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Understanding the molecular mechanisms underlying insect adaptation is critical for elucidating the evolution of
pesticide resistance and improving pest management strategies. While host plant preadaptation has been pro-
posed to facilitate insecticide resistance, direct evidence remains limited. Here, we investigated a sigma-class
glutathione S-transferase (GST), LdGSTs2, in the Colorado potato beetle (Leptinotarsa decemlineata), a major
agricultural pest. LdGSTs2 is significantly overexpressed in an imidacloprid-resistant strain and induced by host
plant allelochemicals. Silencing LdGSTs2 via RNA interference increased susceptibility to imidacloprid, sup-
porting its functional role in resistance. Ligand-binding assays using 8-anilinonaphthalene-1-sulfonic acid (ANS)
revealed that LdGSTs2 interacts with a broad range of insecticides and potato-derived phytochemicals. We
further solved the 3D crystal structure of LdGSTs2 and performed molecular docking, which identified key
residues involved in ligand interactions. These findings demonstrate that LdGSTs2 may contribute to cross-
resistance by binding both synthetic and natural xenobiotics, without direct evidence of metabolic detoxifica-
tion. Our results provide new mechanistic insights into how sigma-class GSTs facilitate adaptation to environ-
mental toxins and highlight a potential molecular link between host plant use and insecticide resistance in
specialist herbivores.

(dsRNA)-based insecticidal compound [2-6]. As a specialist herbivore,
CPB mainly feeds on Solanaceae family plants which are enriched in

1. Introduction

The Colorado potato beetle (CPB), Leptinotarsa decemlineata, is a
global agriculture pest of the potato, Solanum tuberosum, and other
Solanaceae crops (e.g. tomato, eggplant). This insect causes significant
damage to potato crops by defoliation, which results in millions of
dollars of crop loss [1,2]. Over the past several decades, chemical con-
trol using various insecticides has remained the cornerstone of CPB
management. However, this approach has led to widespread insecticide
resistance in beetle populations. Since the middle of last century, CPB
has developed resistance to more than 50 different active ingredients,
including all major insecticide classes. Laboratory selection also pro-
duced a strain resistant to a recently developed double-stranded RNA
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diverse plant secondary metabolites such as phenolic acids, glyco-
alkaloids, flavonoids, and their derivatives in flowers, leaves, stems and
other tissues [7]. These secondary metabolites do not directly partici-
pate in plant growth or development, but play crucial roles in defending
plants against bacteria, fungi, viruses, and insect herbivores, thereby
enhancing plant fitness under stress conditions [8]. For instance,
phenolic acids are among the major phenolic compounds in potato
plants and are characterized by one or more hydroxyl groups attached to
an aromatic ring [8,9]. These compounds can be directly toxic to her-
bivores or enzymatically oxidized by peroxidases or polyphenol oxidases
into reactive quinones and other toxic metabolites that impair insect
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growth and development [8,10-12]. Other secondary metabolites found
in potato, such as caffeic acid, a-solanine, and a-chaconine, also serve as
plant defense compounds and negatively impact the development,
growth, and biochemical physiology of insects [13-15].

It has been proposed that the long evolutionary history of coping
with toxic secondary metabolites in host plants has likely contributed to
the Colorado potato beetle’s robust ability to develop insecticide resis-
tance [16,17]. This adaptation is thought to be mediated, at least in part,
by shared metabolic detoxification pathways [18]. Specifically, meta-
bolic detoxification involving cytochrome P450s, glutathione S-trans-
ferases (GSTs), uridine diphosphate-glycosyltransferases (UGTs), and
carboxylesterases is considered to be one of the most dominant cross-
resistance mechanisms potentially linking adaptation to host plant
toxins with the development of insecticide resistance [17-23]. Among
these enzymes, GSTs consist of a large family of multifunctional enzymes
distributed throughout various organisms (e.g. animals, plants, arthro-
pods) [24]. GSTs are involved in Phase II of the xenobiotic detoxification
process and also have other functions such as in oxidative stress and
hormone transport [25]. GSTs function by catalyzing the conjugation
reaction of electrophilic compounds with the thiol group of reduced
glutathione (GSH), resulting in products that are more water-soluble and
excretable than the uncatalyzed substrates [26]. In addition, GSTs, as
part of the antioxidant enzyme system, help protect against oxidative
stress induced by pesticides, plant allelochemicals, and various other
abiotic stressors [27,28]. This versatility enables GSTs to act on a broad
spectrum of substrates, facilitating adaptation to both host plant de-
fenses and synthetic insecticides [21,25].

GSTs can be classified into three categories based on cellular loca-
tion: cytosolic, microsomal, or mitochondrial GSTs. However, only
cytosolic and microsomal GSTs have been discovered in insects [21,29].
Cytosolic GSTs are water soluble enzymes and can be further classified
into six classes: zeta, theta, sigma, omega, delta, and epsilon — based on
sequence, structure and function, with delta and epsilon classes being
specific to insects [30,31]. Sigma class of GSTs comprises one of the
largest classes identified across both vertebrates and invertebrates [32].
It is believed to have evolved from ancestral GST genes and exhibits
enzymatic activity toward the common substrates 1-chloro-2,4-dinitro-
benzene (CDNB), 4-hydroxynonenal (HNE) which is a lipid peroxida-
tion (LPO) product [29,33]. Sigma class GSTs have been implicated in
both insecticide resistance and adaptation to host plant defenses, pri-
marily through their roles in mitigating oxidative stress [33]. For
example, NIGSTsl and NIGSTs2 have been shown to contribute to
insecticide resistance in the brown planthopper, Nilaparvata lugens,
partly due to their antioxidant functions. These same mechanisms also
appear to help protect N. lugens against rice plant defense [34]. The
number of GST genes in a genome varies across insect species from 41 in
the red flour beetle, Tribolium castaneum, to 11 in N. lugens. Previous
studies have shown that GSTs contribute resistance against various in-
secticides in several CPB populations [35-38]. Recent genome and
transcriptome analyses have identified 30 LdGSTs, including 4 sigma, 3
delta, 10 epsilon, 5 theta, and 1 zeta GSTs [21,39]. While one functional
characterization study [40] and one RNAi-based investigation have
begun to explore the roles of specific GSTs in CPB [38], the broader
functional significance of these genes in xenobiotic adaptation remains
largely uncharacterized.

In this study, we investigated the functional role of a novel GST gene,
LdGSTs2, identified in the CPB [39-41]. LdGSTs2 was significantly
overexpressed in the resistant CPB strain compared to the susceptible
one, and its expression was further induced upon feeding on potato
leaves. Based on these findings, we hypothesized that LdGSTs2 facili-
tates its robust capability toward insecticide resistance and host plant
adaptation. To test our hypothesis, we silenced LdGSTs2 by RNAi and
evaluated its effect on susceptibility of the CPB to imidacloprid. We
further expressed recombinant LAGSTs2 protein in E. coli to characterize
its kinetic parameters and substrate specificity. Finally, we determined
the X-ray crystal structure of LdGSTs2 and conducted protein-ligand
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interaction analysis using the crystal structure and molecular docking
to gain structural perceptions into substrate recognition. Together, our
findings provide mechanistic insights into how a GST like LdGSTs2 may
mediate cross-resistance to both plant toxins and insecticides, shedding
light on the molecular basis of the remarkable adaptive capacity in this
notorious agricultural pest.

2. Materials and methods
2.1. Insects

A laboratory-maintained susceptible colony of Leptinotarsa decemli-
neata was originally acquired from French Ag Research, Inc. (Lamber-
ton, MN) and has since been propagated without any pesticide exposure
[40]. The insecticide-resistant population used in this study was
collected from the University of Maine’s Aroostook Research Farm
(Presque Isle, ME, USA) [42]. Both colonies were maintained on Solanum
tuberosum cv. Red Norland in separate BugDorm insect rearing cages
(MegaView Science Co., Ltd.) maintained in a greenhouse facility at
Penn State, under controlled conditions (25 + 5 °C, 16, 8 h light, dark
cycle). Pesticide-free potato plants were supplied weekly to ensure
continuous food availability. Eggs were collected daily and incubated in
petri dishes under consistent environmental conditions (25 + 1 °C, 70 %
relative humidity, 16, 8 h L, D). Upon hatching, larvae were fed fresh
potato foliage until reaching the second instar, at which point they were
returned to the greenhouse cages with whole plants for continued
development.

2.2. Bioinformatics & phylogenetic analysis

LdGSTs2 was identified from our previous transcriptomic study of
CPB and exhibited 100 % sequence similarity to XP_023025843.1 from
the CPB [16,40]. A total of 149 GST amino acid sequences from four
different insect species, Drosophila melanogaster, Apis mellifera, Tribolium
castaneum, and L. decemlineata were retrieved from NCBI database
(https://www.ncbi.nlm. nih.gov) (Table S1). Multiple sequence align-
ment was performed using MUSCLE in MEGA11 at default settings.
Maximum likelihood (ML) unrooted phylogenetic tree was then inferred
using RaxML 8.2.12 [43-45]. Confidence on each phylogenetic tree was
assessed with 500 bootstrap replications. Additionally, the isoelectric
point, molecular weight, and extinction coefficient were calculated
using Expasy ProtParam tool (https://web. expasy.org/protparam/),
and a signal peptide analysis was conducted with Signal 4.1 server (http
://www.cbs.dtu.dk/services/SignalP-4.1/).

2.3. RNA extraction & cDNA synthesis

Total RNA was prepared from three replicates of pooled samples,
including eight developmental stages and six body parts/organs from
both susceptible and resistant CPB populations. For developmental
stages, a set number of samples was collected for each replicate: 1-day
egg (50 eggs), 5-day egg (50 eggs), 1% instar larva (10 individuals),
2" jnstar larva (10 individuals), 3" instar larva (five individuals), 4™
instar larva (three individuals), pupa (three individuals), adult male
(three individuals) and adult female (three individuals). Six different
samples were collected from 5 to 15 females (1-week old) per replicate
from both susceptible and resistance strains, including head, leg,
midgut, fat body, ovary, and Malpighian tubules. Three independent
replicates were performed. Trizol Reagent (Invitrogen) was used to
extract RNA for each pooled sample by following the manufacturer’s
protocol. Extracted RNA was then treated with Invitrogen Turbo™
DNAse (Thermo Fisher Scientific, Waltham, MA, USA) to eliminate
genomic DNA contaminant. The RNA quality and quantity were evalu-
ated with a NanoDrop One Microvolume UV-Vis Spectrophotometer
(Thermo Scientific, Madison, WI, USA). The A260/280 value of 1.8-2.0
was used as a standard to assess RNA quality. 5 ug purified RNA samples
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were then used for cDNA synthesis with M-MLV reverse transcriptase kit
(Promega, Madison, WI, USA) following the manufacturer’s protocol.

2.4. Induction assays

To test the role of LdGSTs2 in the induction of plant allelochemicals,
two treatments of potato leaves and artificial diet (Colorado potato
beetle diet, Bio-Serv, Frenchtown, NJ) were used. The resistant beetles
were starved for 24 h and then fed either 0.5 g of fresh potato leaves or
artificial diet. The control insects were fed on an artificial diet for 48 h.
The plant allelochemical treated beetles were fed on artificial food for
24 h and then fed on potato leaves for 24 h as described in our previous
study [16]. The midgut samples without gut contents were then
collected for RNA extraction and cDNA synthesis as described previ-
ously. Three replicates with five adult CPB females per replicate were
used for this induction assay.

2.5. Quantitative real-time PCR (qRT-PCR)

gRT-PCR was performed in a CFX96 Touch real-time PCR detection
system (Bio-Rad Laboratories, Hercules, CA) for the expression of
LdGSTs2 in samples following the procedure described in our previous
study [40]. Each reaction consisted of 5.0 uL SsoAdvanced™ Universal
SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA), 1.0 uL
c¢DNA, 3.6 uL ddH20, and 0.4 uL of forward and reverse primers
(Table S2). An initial incubation of 95 °C for 3 min, followed by 35
cycles of 95 °C for 10's, 55 °C for 30 s, 95 °C for 10 s, and 65 °C for 5 s
settings were used. Two reference genes, elongation factor 1o (Efla) and
ribosomal protein L4 (Rpl4) were used for relative expression of LdGSTs2
with the 2"22¢T method [1 6,46,47]. Primers with efficiency (95 % < E <
105 %) at R% > 0.99 were used in qRT-PCR. Three biological replicates
and three technical replicates were conducted.

2.6. RNA interference and bioassay

The dsRNAs were synthesized using the MEGAscript RNAi kit
(Invitrogen) with primers tailed with T7-TAATACGACTCACTATAGGG
(Table S2) by following manufacturer’s instruction. A pET His6 GFP
TEV LIC cloning vector plasmid (addgene#29663) was used as template
for a green fluorescent protein (GFP) gene (dsGFP) dsRNA synthesis. The
dsRNA was then purified using an Invitrogen Turbo DNA-free™ Kit
(Thermo Fisher Scientific, Waltham, MA, USA) by following protocol
with kit. The concentration of dsRNA was measured using NanoDrop
One (ThermoFisher). The dsRNA feeding bioassay was performed as in
our previous studies [46,48]. In brief, 1-week old female beetles
showing normal activity and no visible abnormalities were starved for
24 h before initiation of the bioassay. Each replicate consisted of 10
female individuals with additional individuals reserved for assessing
knockdown efficiency. Each replicate also included a corresponding
control group. Two female beetles were provided with a leaf disc (2 cm
in diameter) that had 10 ug dsLdGSTs2 or dsGFP (5 ug/beetle) dissolved
in 30 uL of ddH20 in a 6 cm diameter petri dish. Each beetle was fed 5 ug
dsRNA daily for two consistent days, followed by one day of feeding on
fresh potato leaves only. The beetles then were submitted to knockdown
efficiency assessment or bioassay. For knockdown efficiency assessment,
total RNA was extracted from beetles in each replicate and used to
synthesize cDNA for qRT-PCR. Six biological replicates were conducted
independently. The relative expression of LdGSTs2 in female beetles fed
dsLdGSTs2 or dsGFP was calculated and compared.

For the bioassay, 10 female beetles fed dsLdGSTs2 or dsGFP were
anesthetized for 15 min on ice prior to the assay. 1 yL (1 ug/uL) imi-
dacloprid (99.5 % purity, Sigma Aldrich, St. Louis, MO, USA) dissolved
in acetone was applied to the ventral surface of the penultimate
abdominal segment using a Hamilton 25 uL model #702 syringe
(Hamilton, Reno, NV, USA). The control beetles were treated with the
same volume of acetone only. After treatment, all CPBs were kept on ice
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for about 10 min and then transferred to fresh petri dishes containing
potato leaves and maintained in a rearing room at 25 + 1 °C, 60 % £ 5
%, and a 16:8 photoperiod regime. CPB mortality was assessed at 24-
and 48-h post-treatment. The determination of mortality in an individ-
ual CPB to pesticide treatment was adapted from prior studies [49,50]
using three criteria [51]. Six biological replicates were conducted
independently for control and treatment.

2.7. Heterologous expression and purification

A construct with the codon optimized LdGSTs2 coding region and a
C-terminal his-tag (QVLEHHHHHH) cloned into a pET30a plasmid
(GenScript®). The plasmid then was transformed into Rosetta™ II (DE3)
pLysS cells and grown on lysogeny broth (LB) agar plates, transformants
were selected for with antibiotics (50 yg/mL kanamycin and 25 pg/mL
chloramphenicol). Five colonies were selected and confirmed with PCR
for LdGSTs2 insert. Positive colonies were grown up in 5 mL of LB
supplemented with antibiotics in shaking incubator at 37 °C overnight
(Thermo Scientific MaxQ 6000 Incubated Stackable Floor Shaker). Stock
cells cultures were centrifuged overnight at 3000 rpm (Thermo Sorvall
Legend XTR refrigerated centrifuge) at 4 °C and pellets were resus-
pended in 70 % LB:30 % glycerol and stored at —80 °C for use as stock
cultures.

For expression of the LdGSTs2 protein, overnight 50 mL cultures
started from stock culture stabs were grown at 37 °C in terrific broth
(TB) with antibiotics (50 pg/mL kanamycin and 25 pg/mL chloram-
phenicol) and then used to inoculate a 1.2 L TB culture in a Fernbach
shake flask, incubated at 37 °C and at 250 rpm in a shaking incubator
(Thermo Scientific MaxQ 6000 Incubated Stackable Floor Shaker) until
ODgoonm reached 0.8. The culture was then cooled in an ice bath and
induced by adding isopropyl p-d-1-thiogalactopyranoside (IPTG) to a
concentration of 0.5 mM, followed by further incubation at 20 °C and at
250 rpm shaking for an additional 21 h. Cells were harvested by
centrifugation at 3500 rpm (Thermo Sorvall Legend XTR refrigerated
centrifuge) for 15 mins at 4 °C and the cell pellets were frozen at —20 °C
until needed for purification.

For purification of LdGSTs2, cell pellets were resuspended in five
volumes of lysis buffer (per pellet volume) at pH 7.2 containing 50 mM
NaPi, 500 mM NaCl, 20 mM Imidazole, and one EDTA-free protease
inhibitor tablet (Thermo Scientific™ Pierce™) per 50 mL. Cells were
lysed on ice by sonication using a Branson Digital Sonifier SFX 150 at 70
% amplitude for 30 s per pulse, repeated 5-7 times. Then, soluble pro-
teins were separated from insoluble debris by centrifugation at 18,000
xg. The resulting supernatant was applied to a Ni-NTA affinity column
pre-equilibrated with binding buffer (50 mM NaPi, 300 mM NacCl, 20
mM imidazole, pH 7.2). The column was then washed with the same
buffer to remove nonspecifically bound proteins. LdGSTs2 was eluted
using an elution buffer containing 50 mM sodium phosphate, 300 mM
NaCl, and 250 mM imidazole (pH 7.2). Using an NGC Medium-Pressure
Liquid Chromatography System (Bio-Rad®), the purified protein was
subjected to a 100x buffer exchange into 20 mM MES, 5 mM DTT (pH
6.5), and applied to a HiScreen Capto SP ImpRes column (Cytiva®). A
linear gradient of over 20 column volumes (CV) from buffer A (20 mM
MES, 5 mM DTT, pH 6.5) to buffer B (20 mM MES, 5 mM DTT, 1 M NaCl,
pH 6.5) was run to wash and elute LdGSTs2. SDS-PAGE was performed
to analyze the fractions containing LdGSTs2. These fractions were then
pooled and concentrated to 1 mL, followed by injection onto a HiLoad
Superdex 200 pg size exclusion column (Cytiva®) connected to an NGC
Medium-Pressure Liquid Chromatography System (Bio-Rad®), and
eluted with flow rate of 0.5 mL/min, using a buffer of 20 mM MES, 150
mM NaCl, 5 mM DTT, and 1 mM EDTA at pH 6.5. Elution was concen-
trated to 30 mg/mL and flash frozen with liquid nitrogen and stored at
—80 °C for later use. Purified LdAGSTs2 concertation was calculated using
the extinction coefficient Aogonm = 1.045 L-g’l-cm’l.
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2.8. LdGSTs2 glutathione conjugation activity

Enzyme assays for recombinant LdGSTs2 were performed at a reac-
tion volume of 200 uL in 96-well UV-star® (Greiner Bio-One) micro-
plates, using a Spark® multi-mode plate reader (TECAN) set at 30 °C.
Path-length corrected molar attenuation coefficients were used for cal-
culations. Controls without enzyme were run to account for non-
catalytic enzyme reaction contributions and all assays were run in
triplicate. A pH activity profile was conducted across a range of pH 6.0
to pH 8.0 using 100 mM potassium phosphate buffer. The pH assay was
performed by changing the ratio of KHyPO4 to KoHPO4 to maintain
precise pH control throughout the assay. CDNB and GSH were each held
at concentration of 1 mM and LdGSTs2 was at 0.05 mg/mL, wavelength
was read at 340 nm every 10 s for 1 min and 10 s. Enzyme kinetics
parameters were determined using model substrate CDNB and GSH with
a method modified from Habeg et al. 1974 [26]. The assay buffer con-
tains 100 mM potassium phosphate with pH at 7.2. For the CDNB assay,
GSH was held constant at 4 mM and CDNB varied from 0.25 mM to 6 mM
with LdGSTs2 at 0.1 mg/mL. For the GSH, CDNB was held constant at 2
mM and GSH varied from 0.0625 mM to 8 mM. The GSH kinetic pa-
rameters were calculated by fitting data to Michaelis-Menten plot with
non-linear regression in GraphPad Prism 10.4.1. For the variable con-
certation CDNB assay, the plot displayed a sigmoidal character. There-
fore, model comparison was performed using Akaike’s Information
Criterion (AIC) to evaluate the fit of the Michaelis-Menton model verses
an allosteric sigmoidal model.

2.9. Fluorescence binding assay

Competitive fluorescence binding assay was performed by using ANS
as a fluorescent probe to investigate the capability of various ligands to
bind the H-site of LdGSTs2. ANS has been used in previous studies to
investigate ligands that bind to hydrophobic pockets in proteins. In the
case of GSTs, ANS has been shown to bind at a 1:1 molar ratio [52-54].
For LdGSTs2, a saturation binding assay with ANS was performed in
assay buffer 100 mM KPi, pH 6.5, with LdGSTs2 concertation held at 2
uM, and ANS concentration varied from 0 uM to 128 uM. The K4 for ANS
was found by fitting a hyperbolic binding curve in GraphPad Prism
10.4.1, with non-linear regression using fitting equations developed by
Richard Neubig [55,56]. For ligand competition assay, LdGSTs2 was
held at 2 uM, ANS at 25 yM, and ligands were varied from 15.625 M to
2.0 mM. Assays were run in a total volume of 200 uL per reaction in
black flat bottom 96-well plates, incubated for 10 mins at 30 °C, and
fluorescence intensity was measured in a Tecan Spark® plate reader
with 380 nm/20 nm excitation filter and 485 nm/20 nm emission filter.
Known ligands to commonly bind GST H-sites, including CDNB, p-
nitrophenyl acetate (PNA), and ethacrynic acid (EA) were used as assay
positive controls. GSH was used as a negative control as it binds to the G-
site. Ligands tested included the insecticides acephate, carbaryl, chlor-
pyrifos, malathion, methamidophos, acetamiprid, clothianidin, imida-
cloprid, and thiamethoxam; the herbicides 2,4-D, dicamba, fenoprop,
picloram, and triclopyr; the fungicide propiconazole; the natural prod-
ucts caffeic acid, cinnamaldehyde, chlorogenic acid, p-coumaric acid,
and vanillin; and the pesticide metabolites 6-chloronicotinic acid, 2,4-
dichlorophenol, and 3,5,6-trichloro-2-pyridinol (TCPy). Fluorescence
inhibition curves were generated in GraphPad Prism 10.4.1 to calculate
IC50 values for competitive ligands, which were then used to calculate
dissociation constants (Kj) with the equation K; = (IC50)/(1 + [ANS]/
K4-ANS) [57]. The assays were run in triplicate.

2.10. Protein crystallization and molecular docking

LdGSTs2 crystallization was conducted by using sitting drop vapor
diffusion method at 20 °C as described in our previous study [40].
LdGSTs2 was added to sitting drop well at a concentration of 15 mg/mL
and mixed with a reservoir solution (100 mM Tris with pH at 8.5, 0.1
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mM MgCl,, and 30 % w/v PEG 3350) in a 1:1 ratio, followed by incu-
bation at 20 °C. Crystal growth was assessed daily over a prolonged
period. Due to the poor diffraction quality of the initial crystals,
microseeding was explored to facilitate the growth of higher-quality
crystals. The resulting crystals were cryoprotected in mother liquor
containing 37.5 % w/v glucose. Cryoprotected crystals were flash frozen
in liquid nitrogen (LN2) and shipped to Macromolecular X-ray science at
the Cornell High Energy Synchrotron Source (MacCHESS) beamline 7B2
for remote data collection. The XDS software package, CCP4 software
suite and AIMLESS were used for data processing, initial phasing was
done with molecular replacement using PBD ID 5H5L and Phenix
Phaser-MR program, initial model building was done with Phenix
Autobuild, refinement was done using Phenix Refine, Coot, Phenix
feature-enhanced map, and using an AlphaFold2 model for restraints
[58-68]. Structural analysis was performed with UCSF Chimera, UCSF
ChimeraX, PyMOL (http://www.pymol.org/pymol), CavitOmix pymol
plugin with LIGSITE algorithm, the PISA program (Proteins, Interfaces,
Structures and Assemblies) made available by the European Bioinfor-
matics Institute at http://www.ebi.ac.uk/pdbe/prot_int/pistart.html,
and Coot [61,69-72]. Structure figure images were rendered with UCSF
ChimeraX [70]. For molecular docking, chlorogenic acid and chlorpyr-
ifos were downloaded from PubChem (https://pubchem.ncbi.nlm.nih.
gov), docking was done with AutoDock Vina via the DockingPie 1.2
plugin installed in PyMOL 3.0.4 with exhaustiveness set to 20, possible
poses set to 10, and the grid box was set to cover the volume of the active
site.

2.11. Statistical analysis

Data presented in this study were presented as standard means + SE.
A Student’s t-test was used to analyze the differential expression profile
of LdGSTs2 between the two CPB populations. Significance was denoted
as ** representing p < 0.01, *** for p < 0.001. One-way ANOVA with
Tukey’s test was used to analyze the developmental and spatial
expression profiles of LdGSTs2 among samples. Statistical significance
among samples was denoted by distinct alphabetical letters (e.g. a, b, c),
where identical letters next to the means denote no significant differ-
ence. SPSS 2.0 statistical software program (Chicago, IL) was used for
analysis.

3. Results
3.1. Phylogenetic analysis

As illustrated in Fig. 1, the maximum likelihood phylogenetic anal-
ysis showed that LdGSTs2 is most closely related to the sigma GSTs from
other well-studied insects, including D. melanogaster, A. mellifera,
T. castaneum, and L. decemlineata. The highest similarity to other insect
GSTs was observed with a sigma GST from T. castaneum
(XP_008190960.1), showing an 44.12 % sequence identity at protein
level. The accession numbers, species names, and GST classifications for
all sequences used in constructing the phylogeny are listed in Table S1.

3.2. Expression profiles of LdGSTs2

The differential expression of LdGSTs2 revealed a 2.8-fold increase of
LdGSTs2 expression in the resistant CPB strain compared to the sus-
ceptible strain (Fig. 2A). Among the six tissues tested, LdGSTs2 showed
the highest expression in both midgut and Malpighian tubules from both
CPB strains. A significantly higher expression-1.9-fold difference was
observed in the Malpighian tubules from the resistant strain compared to
the susceptible one (Fig. 2B). In the potato leaf induction assay, LdGSTs2
expression in the midgut of adult females reached 18-fold higher after
48 h of feeding on potato leaves compared to beetles fed on the artificial
diet (Fig. 2C). In addition, across the development stages, the highest
expression of LdAGSTs2 was observed in the adult female stage, while the
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Fig. 1. Phylogeny Tree of LdGSTs2 with other GSTs from Drosophila melanogaster, Bombyx mori, Manduca sexta, Tribolium castenum, and Anopheles gambiae.

lowest expression occurred in the eggs (1-day and 5-day) and pupa 3.4. LdGSTs2 kinetic parameters
stages (Fig. 2D) in both strains.
LdGSTs2 was expressed recombinantly and purified to homogeneity

3.3. LdGSTs2 silencing enhanced insecticide susceptibility using chromatographic methods detailed in materials and methods, final
product was visualized using SDS-PAGE, and a single protein band was
To test whether LdGSTs2 is involved in insecticide resistance, we seen at ~25 kDA (Fig. S1). The molecular mass of the LAGSTs2 construct

examined the effect of LdGSTs2 RNAi on insecticide susceptibility of was calculated with Expasy Compute pl/Mw, to be 25.777 kDa, and pI to
female CPB adults. The mortality of 1-week old female CPB adults be 7.78. Based on the pH profile assay, using the model substrate CDNB,
treated with 1 ug imidacloprid were examined and compared between the highest GSH transferase activity toward CDNB tested was at pH 7.2
dsGFP feeding beetles and dsLdGSTs2 feeding beetles at 24- and 48-h (Fig. S2). Since LdGSTs2 is a two-substrate enzyme, LdGSTs2 was also
post-treatment. As shown in Fig. 3A, following treatment, RNAi with assayed with variable GSH concentration with constant CDNB concen-
dsLdGSTs2 through feeding achieved a successful 90 % reduction in tration and with variable CDNB concentration and fixed GSH concen-
LdGSTs2 expression. The silencing of the LdGSTs2 did not lead to more tration. The resulting data, obtained using varied GSH concentration
mortality in 24-h post-treatment compared to the beetles fed dsGFP. and fixed CDNB concentration, fit a typical hyperbolic curve and
However, after 48 h, beetles fed on dsLdGSTs2 showed significantly Michaelis-Menten kinetic parameters were calculated (Fig. 4 and
higher mortality than that in the control (Fig. 3B). Table 1). The Vimax, Km, Kcat, and keqe/ K values for GSH were 197.07 +

5.35 yM/min, 0.13 + 0.02 mM, 50.80 min~!, 390.77 min~! - mM?,

respectively. When CDNB concentration was varied and GSH
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concentration held fixed, the data plotted as a sigmoidal curve and was
fit to the Hill equation. The resulting kinetic parameters were Vyax =
1023.12 + 73.64 yM/min, Kpgr = 3.20 + 0.02 mM, keg = 263.73, kear/
K, = 82.41, and a Hill coefficient (h) of 1.54 + 0.11.

3.5. LdGSTs2 binds to a broad range of pesticides and potato-derived
phytochemicals

After confirming that LdGSTs2 could metabolize the model substrate
CDNB in vitro, the ligand spectrum of LdGSTs2 was investigated with a
competitive fluorescence binding assay using ANS as the fluorescence
probe. Ligands from multiple chemical classes were screened, including
model GST substrates, insecticides, herbicides, fungicide, pesticide me-
tabolites, and natural products for their ability to displace ANS from
LdGSTs2 and decrease fluorescence intensity.

First, for the competitive ligand fluorescence binding assay, the af-
finity of the fluorescent probe ANS was determined by fitting a non-
linear regression saturation binding curve (Fig. 5A). The resulting K4
of LdGSTs2 toward ANS was 25.20 + 0.98 pM. Next, data obtained from
the competitive fluorescence binding assay was used to plot inhibition
curves (Fig. 5A) and fit respective IC50 values. For ligands that gave at
least 50 % fluorescence inhibition, K; values were calculated with the
Cheng and Prusoff equation [73] and listed in Table 2.

Model substrates (CDNB, PNA, and EA) were tested to assess the
appropriateness of the ANS competitive binding assay with LdGSTs2
(Fig. 5B). For the G-site substrate GSH, no IC50 value could be deter-
mined as the maximum inhibition of fluorescence only reached 21 %.
These findings confirmed that the binding of GSH to LdGSTs2 had
minimal impact on ANS binding, indicating that the experiment was
effective and support the conclusion that GSH and ANS interact pri-
marily with the G-site and H-site, respectively. For the model substrates
that bind to the H-site- CDNB, EA, and PNA- exhibited greater than 50 %
fluorescence inhibition, resulting in IC50 values of 1.199 + 0.057 mM,
0.280 + 0.005 mM, and 0.828 + 0.093 mM, respectively. The calculated
K;values were 0.755 mM for CDNB, 1.123 mM for EA, and 0.262 mM for
PNA (Table 2). In addition to model substrates, multiple insecticides
from the organophosphate, carbamate, and neonicotinoid classes were
tested (Fig. 6A). The only insecticide tested that was able to effectively
displace ANS from the H-site and inhibit fluorescence was organo-
phosphate chlorpyrifos (Fig. 6A), resulting in an IC50 of 0.166 + 0.016
mM and K; of 0.155 mM. Among additional pesticides tested (Fig. 6B)
including multiple herbicides and the triazole fungicide propiconazole,
only herbicides fenoprop and triclopyr reached 50 % or greater

A

1000 =

Vo (UM/min)

0 1 2 3 4 5 6 7
[CDNB] (mM)

1
8
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Table 1
Kinetic parameters for LAGSTs2.
Substrate  Vpyax (HM/min) h Kparr (mM) Keat Keat/Knai
(min™)  (min~'-
mM’l)
1.54
CDNB 1023.12 + 73.64 + 3.20 £ 0.34 263.73 82.41
0.11
GSH 197.07 £ 5.35 - 0.13 + 0.02 50.80 390.77

fluorescence inhibition (Fig. 6B). Titration of LdAGSTs2:ANS with feno-
prop resulted in an IC50 of 0.257 + 0.003 mM and a K; of 0.241 mM,
while triclopyr had an IC50 of 1.572 + 0.068 mM and K;j of 1.472 mM. In
addition, multiple natural products and pesticide metabolites, such as
caffeic acid, cinnamaldehyde, chlorogenic acid, vanillin, 2,4-dichlor-
phenol and TCPy, were also able to inhibit fluorescence by more than
50 % (Fig. 6C). Two plant secondary metabolites that are also volatile
aromatic aldehydes, cinnamaldehyde and vanillin, exhibited significant
fluorescence inhibition. Cinnamaldehyde had an IC50 of 0.360 + 0.002
mM and K; of 0.337 mM, whereas vanillin demonstrated an IC50 value
of 1.077 + 0.020 mM and K; of 1.009 mM. As for caffeic acid, a phe-
nylpropanoid biosynthesis product, it had an IC50 value of 0.968 +
0.049 mM and K; of 0.906 mM. Additionally, chlorogenic acid, an ester
of quinic acid and caffeic acid, exhibited an IC50 of 0.480 + 0.013 mM
and Ki of 0.450 mM. Lastly, the pesticide metabolites tested 2,4-dichlor-
ophenol and TCPy gave IC50 values of 1.322 + 0.022 mM and 1.119 +
0.043 mM, and Ki values of 1.238 mM and 1.048 mM, respectively.

3.6. Crystal structure and molecular docking analysis of LdGSTs2

LdGSTs2 crystallized in the space group P2; with unit cell di-
mensions a = 49.372 A, b =88.781 i\, ¢ =97.902 A, and angles a = 90°,
B =99.73° y = 90°. There were four LdGSTs2 molecules in the asym-
metric unit, composed of two dimers. The LdGSTs2 structure (PDB ID
9P6K) was refined to a resolution of 2.8 1°\, with R-work at 0.2232 and R-
free at 0.2738. Full crystal data statistics can be found in Table 3.

HHpred (https://toolkit.tuebingen.mpg.de/tools/hhpred) was used
to search for sequence homologues to LdGSTs2 and to perform
comparative analysis. The resulting structural sequence alignment is
shown in Fig. S3. The closest homologue was a sigma GST from Blattella
germanica (PDB ID 4Q5R), with a homologue probability score of 100 %,
sequence identity at 40 % and similarity score at 0.796. GSTs2 (PDB ID
5H5L) from N. lugens also displayed the highest sequence identity at 44
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Fig. 4. The steady-state initial velocities of recombinant LdGSTs2 at varying substrate concentrations. Initial velocities were determined for both CDNB as the
variable substrate and holding GSH fixed (A), and GSH as the variable substrate and CDNB fixed (B).
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Fig. 5. Competitive binding curves of model substrate to purified recombinant LAGSTs2 protein. (A) Binding curve of LAGSTs2 with the fluorescent probe ANS and
the fluorescence of ANS alone. Fluorescence intensity is plotted on the y-axis with ANS concertation on the x-axis. (B) LdGSTs2 binding curves with co-substrate GSH
or model substrates PNA, CDNB, and EA. Fluorescence intensity is plotted on the y-axis with ligand/substrate concertation on the x-axis.

Table 2
Ligand binding data for LdGSTs2.
Category Ligand IC50 (mM) Ki (mM)
GSH - -
. CDNB 1.199 + 0.057 0.775
Model ligands Ethacrynic Acid 0.280 £ 0.005  1.123
PNA 0.828 + 0.093 0.262
Fungicide Propiconazloe - -
2,4-D - -
2,4-Dichlorophenol 1.322 + 0.022 1.238
- . Dicamba - -
Herbicides and metabolites Fenoprop 0.257 + 0.003 0.241
Picloram - -
Triclopyr 1.572 + 0.068 1.472
2,4-Dichlorohenol 1.322 + 0.022 1.238
Acephate - -
Acetamiprid - -
Carbaryl - -
Chlorpyrifos 0.166 + 0.016 0.155
Insecticides and metabolites Chlothianidin - -
Imidacloprid - -
Malathion - -
Methamidophos - -
TCPy 1.119 + 0.043 1.048
Thiamethoxam - -
Caffeic Acid 0.968 + 0.049 0.906
Chlorogenic Acid 0.480 + 0.013 0.450
Potato allelochemicals Cinnamaldehyde 0.360 + 0.002 0.337
p-Coumaric Acid - -
Vanillin 1.077 + 0.020 1.009

% as compared to LdGSTs2 with a similarity score of 0.828, and ho-
mologue probability score of 99.97 % [62]. Additionally, a sigma class
GST form Bombyx mori (PDB ID 3VUR, PDB for GSH complex is 3VPQ)
was a 99.97 % probable homologue with a sequence identity of 35 % and
the similarity score was 0.655 [74]. Similarly, the sigma GST2 from
D. melanogaster (PDB ID 1MOU) showed a probability score of 99.95 %,
identify of 40 %, and similarity score of 0.757 [75]. A more distantly
related Homo sapiens GSTpl (PDB ID 5J41) had a probability score of
99.95 %, identity of 25 %, and similarity score of 0.316 [76]. To further
analyze sigma class GST binding sites, the H. sapiens sigma class GST,
hGSTS1-1 (PDB ID 3EE2) was identified and selected for analysis,
because it was complexed with both GSH and the inhibitor nocodazole,
the hGSTS-1 homologue had a probability score of 99.96 %, identity of
31 % and similarity score of 0.613 [77]. The homologues were used for
multiple sequence structure alignment with LdGSTs2 at default align-
ment settings using the Chimera v1.16 MatchMaker tool. The structure

alignment RMSDs for LdGSTs2 with 4Q5R, 5H5L, 3VPQ, 1MOU, 5 J41,
and 3EE2 across all pairs were 1.384 A, 1.830 A, 1.991 A, 1.213 A,
2.452 A, 3.836 A, and with RMSDs for pruned pairs of 1.085 A, 1.151 A,
1.168 A, 1.026 f\, 1.110 10\, 0.912 A, respectively.

The LdGSTs2 structure displayed the canonical GST fold, displaying
the typical two-domain a/p fold of GSTs. The LdGSTs2 structure crys-
talized in dimeric form, displaying two-fold symmetry (Fig. 7A and B).
Each monomer consisted of two domains, the N-terminal and C-terminal
domains, sometimes referred to as the G-domain and H-domain,
respectively, based on their respective roles in binding the GSH substrate
or a hydrophobic substrate [78]. The N-terminal displays an alpha/beta
fold with the p-strands p1, p2, 3, and p4 comprising a central p-sheet
that is flanked by helices a2 on the outside of the N-terminal domain,
with ol and a3 on the internal side of the N-terminal domain. After o3,
there is a linker coil that connects the N-terminal domain with C-ter-
minal domain. The H-domain (C-terminal domain) is a helical bundle
composed of helices a4 through a9, and as with other GSTs is key in
determining the hydrophobic substrate specificity of LAGSTs2 [78]. The
dimer is held together by key interactions at the dimer interface between
a3 and o4 on monomer A with a4 and a3 of monomer B (Fig. 7A and C).
There are eight key interactions stabilizing the dimer at the interface,
including two hydrogen bonds and six salt bridges (Fig. 7C). There is a
hydrogen bond at a distance of 2.21 A between GIn64 HE22 (a3 chain A)
and Asp98 OD2 (04 chain B), and a second complementary hydrogen
bond between Gln64 HE22 (a3 chain B) and Asp98 OD2 (04 chain A) at
distance of 2.48 A (Fig. 7C). Additionally, there are the six salt bridges at
the dimer interface; the first three being between the Lys75 NZ atom on
3 of chain A and the Glu83 OE2 atom of a4 on chain B at 3.26 A distant,
next there is a salt bridge between the Arg70 NH1 atom of a3 on chain A
and Asp90 OD2 atom of a4 on chain B at a distance of 3.32 A, and also
between the Arg70 NH1 atom of a3 on chain A located at a distance of
3.28 A from the Asp90 OD1 atom of a4 on chain B. Then, the other three
complementary salt bridges between Lys75 NZ atom (a3 chain B) and
Glu83 OE2 atom (04 chain A) at 3.54 A apart, Arg70 NH1 atom (a3
chain B) and Asp90 atom OD2 (o4 chain A) at 3.56 A distant, and lastly,
the Arg70 NH1 atom located 3.27 A (a3 chain B) from the Asp90 OD1
atom (a4 chain A) (Fig. 7C).

There are two active sites within the LdGSTs2 dimer (Fig. 7D), with
each monomer containing one active site. Additionally, the LdGSTs2
active site contains two binding sites: the G-site which binds GSH and
the H-site which binds a hydrophobic substrate. In GSTs, the H-site has
been shown to interact with both exogenous and endogenous electro-
philic substrates [21,40,79]. Since LdGSTs2 crystallized in apo form, the
active site was identified by structural comparison with homologues,
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are shown.

Table 3

Data collection and refinement of the LdGSTs2 crystal structure.
PDB ID 9P6K
Beamline MacCHESS 7B2

Data collection

Wavelength [eN) 0.9686
Resolution range 29.20-2.84 (2.88-2.84)
Space group P1211

Unit cell
Total reflections
Unique reflections

49.37 88.78 97.90 90.00 99.73 90.00
70,459 (2339)
20,483 (722)

Multiplicity 3.4(3.2)
Completeness (%) 97.3 (95.65)
Mean I/sigma (I) 7.73 (1.16)
Wilson B-factor 76.2

R-merge 0.08801 (1.103)

R-meas 0.1044 (1.323)

R-pim 0.05569 (0.7198)

CC1/2 0.997 (0.432)

cc* 0.999 (0.777)
Refinement

Reflections used for refinement
Reflections used for R-free

19,726 (780)
1932 (69)

R-work 0.2203 (0.4223)
R-free 0.2675 (0.4535)
Number of non-hydrogen atoms 6888
macromolecules 6888
ligands 0
solvent 0
Protein residues 840
RMS (bonds) 0.010
RMS (angles) 1.14
Ramachandran favored (%) 96.51
Ramachandran allowed (%) 3.49
Ramachandran outliers (%) 0.00
Rotamer outliers (%) 0.52
Clashscore 9.90
Average B-factor 106.08
Macromolecules 106.08

followed by molecular docking with GSH, chlorpyrifos and chlorogenic
acid (Fig. 8). The highest scoring pose of GSH (—6.309 kcal/mol) docked
in the G-site was consistent in location and atom positioning when
LdGSTs2 was superimposed onto homologous crystal structures, that
were complexed with GSH molecules. Based on the molecular docking
study, the G-site residues of LdGSTs2 consisted of Tyr9, Phel0, Argl5,

Phe40, Lys 44, GIn51, Leu52, GIn64, and Ser65 (Fig. 8A). Key binding
interactions of GSH within the LdGSTs2 G-site included Tyr 9, with its
hydroxyl within hydrogen bond distance of the GSH thiolate sulfur,
located 3.0 A apart. Additionally, a salt bridge was formed between the
glycyl carboxylate of GSH located 3.2 A from the Lys44 NZ atom. There
was a hydrogen bond with the Gln51 HE22 hydrogen atom located 2.6 A
from the glycyl O2 carboxylate oxygen of GSH. Additionally, the back-
bone carbonyl of Leu52 formed a hydrogen bond with the glycyl amine
at 3.1 A. Another hydrogen bond formed between the Gln64 OE1 atom
at 3.4 A away from the glutamyl amine of GSH. Lastly, the Ser65 hy-
droxyl formed a hydrogen bond with the glutamyl carboxylate of GSH
(3.2 A).

The H-site is located adjacent to the G-Site and formed by a solvent
exposed pocket running from Arg15 across to a4 and a6, then back to the
coil connecting a8 and a9 of the C-terminal domain as pictured by the
transparent pink surface (Fig. 8B). The residues making up the H-site
pocket were identified as Aspl1, Phel2, Thrl3, Glyl4, Argl5, Prol8,
Lys100, Lys101, Ser104, Alal07, Tyr108, Cysl59, Alal60, Glul62,
Thr163, Asnl66, Metl67, Lysl69, Asn202, Met204, Leu205, and
Ser206. The volume of the H-site pocket was calculated to be 680 AS,
sufficient to accommodate ligands larger than the model substrate CDNB
and ligands such as chlorogenic acid or chlorpyrifos. Molecular docking
showed that chlorogenic acid (Fig. 8C) and chlorpyrifos (Fig. 8D) bind to
LdGSTs2 with docking scores of —6.439 kcal/mol and — 5.762 kcal/mol,
respectively. These findings, in conjunction with fluorescence binding
assay data, suggest that chlorogenic acid and chlorpyrifos may act as
potential substrates.

4. Discussion

Arthropod GSTs confer xenobiotic adaptation through direct conju-
gation of chemicals or indirectly by providing protection against
oxidative stress induced by xenobiotic exposure [25]. Previous syner-
gism studies using GST inhibitors have demonstrated that GSTs
contribute to insecticide resistance in numerous CPB populations
[35-37]. In this study, we aimed to test whether a sigma class GST,
LdGSTs2, upregulated in a resistant strain and inducible by potato leaf
feeding, contributes to the species’ robust capacities for both insecticide
resistance and host plant adaptation. Combined techniques including
molecular biology, functional genomics, enzyme kinetics and binding
assay, as well as crystallography and molecular docking were used to
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Monomer B

Fig. 7. LdGSTs2 protein crystal structure. (A) The global dimeric structure of LdGSTs2, showing monomer A and monomer B. The f-strands and helices are number
from in order from the n-terminus to c-terminus. The N-terminal domain has helices colored dark blue and strands colored yellow. The C-terminal domain has helices
colored light blue. The N-terminal domain is connected to the C-terminal domain by a peptide linkage “linker coil” colored purple. (B) LAGSTs2 structure oriented to
emphasize the 2-fold symmetry and location of residues involved in the dimer interface interactions. (C) Zoomed in view of dimer interface interactions. Interaction
distances are shown and given in angstroms, salt bridges are colored orange and hydrogen bonds in blue. (D) The H-site and G-site in both monomers are shown. The
solvent accessible pocket in the dimmer composed of the two active sites connected by a solvent accessible channel is shown as a transparent surface representation.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

test our hypothesis.

Gene expression analysis showed that LdGSTs2 was overexpressed in
the insecticide-resistant CPB strain compared to the susceptible one.
Feeding on potato leaves induced up to 18-fold LdGSTs2 expression
compared to that in CPBs fed on an artificial diet (Fig. 2). This strong
induction by host plant material suggests that LdGSTs2 may be involved
in the detoxification of plant-derived allelochemicals, such as those
commonly found in the Solanaceae species. Since many of these com-
pounds are metabolized by the same detoxification enzymes involved in
insecticide resistance (e.g., cytochrome P450s and GSTs) [18], our
findings support the hypothesis that LdGSTs2 may contribute to cross-
resistance by facilitating the detoxification of both plant toxins and
synthetic insecticides. The spatial expression pattern of LdGSTs2 in both
susceptible and resistant strain revealed dominant expression in the
midgut and Malpighian tubules, with some expression detected in the fat
body of resistant CPB (Fig. 2B). These findings suggest that LdGSTs2
could be contributing to insecticide resistance in CPB given that the
midguts, Malpighian tubules, and fat body are major metabolic detoxi-
fication organs in insects. For example, in Cydia pomonella, several GSTs
were found to be highly expressed in the Malpighian tubules, midgut or
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fat body as compared to other tissues [80,81]. Notably, CpGSTs2 is
highly expressed in the fat body, whereas CpGSTe3 is predominately
expressed in the midgut. The CDNB conjugation activity of both
CpGSTs2 and CpGSTe3 were inhibited by insecticide A-cyhalothrin, and
both enzymes showed metabolic capacity toward it, suggesting their
potential role in A-cyhalothrin detoxification [80,81]. In the diamond-
back moth, Plutella xylostella, one of the sigma GSTs, PxGSTs1, was
highly expressed in the midgut and fat body, reflecting its potential roles
in development of resistance to multiple insecticides [82]. RNAi is a
widely used approach to functionally validate candidate genes involved
in insecticide resistance [25,82-85]. Therefore, with this tool, we
assessed the role of LdGSTs2 in insecticide resistance of the CPB. Our
data showed that the knockdown of LdGSTs2 in the resistant CPB
resulting in enhanced susceptibility to imidacloprid, suggesting the
likely involvement of LdGSTs2 in insecticide resistance.

Enzymatic activity toward the common GST substrate CDNB, in the
presence of the co-substrate GSH, generally suggests the catalytic
function of a specific GST enzyme [26]. In our study, the Km values for
CDNB and GSH were 3.20 + 0.02 mM and 0.13 £ 0.02 mM, respectively
(Fig. 4; Table 2). These are comparable to values reported in other insect
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Fig. 8. LdGSTs2 active sites and molecular docking with xenobiotics. (A) The G-site with docked GSH. Hydrogen bonds are shown in blue and the salt bridge shown
in red. (B) The binding pocket for the H-site is shown as pink transparent surface. Additionally, the sidechain residues making up the pocket are shown. (C) The G-site
with chlorogenic acid docked. (D) The G-site with chlorpyrifos docked. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

and mite GSTs [82,85-87], supporting its functional identity as a GST
and suggesting conserved catalytic properties across GST classes. GSTs
are known to function through two primary mechanisms: one involves
catalytic conjugation of glutathione (GSH) to xenobiotic compounds,
while the other involves non-catalytic sequestration, in which GSTs bind
and sequester xenobiotics without enzymatic conjugation [25]. Both
mechanisms depend on the enzyme’s capacity to bind these compounds.
To investigate the binding capacity, we performed competitive binding
assays using ANS as a fluorescence reporter. These assays were designed
to evaluate whether various pesticides and natural products could
compete with ANS for binding to the purified recombinant LdGSTs2. We
observed that LAGSTs2 exhibited a unique binding capacity with a va-
riety of pesticides and potato-derived natural products. Among the
chemicals screened, we found organophosphate insecticide chlorpyrifos
and its primary metabolite TCPy, as well as herbicides fenoprop, tri-
clopyr and 2,4-D metabolite 2,4-Dichlorophenol inhibited ANS by 50 %
or more, suggesting strong binding affinity of these pesticides and their
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metabolites to LdGSTs2. In addition to synthetic pesticides, LdGSTs2
also showed binding affinity to several plant-derived natural products,
including chlorogenic acid, p-coumaric acid, and caffeic acid. Exposure
to plant secondary metabolites has been proposed as one factor
contributing to the rapid evolution of insecticide resistance in insects
and mites, potentially through the co-option of detoxification enzymes
that act on both insecticides and plant allelochemicals [16-18,88].
Chlorogenic acid, a major phenolic compound in potato leaves, plays a
key role in plant defense due to its antimicrobial properties, particularly
against pathogens such as bacteria and fungi [9]. Its levels have been
reported to increase following leaf damage, including herbivory by
chewing insects, as part of the plant’s inducible defense response
[10-12]. Similarly, caffeic acid, a hydroxycinnamic acid and common
phenolic allelochemical in potato leaves, also contributes to plant de-
fense through its antioxidant and antimicrobial activities [14,15].
Recent evidence suggests that high concentrations of caffeic acid can
negatively affect the development, growth, and physiological processes
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in insects [14]. However, in adapted insect species such as the CPB,
chronic exposure to phenolic compounds like chlorogenic and caffeic
acid may induce detoxification and antioxidant defense pathways. Due
to their antioxidant properties, these compounds may also help insects
mitigate oxidative stress caused by pesticide exposure or pathogen
infection. Our RNAI results suggest that LAGSTs2 may be involved in
imidacloprid resistance. However, our binding assays did not show
significant inhibition of ANS fluorescence by imidacloprid (Fig. 6A),
indicating a lack of direct binding. In this case, we hypothesize that the
role of LdGSTs2 in insecticide resistance may be mediated through its
function in mitigating oxidative stress rather than direct detoxification.
Future studies will be needed to test this hypothesis.

Our crystal structure data suggested a possible Ligandin function
with a dimer interface pocket that may serve to bind or sequester toxic
compounds. In Fig. 7B, the LdGSTs2 dimer has been oriented showing
the area where the key dimer interactions occur (span shown by red
bar). As pictured in Fig. 7B and D, above the dimer interface interactions
the protein is opened to solvent, forming a solvent exposed channel. The
solvent exposed channel connects the active site in monomer A to the
active site in monomer B (Fig. 7D). In a previous study by Ji et al., a
sigma class GST from Nototodarus sloanii (PDB ID 2GSQ) was crystalized
with the ligand S-(3-iodobenzyl) GSH complexed and bound in the
solvent channel between active sites [89]. Additionally, a GST from
Schistosoma japonicum (PDB ID 6RWD) was observed to bind a larger
polyphenolic compound ellagic acid that formed a crystal complex with
ellagic acid bound in the solvent channel [90]. Given previous examples
from the sigma class, the solvent-accessible channel connecting active
sites in the LdGSTs2 dimmer could serve as an auxiliary binding site for
non-substrates ligands and potentially function in sequestration or
transport.

To fully resolve the precise binding interactions, future research
could integrate site-directed mutagenesis with kinetic assays to experi-
mentally validate the roles of key residues, as demonstrated in previous
studies [79,82,91]. In parallel, obtaining high-resolution co-crystal
structures and conducting targeted metabolism assays will further refine
our understanding of the binding interactions and catalytic de-
terminants [92,93]. These complementary approaches would provide
deeper insights into the molecular determinants of substrate specificity
and catalytic activity.

5. Conclusions

Overall, we performed an integrative study revealing that the sigma-
class GST LdGSTs2 may play a dual role in detoxifying both insecticides
and host plant-derived compounds in CPB. Functional evidence from
RNAIi experiments demonstrated its contribution to imidacloprid resis-
tance, while biochemical and structural analyses supported its broad
substrate-binding capacity. These findings provide direct evidence that
host plant adaptation and insecticide resistance may share overlapping
molecular mechanisms, mediated by multifunctional detoxification en-
zymes like GSTs. Our work underscores the evolutionary plasticity of
pest species and highlights the importance of targeting such enzymes in
the design of next-generation, sustainable pest management strategies.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2025.147108.
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