activated with 1,4-butanediol diglycidyl ether. The column was
pre-equilibrated with 20 mM potassium phosphate buffer (pH 7.0), and
bound proteins were eluted with the same buffer containing 10 mM
reduced GSH.

In contrast, CaGSTU3-3 failed to bind to the affinity matrix, likely
due to a low intrinsic affinity for immobilized GSH. As a result, purifi-
cation was performed using ion-exchange chromatography on a DEAE-
Sepharose CL6B column. The resin (1 mL) was equilibrated with 20
mM KH,PO4 buffer (pH 7.5), and the clarified cell lysate was applied to
the column. After washing with 50 mL of the same buffer, bound
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Fig. 8. Comparative screening of pesticide inhibition potency toward
CaGSTU1-1 and CaGmGSTU. The inhibitory effects of selected pesticides on
CaGSTU1-1 and CaGmGSTU were assessed using the standard CDNB-GSH
assay. Inhibition percentages were calculated based on enzyme activity in the
presence versus absence of each pesticide. Results are visualized as a heatmap,
with color gradients indicating the mean inhibition values derived from three
independent replicates. In all cases, standard deviations were below 8 %,
indicating high reproducibility of the measurements. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
\Lersion of this article.)

proteins were eluted stepwise by increasing NaCl concentrations
(50-500 mM). CaGSTU3-3 eluted effectively at 150 mM NacCl.

4.4. Assay of enzyme activity, kinetics analysis and protein determination

Enzymatic activity was determined as previously described by Sko-
pelitou et al. (2015). Electrophilic substrates were prepared in ethanol
or acetonitrile, with final organic solvent concentrations in assay mix-
tures maintained between 2 % and 5 % (v/v). Reactions were conducted
at a constant temperature using potassium phosphate buffer (0.1 M, pH
6.5), and initial reaction rates were measured in triplicate to ensure
reproducibility. Initial velocity data were fitted to appropriate kinetic
models, either the Michaelis-Menten or sigmoidal kinetics model (Axarli
et al., 2016), using non-linear regression analysis in GraphPad Prism
(version 5.0) to derive the kinetic parameters. Protein quantification
was performed using the Bradford method with BSA as the reference
standard (Kielkopf et al., 2020).

4.5. DNA shuffling and activity screening

Directed evolution was carried out using the isoenzymes CaGSTU1-1
from C. arietinum and GmGSTU4-4 from Glycine max as parental se-
quences, following the DNA shuffling protocol described by Axarli et al.
(2016), with minor modifications. Equal quantities (1:1 ratio) of the
expression plasmids encoding CaGSTU1-1 and GmGSTU4-4 were mixed
to a final DNA concentration of approximately 2 pug. The mixture was
subjected to limited DNase I digestion (0.5 U in 50 pL with 10 x DNase
buffer) to generate fragments ranging from 50 to 100 bp. Digestion was
performed at multiple time intervals (0, 4, 6, 8, 12, and 15 min) and
terminated by heat inactivation at 65 °C for 10 min, followed by addi-
tion of stop buffer (0.1 mM EDTA final concentration). Fragmentation
efficiency was assessed by electrophoresis on a 2 % (w/v) agarose gel.

Random reassembly of DNA fragments was conducted using pri-
merless PCR with Kapa HiFi polymerase. Reaction products from the 8-,
12-, and 15-min digestions were used as templates. The thermal cycling
protocol for reassembly included an initial denaturation at 96 °C for 3
min, followed by 40 cycles consisting of 94 °C for 30 s, 55 °C for 1 min,
and 72 °C for 1 min, with a final elongation step at 72 °C for 7 min. The
reassembled genes were subsequently amplified by PCR using gene-
specific primers for CaGSTU1-1 and GmGSTU4-4, and a polymerase
mix (Kapa HiFi and Kapa Taq, 1:1). Amplification was performed using
the same cycling protocol as above. The resulting full-length chimeric
genes were confirmed by 1 % (w/v) agarose gel electrophoresis, then
cloned into the T7 expression vector pEXP5-CT/TOPO®TA. Following
sequence verification, the constructs were transformed into E. coli BL21
(DE3) for expression. The resulting library was functionally screened for
GST activity using the CDNB/GSH substrate system, as previously
described (Axarli et al., 2016).

4.6. Thermal stability

The thermal stability of CaGSTU isoenzymes and the engineered
CaGmGSTU variant was assessed by incubating the purified enzymes at
temperatures ranging from 4 °C to 80 °C for 10 min in 0.1 M potassium
phosphate buffer (pH 7.0). Following heat treatment, residual enzymatic



A. Kontouri et al. Phytochemistry 242 (2026) 114692

Table 4 4.7. Viscosity dependence of kinetic parameters
ICs0 values for the wild-type CaGSTU1-1 and the CaGmGSTU variant with pes-
ticides with the highest inhibition potency. To investigate the influence of solvent viscosity on catalytic effi-
Xenobiotic Enzyme ICso (M) ciency, kinetic assays for CaGSTU isoenzymes and the CaGmGSTU
Endosulfan CaGSTULL 632158 variant were conducted at 37 °C in 0.1 M potassium phosphate buffer
CaGmGSTU 56.7 + 4.8 (pH 6.5) supplemented with increasing concentrations of glycerol (0-40
Permethrin CaGSTU1-1 146.9 £ 7.5 % v/v). Enzymatic activities were then measured under each condition
CaGmGSTU 93.6 + 8.8 to evaluate the correlation between viscosity and kinetic parameters.
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a 50 % reduction in initial enzyme activity, relative residual activity (%)
was plotted as a function of temperature (°C). Data were analyzed and Declaration of competing interest
T values derived using GraphPad Prism software (version 5.0).
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