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Abstract

BACKGROUND: Insect glutathione S-transferases (GSTs) play a crucial role in insecticide detoxification. However, there remains
a distinct lack of information regarding the role of GSTs in the detoxification of Tolfenpyrad (TFP) in insects.

RESULTS: Real-time quantitative PCR showed significant upregulation of PxGSTs after exposure to TFP for 6 h. An in vitro inhi-
bition assay showed that TFP could inhibit PxGST⊐, PxGSTε and PxGST⊞, and the most pronounced inhibitory effect was on
PxGST⊞. Metabolism assays displayed that PxGST⊞was superior to other test PxGSTs in metabolizing TFP. The molecular dock-
ing of TFP and PxGST⊞ revealed that the H-bond provided by the sidechains of Tyr107 and Tyr162 were key to the detoxifica-
tion of TFP by PxGST⊞. Further tests using mutant PxGST⊞ proteins at the sites of Tyr107 (PxGST⊞Y107A) and Tyr162
(PxGST⊞Y162A) corroborated that the individual replacement of Tyr107 and Tyr162 could greatly weaken the binding andmet-
abolic abilities to TFP.

CONCLUSION: Metabolic interactions between the Plutella xylostella (L.) GSTs (PxGSTs) and TFP were deciphered. This study
illustrates themolecular metabolismmechanism of PxGST⊞ towards TFP and provides theoretical underpinnings for the design
and optimization of novel TFP-like insecticides.
© 2020 Society of Chemical Industry
Supporting information may be found in the online version of this article.
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1 INTRODUCTION
The diamondback moth, Plutella xylostella (L.) (Lepidoptera: Plu-
tellidae) is one of the most destructive pests of cruciferous plants
in the world.1,2 The annual cost of controlling P. xylostella has
reached billions of dollars.3–6 Presently, chemical control is the
most effective measure to prevent P. xylostella.7 However, P. xylos-
tella has developed resistance to most commonly used commer-
cial pesticides including organophosphates, organochlorines,
pyrethroids and carbamates.8 Therefore, it is of importance to
maintain the control effect of insecticides on P. xylostella and to
design new insecticidal components for the control of P. xylostella.
Tolfenpyrad (TFP) is a mitochondrial complex I inhibitor with

pronounced insecticidal activity against Hemiptera, Coleoptera,
Diptera, Lepidoptera, Thysanoptera and Acarina pests.9,10 Further-
more, it has been documented that TFP has a high insecticidal
activity against P. xylostella.11 However, studies have indicated
that the risk of developing resistance to TFP is relatively high in
P. xylostella.12 Meanwhile, it has been found that P. xylostella has
developed high levels of resistance to TFP in Asia.13 Despite these
reports of TFP resistance in P. xylostella, the mechanism involved
in the development of this resistance remains elusive.
The enhancement of detoxification enzymes metabolism is a

crucial part in the mechanism of insecticide resistance.14,15 As a
phase-II detoxification enzyme, glutathione S-transferases (GSTs)

are important in metabolizing endogenous compounds and
xenobiotics.16,17 GSTs catalyze the conjugation of reduced gluta-
thione (GSH) with xenobiotics, making the conjugated com-
pounds soluble and enabling detoxification through
excretion.18,19 To date, insect GSTs have been reported to be
involved in resistance to organophosphates, pyrethroids and the
acaricide cyflumetofen.20–23 Insect cytosolic GSTs are classified
into six families: ⊐, ε，⊞，ω，⊔ and ζ. Among them, ⊐ and ε are
specific to insects.24,25 The published P. xylostella genome data-
base (PDB) identifies 22 cytosolic GSTs, classified mainly into the
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six families described previously.26 According to previously
reported statistics, of the known PxGSTs classes, only ⊐, ε and ⊞

can find templates with >45% homology in PDB.27 Additionally,
current research has emphasized that ⊐, ⊞ and ε classes of GSTs
are the major GSTs used to detoxify insecticides by insects.28–31

In this study, we report the function of PxGST⊐, PxGST⊞ and
PxGSTε in the detoxification of TFP. Our study deciphers the bind-
ing modes of PxGST⊞–TFP interaction and verifies the key amino
acid sites of PxGST⊞ in metabolizing TFP.

2 MATERIALS AND METHODS
2.1 Insects
The susceptible P. xylostella population was provided by the Key
Lab of Plant Protection Resources & Pest Management of the Min-
istry of Education, Northwest A&F University, Yangling, China.
They have been reared in indoor conditions for over 10 years
without being exposed to any insecticides (25 ± 2 °C, 50 ± 5% rel-
ative humidity with a photoperiod of 16 h:8 h, light:dark). The lar-
vae were raised on cabbage (Brassica oleracea) which had been
maintained in the laboratory without being exposed to any insec-
ticides. Adults were supplied with 10% insecticide-free honey
water.

2.2 Chemicals
Imidacloprid, thiamethoxam, rotenone, halofenozide, tolfen-
pyrad, (E)-fenpyroximate, chlorantraniliprole and diflubenzuron
(technical grade: purity>98%) were purchased from Topscience
(Shanghai, China). Reduced GSH(purity>98%) and 1-chloro-2,4-
dinitrobenzene (CDNB, purity>98%) were obtained from Aladdin
(Shanghai, China). All other chemicals or reagents were reagent
grade.

2.3 Bioassay
The TFP was diluted using 50% acetone-water mixture to eight
concentrations (1, 2, 4, 8, 16, 32, 64 and 128 mg L–1). The control
group was treated with a 50% acetone-water mixture. Leaves of
B. oleracea (radius ≈ 2 cm) were soaked in the solutions using a
leaf-dipping method for 2–3 s.32 The soaked leaves were dried
until the acetone volatilized in a fume hood. The leaves then were
put into petri dishes with moisturizing filter paper covering the
bottom. New leaves were supplied daily in order to maintain suf-
ficient leaves to feed larvae. Every dish was supplied with ten 3rd
instar larvae for experiments. They were maintained under the
conditions described previously and each treatment was
repeated three times. Larvae would be considered dead if they
were unable tomove after soft prodding with a fine brush. Mortal-
ity rates were recorded at 24 h, 48 h and 72 h. Themortality of the
control group was corrected by Abbott's correction to ensure a
control mortality lower than 15%.33 Data were subjected to Probit
analysis using SPSS 19.0 software (IBM, USA) to obtain maxiumum
doses for 10, 50 and 90% mortality (LC10, LC50 and LC90 values,
respectively), and chi-squared (χ2).

2.4 Insecticide exposure
The bioassay data were analyzed to determine the LC10, LC50 and
LC90 of TFP against P. xylostella at 24, 48 and 72 h. The LC10 con-
centration of the TFP bioassay at 48 h was employed in the insec-
ticide exposure experiments. Control groups were treated with
acetone. The larvae were treated following the bioassay method
mentioned previously. Three replicates were set for each experi-
ment. Larvae were sampled at 3, 6, 12, 24 and 48 h with ten

surviving larvae taken each time. Subsequently, the larvae were
flash-frozen in liquid nitrogen and stored at −80 °C before tran-
scription analysis.

2.5 Quantitative reverse transcription polymerase chain
reaction (qRT-PCR)
In order to determine the expression levels of PxGST⊐ (PxGST⊐1,
GenBank: AB541016.1), PxGSTε (PxGSTε3, GenBank: U66342.1)
and PxGST⊞ (PxGST⊞2, GenBank: AB180454.1) responding to TFP
exposure at different times, qRT-PCR was conducted using the
primers in Table S1, which was designed by Integrated DNA Tech-
nologies (IDT) primer quest tool (https://sg.idtdna.com/
PrimerQuest/Home/Index). Elongation factor 1 (EF-1) (GenBank:
EF417849.1) and ribosomal protein L32 (RPL32) (GenBank:
AB180441.1) were chosen to be the internal reference genes
which have been reported before.34 The synthesis of cDNA used
TransScript® one-step gDNA removal and cDNA synthesis Super-
Mix (TransGen, China) according to the manufacturer's instruc-
tions. Components of qRT-PCR were added by using TransStart®
tip green qPCR SuperMix (TransGen) in terms of the manufac-
turer's instructions. This process was performed in LightCy-
cler®480 (Roche, Swiss). The amplification procedure was
performed by the Two-step method which was started at 94 °C
for 5 min, followed by 45 cycles consisting of 94 °C for 5 s and
56 °C for 30 s. Afterwards, a melting curve was automatically gen-
erated to confirm the specificity of PCR products. The obtained
PCR products were subjected to 1% agarose gel electrophoresis
detection (Fig. S4). Negative controls used RNase-free water to
take the place of the cDNA template. A serial ten-fold dilution of
cDNA temple was used to establish a standard curve to determine
the amplification efficiency. The amplification efficiency (E) was

calculated following the equation E= 10 − 1
slope½ �� �

×100. Each PCR

reaction was conducted with three biological and technique rep-
lications. Statistics were calculated based on 2-ΔΔCt. method.35

The fold-increase was derived from the expression level of PxGSTs
in the insecticide-treated group divided by the acetone-treated
control, and the ratio was used for expression profile analysis.
The expression levels of PaGSTs were analyzed using one-way
ANOVA, using PRISM 6 (GraphPad Software, Inc., La Jolla, CA,
USA), followed by Tukey's multiple comparisions test to evaluate
significant differences. Results were displayed as means ± SE.

2.6 Binding mode analysis
The ligand TFP was docked into the binding cavity of PxGST⊞ by
the program GOLD 5.3.36,37 The 3D structure of PxGST⊞ that we
used for molecular docking was the model constructed in our for-
mer research.27 The 3D PxGST⊞ model was further run for 5000
steps to conduct energyminimization in Amber12 with the ff99SB
force field.38,39 The 3D structure of TFP was sketched using Mae-
stro version (Version 10.1, Schrodinger Inc., USA) and optimized
for 2000 steps in Amber12 with the GAFF force field.38,40 In the
process of docking simulations, the C3 atom coordinate derived
from the PxGST⊞-GTX complex in our previous research was
defined as the centroid of the binding site with a 10 Å radius
sphere.27 ChemPLP score, which was superior to other scoring
functions in GOLD for pose prediction,41,42 was employed to pre-
dict the most accurate binding modes for TFP. The pharmaco-
phore model and the interaction diagram were presented by
LIGANDSCOUT 4.4.1.43 Visualization of the structures was performed
by PYMOL 1.3r1.44
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2.7 Binding energy calculations
In order to investigate the binding affinity between TFP and
PxGST⊞, the docking pose for TFP with the highest ChemPLP
score was re-scored by Chemscore.45,46 The Chemscore delta
value calculated using the Chemscore function was applied to
measure the PxGST⊞–TFP affinity.23,42 Chemscore estimates the
binding free energy ΔG according to Eqn (1):

ΔGbinding=ΔGΟ+ΔGhbond+ΔGlipo+ΔGrot ð1Þ

The Chemscore function in our work can be written in the form:

ΔG=−5:4800+−3:3400*S hbondð Þ+−0:1170*S lipoð Þ
+2:5600*H rotð Þ ð2Þ

Each component of this equation is the product of a term
depending on the magnitude of a particular physical contribution
to free energy (e.g. hydrogen bonding).

2.8 Gene synthesis and site-directed mutagenesis
Sequences of PxGST⊐ (PxGST⊐1, GenBank: AB541016.1), PxGSTε
(PxGSTε3, GenBank: U66342.1) and PxGST⊞ (PxGST⊞2, GenBank:
AB180454.1) containing restriction enzyme sites NdeI and HindIII
were synthesized by Sangon Biotech (Shanghai, China). Site-
directed mutagenesis was conducted following the protocol of
Fast Mutagenesis System (cat. no. FM111-01, TransGen). The
primers for site-directed mutagenesis were designed in terms of
the instructions of the Fast Mutagenesis System.

2.9 Expression and purification of recombinant native
and mutant GST proteins in vitro
These native PxGSTs genes were ligated into the pET-30a (+) vec-
tor to construct the expression vector pET-30a-GSTs. After that, the
recombinant vectors were transformed into competent BL21
(DE3) cells to express GSTs. Then, the BL21 (DE3) cells harboring
the recombinant vectors were cultured on LB (1 L) medium con-
taining kanamycin(50 mg mL–1) and incubated overnight at 37 °
C. Isopropyl ⊎-D-1-thiogalactopyranoside (IPTG) was added to
the LB medium with a final concentration of 0.4 mM when the
OD600 reached 0.6 and induced overnight at 30 °C and 200 rpm.
The recombinant cells were collected by centrifugation at
10 000×g, 4 °C for 10 min. The supernatant was resuspended in
10 mL PBS (10 mM, pH 7.4) and lysed by sonicating with 250 W
for 10min (work 10 s/ stop 10 s intervals) on ice (Sonics &Materials
Inc., Newtown, CT, USA). The resulting cell pellet was collected
after centrifugation at 8000×g, 4 °C for 20 min. For purification,
the cell pellet was added to the Ni-NTA (YEASEN, China) column.
The recombinant protein was subjected to a gradient elution
using 50 mM, 100 mM, 150 mM, 200 mM, 250 mM and 500 mM imid-
azole. The target proteins were detected using 12% SDS-PAGE
and were dialyzed using PBS (10 mM, pH 7.4) overnight. The deter-
mination of the protein concentration was followed by the BCA
Protein Assay Kit (Leagene, China). The method for expression
and purification of recombinant mutant proteins was identical
to the native PxGSTs.

2.10 Kinetics of recombinant PxGSTs
In order to measure the enzymatic kinetics of purified PxGSTs, a
200-μL volume reaction mixture consisting of 1 μg PxGSTs pro-
tein, different concentrations of CDNB (0.05, 0.1, 0.2,0.4, 0.8 and
1.6 mM) and 1 mM GSH (dissolved in 0.1 M sodium phosphate

buffer) were added into the transparent 96-well plates. Reactions
were detected by using infinite M200 Microplate Reader (Tecan,
Switzerland) at 340 nm (A340) for 5 min at 25 °C (kinetic cycle
six times, each interval 1 min). The acquired changes of absorp-
tion were transformed into CDNB conjugated permin per mg pro-
tein based on the extinction coefficient of 9600 M

−1 cm−1. Data
were imported into PRISM 6.0 software (GraphPad) to calculate
the kinetics parameters (Vm and Km) by the Michaelis–Menten
plot; each plotted point represented triple measurements.

2.11 Assays on inhibition of recombinant PxGSTs protein
by insecticides
The inhibition assays were conducted following a previously
reported method with slight optimization.47 Specifically, the pre-
incubation mixtures including 1 μg recombinant GSTs protein,
2 μL appropriately diluted insecticides (imidacloprid, thia-
methoxam, rotenone, halofenozide, tolfenpyrad, (E)-fenpyroxi-
mate, chlorantraniliprole and diflubenzuron), 2 μL CDNB (1 mM)
and 100 μL PBS (100 mM) buffer were mixed and incubated at
25 °C for 10 min. After incubation, a final concentration of 1 mM

GSH and 1 mM CDNB were added sequentially into the mixtures
to start the reaction. The total volume of the reaction solution
was 200 μL. The value of A340 was recorded by infinite M200
Microplate Reader (Tecan, Switzerland) at 1 min intervals for
5 min. The variations of absorbance of CDNB-binding insecticides
were used to calculate the relative inhibition rate of different
insecticides against recombinant GSTs in vitro. The inactivated
recombinant GSTs protein was used as a negative control, while
GTX was used as a positive control. Each of these assays was per-
formed three times.
The median inhibition concentration (IC50) was measured using

different concentrations of TFP. Briefly, different concentrations of
TFP were mixed with recombinant PxGST⊞ and CDNB, and then
incubated with 1 mM GSH under the same conditions described
above to activate the reaction. The remaining activity of PxGST⊞
was monitored using the above method. Relative inhibition was
calculated using the formula (1):

Relative inhibition %ð Þ=ΔOD340c−ΔOD340t
ΔOD340c

×100 1ð Þ

(ΔOD340c, variation OD340 of control group during 5 min;
ΔOD340t, the variation OD340 of treatment group during 5 min).
Data were plotted into prism using PRISM 6.0 software (GraphPad)
to determine the value of IC50.

2.12 Metabolism assays
In order to determine whether PxGSTs metabolize TFP, ultra high
performance liquid chromatography (UPLC) (Shimadzu, Japan)
was employed in the metabolism test. The metabolic assay fol-
lowed the method of Wang et al. with a slight modification.47

TFP was dissolved in acetone as a stock solution of 100 mM. The
stock solution was diluted in sodium phosphate buffer (PBS)
(50 mM, pH 7.4) to obtain 0.5 mM working solution for lateral
assays. The metabolic reaction was carried out in a glass test tube.
One milliliter TFP working solution was incubated with 1 mL
recombinant PxGSTs protein dilution (containing 50 μg recombi-
nant protein) initially for 10 min at 30 °C, then adding a final of
concentration of 5 mM GSH (dissolved in previously described
PBS buffer) to start the reaction; each assay was replicated three
times. In the control groups 1 mL recombinant PxGSTs was
replaced by 1 mL heat-inactive protein, with assays replicated
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three times. The above mixture was incubated at 30 °C for 2 h
with shaking at 200 rpm. Then 500 μL methanol (HPLC-grade)
was added to the test tube, reacting with the aforementioned
mixtures for 5 min to terminate the reaction. After that, the reac-
tion solution was centrifuged at 13 000 rpm for 15 min at room
temperature, using a 0.22-μm filter to transfer 1 mL supernatant
to sample vials for UPLC detection. Reversed-phase HPLC was per-
formed on a C18 column (3 μm, 2.1 × 100 mm, Shimadzu). Mean-
while, 80% methanol along with 20% water was used as the
mobile phase to separate TFP at a flow rate of 0.8 mL min–1, with
a monitoring absorbance wavelength of 254 nm at 30 °C. The
standard TFP was applied to localize the peak of TFP following
the above-mentioned chromatographic conditions. The deple-
tion rate was calculated by the formula (2).

Depletion of TFP %ð Þ

=
Peak area control groupð Þ−Peak area treatment groupð Þ

Peak area control groupð Þ ×100 2ð Þ:

Themetabolism assays using native andmutant PxGSTs were all
performed in a similar way. Data were analyzed by ANOVA with
Tukey's multiple comparisons test.

3 RESULTS AND DISCUSSION
3.1 Toxicity determination of TFP to P. xylostella
Tolfenpyrad is an inhibitor of mitochondrial complex I electron
transport with contact and stomach insecticidal activity against
many pests, especially those like P. xylostella.9,10 In this study, we
used a leaf-dippingmethod to examine the stomach poison activ-
ity of TFP to P. xylostella larvae. The values of LC10, LC50 and LC90
decreased gradually as the larvae were exposed to TFP over time
(24–72 h). The value of LC10, LC50 and LC90 of TFP against P. xylos-
tella were 4.34, 15.8 and 43.28 mg L–1 at 48 h, respectively
(Table 1). The mortality of the control group was <10%, suggest-
ing that the bioassay method was valid. This result revealed that
the insecticidal activity of TFP on P. xylostella was consistent with
previous results.11 Meanwhile, results of the bioassay demon-
strate that our method is capable of inducing mortality and the
determination of LC10 (at 48 h) for the expression profile
experiment.

3.2 Expression profiles of PxGSTs exposure to TFP
Insect GSTs play an important role in the intracellular transport of
substances, the biosynthesis of pheromones, and a series of phys-
iological and biochemical processes that protect the body from
oxidative stress.48–50 The upregulation of GST gene expression
resulted from insecticide exposure induction may be related to
detoxification of insecticides.14 Here, the 3rd instar larvae of
P. xylostella were exposed to the LC10 concentration (4.34 mg L–1)
of TFP and the expression level of PxGSTs genes in larvae were

monitored within 48 h. The results show that the expression of
the PxGST (⊐, ε and ⊞) gene in P. xylostella increased first and then
decreased after exposure to low concentrations of TFP. Among
them, the expression level of PxGST⊞ underwent the most obvious
change. After being exposed to TFP for 3 h, PxGST⊞ increased 1.88-
fold and PxGST⊐ increased 1.55-fold, respectively (Fig. 1). Then, the
increase in PxGST⊞, PxGST⊐ and PxGSTε gene expression levels
decreased progressively after TFP treatment for 12 h. (Fig. 1).
The GST-mediated insecticide resistance was related mainly to

the overexpression of GST.29 Previous reports have shown that
alteration of GSTs activity and GSTs gene expression level were
relevant to the resistance to organophosphates, pyrethroid and
benzoylureas in insects.51–53 Likewise, the expression of insect
GSTs can be induced by insecticides. Previous reports have sug-
gested that insect ⊐ and ε classes of GST can be upregulated by
organophosphates and pyrethroids, indicating the involvement
of GSTs in the detoxification of these insecticides.54–56 For exam-
ple, the 2.63- and 2.85-fold upregulation of BdGST⊐1 and
BdGST⊐10 (respectively) were discovered in Bactrocera dorsalis
exposing to malathion, suggesting the importance of BdGST⊐1
and BdGST⊐10 in malathion detoxification.57 Under LC10 concen-
trations of fenpropathrin, six GST genes of Panonychus citri
showed time-dependent increases, indicating the transcriptional
upregulation of GST genes might be one of the mechanisms for
this acaricide detoxification.58 Our findings displayed that expres-
sion profiles of PxGST⊞ and PxGST⊐ under TFP exposure were con-
gruent with previous reports that insect GSTs were involved in
insecticide detoxification. Thus, we infer that after contacting with
TFP, the P. xylostella larvae respond to this adversity rapidly, upre-
gulating the expression level of PxGSTs involved in TFP resistance.
When the PxGSTs enzyme activity reached a certain level, the
upregulating trend would decrease progressively. Based on the
PxGSTs changing trends in response to TFP (Fig. 1), it is reasonable
to speculate that PxGST⊞ and PxGST⊐may play pivotal roles in the
direct detoxification of TFP.

3.3 Recombinant protein expression and kinetics of
PxGSTs
The recombinant PxGSTs proteins were obtained using a prokary-
otic expression system in this study. As shown in Fig. S1, all three
PxGSTs were highly expressed as soluble proteins in E. coli BL21
(DE3). The expected molecular weights of recombinant PxGST⊞,
PxGST⊐ and PxGSTε proteins were c. 25 kDa (Fig. S1) including
pET-30a (+) vector tags. The production of purified proteins was
c. 0.5 μg μL–1.
As mentioned earlier, the detoxification function of GSTs can be

attributed mainly to the catalysis of GSH binding to toxins.59 In
this study, the activity of PxGST proteins was measured by using
CDNB as a substrate, with the concentration of GSH being fixed.
According to the Michaelis–Menten plots, the values of Km and
Vmax in PxGST⊞, PxGST⊐ and PxGSTε were determined (Fig. S2).

Table 1 Toxicity of TFP against P. xylostella over different times

Time(h) Slope ± SE
LC10 (95% confidence

interval) mg L–1
LC50 (95% confidence

interval) mg L–1
LC90 (95% confidence

interval) mg L–1 χ2

24 2.53 ± 0.19 8.13(6.13–10.27) 22.13(18.71–28.49) 76.71(69.56–87.21) 6.24
48 1.79 ± 0.22 4.34(2.45–6.77) 15.8(10.65–21.34) 43.28(37.69–50.80) 7.63
72 2.64 ± 0.25 2.17(1.58–3.14) 6.04(3.22–10.03) 28.42(22.06–36.53) 10.82
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The values of Km and Vmax were comparable to the reported
enzyme kinetic characteristics of other insect recombinant GSTs
proteins.22,60,61 The catalytic efficiency (Kcat / Km) of PxGST⊞,
PxGST⊐ and PxGSTε were 2.68 × 105 min−1 mM

−1,
8.14 × 105 min−1 mM

−1 and 5.28 × 104 min−1 mM
−1, respectively.

This illustrated that PxGSTs proteins had satisfactory binding
affinity to CDNB (Fig. S2).

3.4 Inhibition of PxGSTs by insecticides in vitro
Glutathione S-transferases catalyze the conjugation of GSH with
other compounds. Thus the inhibitory effect of insecticides on
GSTs can reflect the affinity of GSTs to insecticides, which is used
to indicate whether GSTs are directly involved in the metabolism
of pesticides.47 The inhibitory effect of insecticides on GSTs is
manifested by reducing the rate of GSTs in catalyzing the reaction
of GSH and CDNB. Studies have described that insecticides, such
as chlorpyrifos, malathion, phoxim, permethrin and deltame-
thrin,62,63 have inhibitory activities against insect GSTs in vitro. In
this study, in vitro inhibition assays were performed on PxGSTs
(PxGST⊞, PxGST⊐, PxGSTε) by using imidacloprid, thiamethoxam,
rotenone, halofenozide, (E)-fenpyroximate, chlorantraniliprole,
diflubenzuron and the positive inhibitor S-hexyl glutathi-
one (GTX).
The results uncovered that no test insecticides but TFP and GTX

exhibit significant inhibitory effects on the binding of CDNB to
PxGSTs (Table S2). The inhibition rates of 500 μM TFP on PxGST⊞,
PxGST⊐ and PxGSTε were 70.68%, 37.91% and 36.51%, respec-
tively. Even lower concentrations (20 μM and 100 μM) of TFP also
had a certain inhibitory effect on PxGST⊞ (22.32% and 48.15%).
However, at the concentration of 20 μM, TFP had little inhibitory

effect on PxGST⊐ and PxGSTε (Table S2). Because the water solu-
bility of TFP is relatively low, it cannot be configured in a larger
concentration. Hence, this experiment only determined the IC50
of TFP against PxGST ⊞ inhibition activity, and its IC50 value was
114.50 μM (Fig. S3).
Previous studies suggested that the inhibition of insecticides on

insect GSTs was associated with insecticide detoxification metab-
olism.64 For example, the four GSTs of Anopheles dirus were inhib-
ited by many insecticides, suggesting AdGSTs were correlated
with insecticide detoxification.65 The GSTs of Liposcelis bostrycho-
philawere inhibited by carbosulfan, ⊎-cypermethrin and chlorpyr-
ifos, implying that GSTs were associated with insecticide
detoxification.66 In our study, TFP was capable of inhibiting the
three classes of PxGSTs, with a particularly strong inhibitory effect
on PxGST⊞ (IC50 = 114.50 μM). This implied that TFP had a better
affinity towards PxGSTs than the substrate CDNB, thus inhibiting
the conjugation reaction between GSH and CDNB calalyzed by
PxGSTs. Therefore, we infer that the strong binding capability of
TFP towards PxGSTs is key evidence that PxGSTs are responsible
for TFP detoxification.

3.5 Metabolism of TFP by PxGSTs
In order to explore the function of PxGSTs further, the metabolic
effect of purified PxGSTs protein on TFP (0.5 mM) was examined
by UPLC assay in the present study. The results show that PxGST⊞
metabolized 26.38% of TFP in the 2-h reaction. The metabolism
ability of PxGST⊐, metabolizing 11.51% TFP, was close to half of
that of PxGST⊞, but PxGSTε hardly metabolized TFP (Fig. 2).
Insect GSTs are widely known to be phase II detoxification

enzymes in insects. As reported, insect GSTs are able to detoxify

Figure 1 Expression profiles of PxGSTx after LC10 TFP treatment at different time: (A) PxGST⊞, (B) PxGST⊐ and (C) PxGSTε. Bars represent themean ± SE of
replicates. Different letters above error bars represent significant differences (P < 0.05) using one-way ANOVA followed by Tukey's multiple comparison
tests.
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insecticides mainly via the dehydrochlorination reaction, peroxi-
dase activity and sequestration.20 Based on previous studies,
insect GSTs were found to be likely to metabolize pyrethroids
and organophosphates insecticides directly.18 For example,
HaGST-8 of Helicoverpa armigera had the capacity of metabolizing
chlorpyrifos and cypermethrin.67 Additionally, it was reported that
one of the ⊐ class GST in Culex pipiens was able to metabolize
dichlorodiphenyltrichloroethane (DDT).68 TuGST⊐05 in Tetrany-
chus urticae was associated with metabolizing cyflumetofen
directly.69 Furthermore, according to earlier research, the insecti-
cides that can be metabolized by GSTs usually possess the ability
to inhibit the activity of corresponding GSTs. Taking lambda-cyha-
lothrin for example, it is reported to bemetabolized by three GSTs
from Cydia pomonella (CpGST⊐1, CpGST⊐3 and CpGSTε3). Mean-
while, lambda-cyhalothrin exhibited inhibitory effects on the
activity of these three CpGSTs.23,47,70 Moreover, insect GSTs could
not only be inhibited by DDT, but also be metabolized by
DDT.71,72 It seems that the high affinity between insecticides
and GSTs guarantees the high efficiency of GSTs in metabolizing
certain insecticides. In our study, a similar phenomenon was
found in the metabolism of TFP by PxGSTs. TFP had a stronger
inhibitory effect on PxGST⊞, and PxGST⊞ could metabolize TFP
effectively. Furthermore, the inhibitory effect of TFP on PxGST⊐
was weaker than PxGST⊞ and the metabolic capacity of PxGST⊐
also was weaker. Therefore, we infer that among the three classes
of PxGSTs, PxGST⊞ was superior in metabolizing TFP. Moreover,
PxGST⊞ displayed a strong binding affinity towards TFP, such
sequestration may be involved in TFP detoxification.

3.6 Binding mode analysis
The accurate binding mode of PxGST⊞–TFP was obtained by per-
forming molecular docking in GOLD 5.3. The best model of the
PxGST⊞–TFP complex [Fig. 3(A)] was subjected to Chemscore
function in Amber 12, and the calculated binding free energy
(ΔGcal) was estimated to be −7.31 kcal mol–1 (Table 2). Based on
the IC50 values of TFP against PxGST⊞, the experimental binding

free energy (ΔGexp) of the PxGST⊞–TFP complex was calculated
to be −5.41 kcal mol–1.73 The values of ΔGcal and ΔGexp were
qualitatively in agreement with the difference being not beyond
2.00 kcal mol–1, further suggesting the reliability of the PxGST⊞–
TFP complex model obtained through molecular docking.
As shown in Fig. 3(A), the molecule TFP was located in the

hydrophobic pocket composed of residues including Phe9,
Ile11, Ala13, Ala103, Tyr107, Tyr162, Val165 and Phe204. To figure
out the interaction modes between the groups of TFP and the
binding pocket of PxGST⊞, a pharmacophore model derived from
the PxGST⊞–TFP interactions was generated [Fig. 3(B)]. In the
pharmacophore model, the yellow sphere represents the hydro-
phobic feature, and the red sphere plus red arrow represents
the feature of H-bond donor. In the 2D diagram of the pharmaco-
phore model [Fig. 3(C)], it is clear that the ethyl and C1 derived
from the pyrazol group of TFP formed hydrophobic interactions
with Ala13, Ala103 and Try107. Hydrophobic interactions also
were detected at the sites between phenoxyl and PxGST⊞ resi-
dues (Phe9, Ala13 and Ile11). Another hydrophobic interaction
occurred between the TFP cresyl group and PxGST⊞. In detail,

Figure 2 Metabolic capacity of three classes of PxGSTs toward TFP
(0.5 mM). Metabolic capacity was shown as depletion of TFP (%). Bars rep-
resent the mean ± SE of replicates. Asterisks represent statistically signifi-
cant differences analyzed by the one-way ANOVA with Tukey's multiple
comparison tests (***, P < 0.001).

Figure 3 (A) The bindingmode of the PxGST⊞–TFP complex produced by
molecule docking analysis. TFP is presented with the stick-and-sphere
model. Color code: green, C; deep green, Cl; blue, N; red, O; white, H. Key
residues are presented with the stick model. Color code: gray, C; red, O;
white, H; red-dashed line, H-bond. (B) The pharmacophore model derived
from the binding mode of the PxGST⊞–TFP complex. The pharmacophore
model consists of four hydrophobic features (yellow sphere), and two
H-bond acceptors (red arrow and red sphere). (C) The 2D interaction
diagram of the PxGST⊞–TFP complex. The 2D interaction diagram of
TFP with PxGST⊞ were visualized with the following color code: H-bond
acceptor (red arrow), and hydrophobic interaction (yellow sphere).
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the methyl of TFP cresyl interacted dominantly with Val165 and
Phe204 in the hydrophobic form, and the benzene ring of TFP cre-
syl formed hydrophobic interactions with Ile11, Tyr162, Val165
and Phe204, simultaneously. Besides hydrophobic interactions,
other forms of interaction also were observed. The cresyl of TFP
also interacted with the sidechains of Phe9 (phenyl and phenoxyl)
and Phe204 (phenyl) through π-stacking interactions. The O atom
derived from the amide group of TFP could form H-bond interac-
tions with Tyr107 and Tyr162 simultaneously (Fig. 3), with the dis-
tances between hydrogen binding atoms being 2.8 Å and 2.6 Å
[Fig. 3(A)].
Based on the interactions between PxGST⊞ and TFP, we specu-

late that in the metabolizing process of TFP by PxGST⊞, the hydro-
phobic interactions mentioned above together with the
π-stacking interactions hold TFP into the hydrophobic pockets
of PxGST⊞ tightly. Considering the role of nucleophilic attack in
the metabolizing process, the H-bonds provided by Tyr107 and
Tyr162 may be critical to the detoxification of TFP. To verify the
assumption, Tyr107 and Tyr162 were individually mutated into
Ala in the subsequent research.

3.7 Site-directed mutagenesis and metabolism assay
The key residues (Tyr107 and Tyr 162) of PxGST⊞ derived from the
prediction of binding model were mutated into Ala by site-
directed mutagenesis. The expected molecular weights of 25 kDa
mutant proteins were obtained by prokaryotic expression (Fig.
S1). As presented in the Michaelis–Menten plots, the values of
Vmax and Km in PxGST⊞Y107A and PxGST⊞Y162A were
241.7 ± 3.25 μM−1mg−1min−1, 232.9 ± 3.82 μM−1 mg−1 min−1

and 0.18 ± 0.0074 mM, 0.16 ± 0.0098 mM, respectively (Fig. S2).
The kinetic parameters of the mutant PxGST⊞ proteins displayed
no significant differences with their native counterpart, implying
that the mutants were applicable to the subsequent experiments.
In vitro inhibition assay of TFP on the two mutant proteins

showed that the inhibition rates were 15.24 ± 3.25%
(PxGST⊞Y107A) and 10.25 ± 4.28% (PxGST⊞Y162A) under 100 μM
of TFP. When the TFP concentration reached 500 μM, its inhibition
rates on the two variants, 26.85 ± 3.97% and 25.34 ± 3.66%,
remained much lower than on the native form (Fig. 4). Results
derived from UPLC assay indicate that the two mutant proteins
metabolized 10.59% and 8.71% of TFP in 2 h, respectively (Fig. 5).
The above results illustrate that mutant PxGST⊞Y107A and

PxGST⊞Y162A proteins almost lost binding and had a significantly
decreased ability to metabolize TFP. This confirms our hypothesis
that the H-bonds from Tyr107 and Tyr162 are crucial for TFP
detoxification. When the two sites mutated to alanine, the O-atom
of the amide group served by TFP was unable to interact with
Tyr107 and Tyr162 to form H-bonds. The hydrophobic

interactions between TFP (ethyl and C1 of the pyrazol group)
and Try107 along with the hydrophobic interaction that occurred
between the TFP cresyl group and Tyr162 were broken. Thus, the

Table 2 The calculated and experimental binding free energy* for the binding of TFP to PxGST⊞

Name Structure S(h-bond) S(lipo) H(rot) ΔGcal
† ΔGexp

‡

TFP 0.27 239.65 1.49 −7.31 −5.41

*All binding free energy values are given in kcal mol–1.
†ΔGcal represents calculated binding free energy.
‡ΔGexp represents experimental binding free energy.

Figure 5 Metabolic capacity of PxGST⊞ and its mutants (PxGST⊞Y107A
and PxGST⊞Y162A) towards TFP. PxGST⊞Y107A and PxGST⊞Y162A stand
for the PxGST⊞ proteins mutated at the sites of Tyr107 and Tyr162. Meta-
bolic capacity was shown as depletion of TFP (%) (Bars represent the
mean ± SE of replicates. Asterisks represent statistically significant differ-
ences analyzed by the one-way ANOVA with Tukey's multiple comparison
tests (***, P < 0.001, ns: no significance.).

Figure 4 Inhibition of TFP on PxGST⊞ and its mutant protein: PxGST⊞Y107A
and PxGST⊞Y162A (standing for the PxGST⊞ proteins mutated at the sites of
Tyr107 and Tyr162). Bars represent themean ± SE of replicates. Asterisks rep-
resent statistically significant differences analyzed by the one-way ANOVA
with Tukey's multiple comparison tests (***, P < 0.001).
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mutant proteins PxGST⊞Y107A and PxGST⊞Y162A cannot metab-
olize TFP.

4 CONCLUSION
Overall, the above findings illustrate that PxGST⊞, PxGST⊐ and
PxGSTε are involved in detoxifying TFP in P. xylostella. Of the three
PxGSTs, PxGST⊞ is equipped with the highest binding and meta-
bolic capacities towards TFP. Furthermore, the binding modes of
PxGST⊞–TFP interaction and the key residues (Tyr107 and
Tyr162) involved are revealed. This study illuminates the molecu-
lar mechanism of PxGST⊞ in metabolizing TFP, and lays a founda-
tion for the design and optimization of TFP-like compounds.
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