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Abstract

BACKGROUND: Carboxylesterase is a major class of enzymes involved in the detoxification of
toxic xenobiotics in various insect species. Previous work has shown that the carboxylesterase
gene CarEQ01G found in Helicoverpa armigera is more active and can metabolize synthesized
pyrethroids, such as p-cypermethrin, one of the commonly used commercial insecticides for
lepidopteran pest control. In addition, CarE001G is very special as it has a very specific
Glycine-Rich Region located adjacent to its C-terminal. But whether mutations in this unique
sequence can change the biochemistry and function of CarE001G are unknown.

RESULTS: In this study, four CarE001G's variants with different deletions in the Glycine-Rich
Region were obtained and functionally expressed in the Escherichia coli. The recombinant
proteins were purified and confirmed by Western blot and mass spectrometry analyses. These
mutant enzymes showed high catalytic efficiency toward the model substrate a-naphthyl acetate.
Inhibition study showed that g-cypermethrin had relatively strong inhibition on CarE activities. In
vitro metabolism assay showed that the mutant enzymes significantly enhanced their metabolic
activities toward S-cypermethrin with specific activities between 4.0 - 5.6 nM-mint-mg™ protein.
Molecular docking analyses consistently demonstrated that deletion mutations in the
ulycine-Rich Region may facilitate the anchoring of the s-cypermethrin molecule in the active
binding pocket of the mutant enzymes.

CONCLUSION: These data show that deletion mutations can cause qualitative change in the
capacity of CarEs in the detoxification of s-cypermethrin. This indicates that deletion mutations
in the Glycine-Rich Region may have the potential to cause SP resistance in H. armigera in the
future.

Key words: Helicoverpa armigera, carboxylesterase, deletion mutation, metabolic activity,

insecticide resistance
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1 INTRODUCTION

The cotton bollworm, Helicoverpa armigera (Hubner), is a devastating pest feeding on various
kinds of economical crops such as cotton, corn, and soybean, and causes severe yield losses on
them globally.*2 This is largely because cotton bollworms have the following important inherent
characteristics: they are polyphagous, undergo facultative diapause and high fecundity and
mobility.?

Organophosphates (OPs) and synthesized pyrethroids (SPs) are two major commercial
chemical insecticides which have been frequently used for cotton bollworm control over the past
30 - 40 years.® Intensive spraying of insecticides in farmlands has led to the evolution of
insecticide resistance in cotton bollworms since the 1980s." * ° Genetically-engineered crops
producing Bacillus thuringiensis (BT) insecticidal proteins have been planted widely for
controlling cotton bollworm from 1996.° However from 2005, the evolution of resistance to
transgenic BT cotton in the cotton bollworms in China has been repoted.”® Although the
extensive planting of transgenic crops suppressed pests and reduced chemical insecticides use
over the last two decades,'® ! it has been widely reported that cotton bollworms have gained
metabolic resistance to SPs and OPs worldwide.'*"*4 For example, recent studies have shown that
reld strains of H. armigera collected from northern and northeastern China have developed
high-level fenvalerate resistance and moderate-level J-cyhalothrin resistance, respectively'? °.
The metabolic resistance is mainly caused by cytochrome P450s (CYPs) and carboxylesterases
(CarEs), which are two multigene superfamilies playing key roles in the detoxification of
xenobiotic chemical compounds among insect pests including the cotton bollworm.16-20

CarEs (EC3.1.1.1) are esterases under the main enzyme group known as hydrolases. They
hydrolyze carboxylic esters.?! CarEs have the catalytic triad (Ser-His-Glu) in their active sites,
which is essential for their hydrolytic capability and are highly conserved in insect CarEs.?? The

other residues in the oxyanion hole and the nucleophilic elbow (Gly-X-Ser-X-Gly) termed as
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pentapeptide are also necessary for their catalytic hydrolysis.?? CarEs are ubiquitous in various
organisms including mammals and insects, and play crucial roles in the detoxification of
xenobiotic chemicals including various drugs and insecticides.?

The involvement of CarEs in the detoxification of different agrochemicals has been reported in
insect species, such as in Myzus persicae (Sulzer), 2* Culex mosquitoes,?® H. armigera,?® Lucillia
cuprina,?’ Cydia pomonella,?® Bactrocera dorsalis,?® and Locusta migratoria.®® Meanwhile, other
studies have implicated CarEs in insects resistance to insecticides.? - 2 For examples, in M.
persicae (Sulzer), amplifications of EF4 and E4 were found to be responsible for insecticide
resistance in different field populations;?* and in Nilaparvata lugens, more copies of the N1-EST1
gene were detected in resistant strains.3! Additionally, in Aphis gossypii and B. dorsalis, high
MRNA expression levels were also found to be associated with deltamethrin and malathion
resistance,32* respectively. Besides these, in L. cuprina and Musca domestica, single point
mutations of CarE genes (i. e. Gly137 to Asp or Trp251 to Leu of E3 and E7) were reported to
also cause OP resistance, respectively.3*%® Therefore, two general molecular mechanisms for
CarE-mediated metabolic resistance are currently well known in insects.?! 22The first involves
overproduction of CarEs via (1) amplification of individual CarE genes at the DNA level or (2)
increased transcripts of a specific CarE gene at the mRNA level 2! It is generally assumed that the
overproduction of the high amount of enzymes enhance insecticide detoxification by effective
sequestration. Over production of CarEs has been reported in peach aphids,?* 3’ mosquitoes,?> 3
brown planthopper,®! cotton aphid,®? and the oriental fruit fly.3® The other involves single point
mutations in specific CarEs which causes a significant increase in insecticide detoxification by
elevating hydrolytic activity. Point mutation has been well characterized in a few insect species,
including L. cuprina and M. domestica.3+3

CarE-mediated insecticide resistance in cotton bollworm, has been widely reported from the

1990s in Australia,® India,* Africa,*® and China.'® However, few CarEs involved in this resistance
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have been fully elucidated at the molecular level to date. A recent study found that four CarkE
genes were constitutively over-expressed in a fenvalerate-resistant cotton bollworm strain.*! So
far, there have been no reports about point mutations in CarEs responsible for insecticide
resistance in the cotton bollworm. In our previous work, Asp and Leu mutations occurring in
natural populations of L. cuprina 3 and M. domestica L.,* were in vitro introduced into a few
CarEs of H. armigera. The results showed that Asp substitutions in CarE001C increased OP
hydrolase activity about 14-fold, and Leu substitutions caused about 4- to 6-fold increase in SP
hydrolase activity of other three CarEs, 001B, 001D and 001F.*? However, these point mutations
have never been found in either laboratory-selected strains or field populations of H. armigera.
There are limited reports on the metabolic activities of CarEs in the cotton bollworm. An
earlier study suggested that the homogenate of the third instar larvae of H. armigera exhibited
hydrolytic activity toward esfenvalerate.*®> Another study provided forceful evidence that the
crude enzyme sample from larval midguts could metabolize alpha-Cyano-3-phenoxybenzyl SPs
into smaller metabolites.?® Recently, another study reported that an enzyme preparation from the
midgut samples of a laboratory-selected resistant H. armigera strain showed hydrolase activity
toward fenvalerate.** Although genomic analysis has shown that about 40 CarEs are found in the
cotton bollworm,* current knowledge on the metabolic capacities of individual CarEs toward
insecticides is rather limited. In 2013, a study which involved the heterologous expression of
CarEs from H. armigera using a baculovirus system, firstly reported that individual CarEs had
relatively low hydrolase activity toward either OPs or SPs.*® Similarly in our previous studies,
heterologous expression in the E. coli demonstrated that a few CarEs, including 001D, 001G,
001A and 001H from H. armigera strain (WH), had metabolic activities toward SPs.46-48
Particularly CarEO01G exhibited highly catalytic efficiency toward a-naphthyl acetate (a-NA),
strong binding affinity to OPs, and relatively low hydrolase activity toward three types of SPs.

Furthermore, CarE001G has a longer open reading frame (ORF) encoding 747 amino acid (aa)
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residues than most of other CarEs (550 - 560 aa), and contains a Glycine-Rich Region (GRR)
(approximately 60% glycine residues) of 146 aa located adjacent to the C-terminal. We
discovered that this GRR sequence consisted of both 12 copies of 8aa motif
(Glu-Gly-Asp-Gly-Gly-Asp-Gly-Gly) and 10 copies of 5aa motif (Glu-Gly-Asp-Gly-Gly).*” To
the best of our knowledge, no similar GRR sequences have yet been documented in either the
cotton bollworm or other insect species to date, and the functions of this unique "Glycine-Rich
Region" in insecticide metabolism and insecticide resistance are unknown.

In this study, we identified and obtained four CarEQ01G's variants with different deletions in
the GRR, and heterologously expressed them in an E. coli system. We characterized the
biochemical properties of the purified mutant enzymes (including kinetic parameters and
insecticide inhibition properties), measured their hydrolase activity toward p-cypermethrin, and
performed molecular docking analysis and molecular dynamics (MD) simulations. We found that
the mutant CarEs can significantly enhance the detoxification of p-cypermethrin. This was
confirmed by a binding mode analysis. Our results indicate that deletion mutations in GRR may
play a role in the development of SP resistance in H. armigera in the future.

2 MATERIALS AND METHODS

¢2.1 Chemicals

The chemicals, including s-cypermethrin, triphenyl phosphate (TPP) , a-naphthyl acetate (a-NA),
a-naphthol, and Fast Blue RR salt, were of technical grade and were obtained from Aladdin
Regent (Shanghai, China). Other chemicals and solvents used in this work were all reagent grade.
2.2 Construction and bacterial expression of mutant enzymes

The DNA of CarE001G s variants were amplified with gene-specific primers containing
restriction endonuclease recognition sites (Table S1) by using the PrimeSTAR HS DNA
Polymerase (TaKaRa, Japan) following the method of Li et al. ® with slight modification. Briefly,

the amplification program was 98 “C for 30 s, followed by 30 cycles of 98°C for 12's, 68°C for 25's,
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72 °C for 2.5 min, and with a final extension of 72 C for 5 min. The CarE001G gene has been

cloned and sequenced in our previous work.*” The plasmid having the ORF of CarE001G was
used as template in the amplification. The PCR products were applied on 1% agarose gel. The
two PCR product bands (approximately 2.0 kb and 2.3 kb) were separately excised from the 1%
agarose gel (Figure 1A). After purification and digestion, the two products were inserted into
pET30a vector and transformed into E. coli BL21 (DE3) competent cells, respectively. Then the
recombinant plasmids were sequenced by Invitrogen Company (Beijing, China). To further verify
these four mutant CarEs, they were sequenced again by another Company (Sangon Company,
Shanghai, China).

To characterize the function of these mutant CarEs, the sequencing-verified plasmids were
used to yield mutant CarEs according to the protocol of our previous report.*” 48 The protein
expression was induced by isopropylthio-galactoside (IPTG) at a final concentration of 0.2 mM at

18°C for 48 h with shaking at 200 rpm.

2.3 Purification and verification of recombinant mutant enzymes
The recombinant proteins were purified following the protocol of Bai et al.*” Briefly, cells were
harvested by centrifugation after incubation for 48 h. The cell pellets were then re-suspended
with 25 mM Tris-HCI (pH 8.0) and lysed by sonication. The soluble recombinant proteins in the
supernatant were collected after centrifuging at 15, 000 rpm at 4°C for 0.5 h (CF16RX 1I, Hitachi
Ltd., Japan), and filtered by passing thorough a sterile 0. 22 um filter. The recombinant proteins
were finally purified by a Ni?*-NTA Resin (TransGen Biotech, China) with a linear gradient of 50
- 200 mM imidazole solutions following the manufacturer's instructions. The purified mutant
proteins were subsequently dialyzed with 25 mM Tris-HCI (pH 8.0) three times, followed by the
verification with 12% SDS-PAGE gel and Western blot analysis. The concentrations of the
purified mutant proteins were measured using the Bradford method.*°

To investigate the activity of the recombinant mutant CarEs, the purified proteins were
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submitted to a native polyacrylamide gel electrophoresis (native-PAGE) following the method of

Teese et al.** with slight modification. Briefly, after running for about 60 min at 200 Vina4 C

fridge, gels were incubated in freshly prepared 50 mL of staining solution (containing ImM a-NA
and 3 mM Fast Blue RR salt ) at 50 rpm for 5 - 10 min at room temperature. Next, 30 mL of 0.05%
(v/v) glacial acetic acid was used to replace the staining solution and to stop the staining reaction.
Finally, gels were washed by de-ionized water three times for about 15 min.

2.4 Mass spectrometry analysis of purified mutant enzymes

To further identify the purified recombinant proteins, a mass spectrometry assay was performed
following the method of Bai et al.*’ Briefly, the excised fractions corresponding to the two
protein bands on the SDS-PAGE gel were separately digested by trypsin (Promega, sequence
grade) and incubated at 37 °Cfor 20 h. After the resultant peptides were separated and desalted,
the peptide analysis was conducted by a 5800 MALDI-TOF/TOF(AB SCIEX) by Shanghai
Applied Protein Technology Company. The amino acid residues of the protein bands identified by
MS were aligned with the deduced sequences of each mutant CarEs.

2.5 Sequence analysis

The molecular weight of the mutant CarEs was predicted by the Compute pl/Mw tool of EXPASy
web (https://web.expasy.org/compute_pi/). Protein glycosylation sites were predicted with the
NetNGlycl.0 server (http://www.cbs.dtu.dk/services/NetNGlyc/).The
glycosylphosphatidylinositol (GPI) anchor sites were predicted with GPI-anchor Predictor
(http://gpcr2.biocomp.unibo.it/gpipe/pred.htm). Comparison of amino acid sequences was
performed using the GENEDOC software (https://genedoc.software. informer.com/2.7/).

2.6 Kinetic assay of mutant CarEs with a-naphthyl acetate

The kinetics of purified mutant CarEs were determined using continuous assay on a microplate
reader (M200 PRO, Switzerland) with 96-well microplate following the protocol of Teese et al.*®

and Li et al.*® Briefly, a stock solution of a-NA in absolute methanol was used to prepare a 400
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uM working solution (containing 3 mM Fast Blue RR salt) with 0.1M sodium phosphate buffer
(PBS) pH 7.5 (0.1 M Na2HPO4 and 0.1M NaH2POa ). Then, the first round assay was carried out
to determine the suitable quantity of enzyme to be added to the reaction. This reaction system
consisted of 100 pL of 200 uM a-NA and equal volume of serial dilutions of the enzymes (2-fold,
4-fold, 8-fold, 12-fold, 32-fold, 64-fold) in 0.1M PBS buffer (pH 7.5). The second round assay
was subsequently carried out using the optimal quantity of enzyme to measure the initial velocity
of each reaction at serial concentrations of a-NA (16 uM - 200 uM). Finally, the initial rates of all
the 12 reactions were used to accurately estimate the exact kinetic parameters (including Vmax and
Km) by fitting the data to the Michaelis-Menten equation, and the intrinsic clearance values (CLint
= Vmax/Km) were calculated following the method of Han et al. >°

2.7 Inhibition assay of mutant CarEs activity by #-cypermethrin

The inhibition of mutant CarEs by insecticides were examined following the method of Gunning
et al.>* with modification. Briefly, serial stock solutions of s-cypermethrin and triphenyl
phosphate (TPP) were dissolved in acetone, and 1.0 - 2.0 uL of stock solution was added to the
enzyme solution (1 ug in 100 pL) to give final concentrations ranging from 1 uM to 1000 puM .
All treatments were incubated at 30 °C for 10 min then the residual CarE activity was screened at
450 nm by adding 100 puL of 400 uM a-NA containing 3mM Fast Blue RR salt with a microplate
reader (M200 PRO, Switzerland). TPP was used as a positive control inhibitor. The half
inhibitory concentrations (1Cso) were estimated by the Trimmed Spearman-Karber method.>?

2.8 HPLC assay of CarEs hydrolase activity toward g-cypermethrin

The hydrolase activity of mutant CarEs was determined by measuring the difference between the
residual concentration and the initial concentration of s-cypermethrin using HPLC assay
following the protocol of Li et al. *® First, a stock solution of 20 mM g-cypermethrin in absolute
acetone was diluted to 200 uM in 0.1M sodium phosphate buffer (PBS) pH 7.5 (0.1 M Na2HPO4

and 0.1M NaH2POg4 ). Next, 100 uL substrate solution was added into 100 uL of appropriately
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diluted enzyme sample, and reactions were incubated at 30 °C for 2 hand then stopped by adding
200 uL acetonitrile. The residual p-cypermethrin was measured using an Agilent HPLC 1260
Series equipped with a Symmetry C18 column (250 x 4.6 mm, 5 um, Waters) by using
acetonitrile and water as the solvents (80 : 20, v/v) with an 1.0 mL-min’! flow rate. The column
temperature was maintained at 30 °C, and the detection wavelength was 210 nm.Heat-inactivated
mutant CarE was used as a negative control. All reactions were tested in three replicates. The
hydrolase activity toward S-cypermethrin was presented as the specific activity, which is defined
as the nanomoles of substrate loss per minute per milligram enzyme.
2.9 Homology modeling of mutant and wild type CarEs
After querying the Protein Data Bank (PDB database) with the amino acid sequence of
CarE001G, the crystal structure of L. cuprina alpha-esterase-7 (Lcak7) (PDB ID: 5TYM,
resolution=1.84 A) was selected as the suitable template for homology modeling (about 31%
homology). The 3D structures of CarE-wt and CarE-mut (Gv4) were built by modeler 9.21
package (https://salilab.org/modeller/). Subsequently, the Amber 14 and AmberTools15 programs
were used for MD simulations of the selected pose.>* The 3D structure of the CarE was placed in
a rectangular box with explicit TIP3P water extending at least 10 A in each direction using the
SolvateOct” command with the minimum distance between any solute atoms. Equilibration of
the solvated complex was performed by carrying out a short minimization (the steepest descent
for the first 2000 steps and the conjugate gradient method for the subsequent 2000 steps), 1000 ps
of heating, and 500 ps of density equilibration with weak restraints using the GPU accelerated
PMEMD (Particle Mesh Ewald Molecular Dynamics) module. Finally, 200 ns of MD simulations
were carried out. All the MD were performed on a Dell Precision T5500 workstation.
2.10 Binding mode analysis of CarE_g-cypermethrin complexes
Molecular docking analyses were performed to investigate the binding mode between the wild

type and the mutant with the s-cypermethrin compound using Autodockvina 1.1.2.% The
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AutoDock Tools 1.5.6 package was employed to generate the docking input files. * The search
grid of the CarE-wt and CarE-mut were both identified as center_x: 31.792, center_y: 49.617, and
center_z: 71.429 with dimensions size_x: 15, size_y: 15, and size_z: 15. In order to increase the
docking accuracy, the value of exhaustiveness was set to 20. For Vina docking, the default
parameters were used if it was not mentioned. MD simulations of both target complexes were
carried out following the above mentioned method. At least, 100 ns of MD simulations were
carried out.

The binding free energies (AGnind-kal) OF the generated CarE_p-cypermethrin complexes were
calculated using the Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) method
in AmberTools 15. For each complex, the binding free energy of MM/GBSA was estimated as
follows:

AGbind = Gcomplex — Gprotein — Gligand
where AGyind IS the binding free energy, Geomplex, Gprotein and Giigand are the free energies of
complex, protein, and ligand, respectively.
3 RESULTS
3.1 Identification and sequence analysis of mutant CarEs
with the exception of the 2.3 kb PCR product band, a smaller PCR product band (about 2.0 kb)
was amplified in PCR amplification (Figure 1A). The two product bands were then purified and
ligated into the pET30a vector. Four mutant CarEs, Gvl, Gv2 , Gv3 and Gv4, were identified
from the cloning of smaller PCR products by sequencing analysis using Vector NT 1l software
(Figure 1 and 2). The results showed that Gv1, Gv2 , Gv3, and Gv4 had complete ORFs encoding
653, 645, 624 and 598 aa residues, respectively. Comparison of the deduced amino acid
sequences of these mutant CarEs with the wild type CarEQ01G, revealed that their protein
sequences were well matched with the wild type except the variation of the length of the GRR

sequences (Figure 2). Specifically all mutant CarEs had a shorter GRR sequences in their ORFs
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compared with the 146 aa of GRR in the ORF of wild type. As shown in Figure 1 and Table 1,
Gv1 had 653 aa residues in length with a short GRR sequence (68 aa), which comprised 6 copies
of an 8 aa motif and 4 copies of a 5 aa motif. The ORF of Gv2 encoded 645 aa residues
containing a 60 aa of GRR sequence, which consisted of 5 copies of an 8 aa motif and 4 copies of
a 5aa motif. By contrast, the ORF of Gv3 encodes a shorter protein of 624 aa residues in length
with a GRR sequence of 39 aa, which has both 3 copies of an 8 aa motif and a 5 aa motif.
Particularly, the fourth mutant CarE (Gv4) had the shortest ORF encoding 598 aa residues with
the shortest GRR sequence of 13 aa residues in length and consisted of each copy of an 8aa motif
and a 5aa motif (Figure 1, Table 1).

3.2 Purification and verification of recombinant mutant CarEs

To characterize the function of the mutant CarEs, the recombinant plasmids harbouring mutant
CarE genes were transferred into competent E. coli BL21 (DE3) cells to yield recombinant
proteins. The purified mutant proteins were identified by SDS-PAGE analysis (Figure 3A). As
shown, a relatively heavy staining band termed Band 1 (70 - 75 KDa) for each purified mutant
proteins was clearly detected on the gel. These bands (Band 1) were the target proteins as they are
agreed with the predicted molecular weight of Gv1, Gv2, Gv3 and Gv4, which are approximately
16.0 KDa, 75.4 KDa, 73.7 KDa, and 71.6 KDa, respectively (Figure 3A). Besides Band 1 on the
SDS-PAGE gel, another smaller protein band termed Band 2 with relatively light staining
intensities was also observed from each purified mutant CarEs (Figure 3A). The Western blot
analysis confirmed that these two protein bands were in accordance with the SDS-PAGE analysis
(Figure 3B). Furthermore, both heavy staining bands were detected by native-PAGE analysis
(Figure 4), thus indicating these two protein bands are active and could hydrolyze the substrate
(a-NA) into metabolites.

3.3 Mass spectrometry analysis of the expressed mutant CarEs

The mass spectrometry assays were performed to further investigate the relations between the
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two bands of each mutant CarEs. About 22 - 25 protein-peptides were identified from the target
band and the smaller band (Band 1 and Band 2) (Table S2 and S3). Comparison of these
protein-peptide data with the deduced amino acid sequences of each mutant CarEs, indicated that
the peptide sequences of Band 1 and Band 2 well matched with the amino acid sequence of the
individual corresponding mutant CarEs (Figure 5 and Figure S2). Thus these results in
combination with the results from the Western blot and native PAGE analyses, suggested that
Band 1 was the target protein of each mutant CarEs, but Band 2 may be the fragment from the
intact protein of each mutant CarEs.

3.4 CarE activity of mutant CarEs toward a-NA

The enzymatic activity toward the model substrate a-NA was determined by spectrophotometric
microplate assays (Figure S3 and S4). As seen in Table 2, although the bind affinities of a-NA to
both the mutant esterases and wild type were very similar and no significant differences were
observed between their Km values, Vmax for the four mutant esterases appeared to be significantly
higher than that of wild type, thus showing very high keavalues (12.3 - 20.3 s1) toward a-NA.
Particularly, three of four mutant CarEs (Gvl, Gv2 and Gv3) exhibited an maximal specific
activity of approximately 16 pM-st-uM protein, which was about two-fold higher than that of
e wild type. For only two of the mutant CarEs, Gv1 and Gv2, the intrinsic clearance (CLint) and
specificity constant (kca/Km) values were significantly larger than those of wild type. These
results indicated that deletion mutations in the GRR sequence could alter the enzymatic activity
of Care001G.

3.5 Inhibition properties of f-cypermethrin against mutant esterase activity

Inhibition (1Cso values) of the four mutant CarEs was determined (Figure 6). The results showed
that S-cypermethrin exhibited relatively strong inhibition on the mutant CarEs with 1Cso values
varying from 400 to 550 uM compared to wild type (Table 3). The inhibition of S-cypermethrin

on Gv1, Gv2 and Gv3 was as strong as their positive inhibitors. Particularly the inhibition of
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S-cypermethrin was significantly stronger for Gv4 (ICso = 408.5 £+ 21.5 uM) than the positive
inhibitor (1Cs0 = 539.5 + 82.3 uM). However, in contrast to these mutants, p-cypermethrin
exhibited significantly weaker inhibition ( 1Cso = 501.2 + 22.7uM) on the wild type CarE001G
than its positive inhibitor control (1Cso = 360.3 £ 15.9 uM). The results above suggested these
mutants had stronger binding affinity with g-cypermethrin than the wild type.

3.6 Metabolic activity of mutant CarEs toward g-cypermethrin

The measurement of the metabolic activity of mutant CarEs was performed by an HPLC assay
(Figure S5). The in vitro metabolism assay showed that four mutant CarEs had significantly
higher metabolic activity toward f-cypermethrin than wild type (Figure 7). Specifically, Gv4 had
the highest metabolic activity with a specific activity of 5.6 + 1.1 nM-mint-mg protein,
followed by Gv2 and Gv3 with specific activities of 5.3 + 0.5 and 4.6 + 0.9 nM-min*t-mg*
protein, respectively. Comparatively, Gv1 had the lowest metabolic activity among these mutants.
These results indicated that the deletion mutation in the GRR of CarEQ01G significantly
enhanced the metabolic ability toward S-cypermethrin , which was at least 2-fold higher than that
of the wild type.

3.7 Binding mode analyses of CarE-mut_g-cypermethrin and CarE-wt_g-cypermethrin
complexes

To better explore the different underlying mechanism of the wild type CarE (CarE-wt) and
mutant CarE (CarE-mut) in metabolizing insecticide, the 3D structures of the CarE-wt and the
CarE-mut were constructed using Modeler 9.21 package and optimized by MD Simulations
(Figure S6 and Figure S7). After a 200 ns MD simulations, the 3D structures of CarE-wt and
CarE-mut achieved equilibrium, suggesting stability of the protein structures. The
CarE-mut_g-cypermethrin and CarE-wt_g-cypermethrin complexes were also obtained by
molecular docking and analyzed by MD simulations (Figure 8 and S7). As shown by the 100 ns

of MD simulations (Figure S8A), the CarE-mut_#-cypermethrin complex reached equilibrium
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much earlier at the 15 ns point with an averaged RMSD of 2.0 + 0.2 A , compared to the
CarE-wt_g-cypermethrin complex. The RMSF analysis showed that the residues of CarE-mut
appeared to be more rigid as a result of binding to s-cypermethrin. Its RMSF value was less than
2A. Comparatively, the CarE-wt exhibited a big degree of flexibility with an RMSF value almost
6 A (Figure S8B). These results probably imply that differences exist in the binding mode
between the CarE-mut_g-cypermethrin complex and the CarE-wt_g-cypermethrin complex.

The theoretical binding modes of CarE_wt and CarE-mut with g-cypermethrin are illustrated in
Figure 8. The p-cypermethrin adopted a compact conformation to bind in the binding pocket of
the CarE-wt and CarE-mut, respectively (Figure 8A, B). The canonical catalytic triad of the
a/B-hydrolase fold is conserved in both CarE-wt and CarE-mut with Ser205-His445-Glu332. The
structure also reveals the presence of an aryl binding pocket consisting of Phe238, Phe291, and
Phe401. Thus, the catalytic groups in both CarE-wt and CarE-mut are essentially identical to
those groups in most other structural homologous, such as LcaE7 from L. cuprina.®’ Detailed
analysis further showed the cyhalothric acid part of the g-cypermethrin molecule was well
located in the hydrophobic pocket which consisted of the amino acid residue Phe238, Phe291,
Phe401, Leu292, and Val446, forming a strong binding, while the oxydibenzene scaffold of
p-cypermethrin molecule located in another hydrophobic pocket consisted of Alal127, Phe335 and
Thr449 (Figure 8A, B). The interactions between the two binding complexes appeared to be
nearly similar. However, comparison of their binding modes (Figure 8C), indicated that a primary
difference existed between the two complexes, which was that insecticide compound in the
CarE_mut_g-cypermethrin complex was well oriented to the residues Ser205, Glu332 and His445
of the catalytic triad (Ser-Glu-His) of CarE-mut, which probably facilitated the compound to bind
at the active sites of the enzyme. Particularly, the cation-r interaction was observed between
residue His445 and S-cypermethrin in the CarE-mut_g-cypermethrin complex. Furthermore, the

distance between the carbonyl carbon atom of the ester group of cypermethrin and the key
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residue Ser205 of CarE_mut was 3.3 A, which was slightly shorter than that of Ser205 of
CarE_wt (3.4 A) (Figure 8C). These points may make the CarE-mut more active in insecticide
detoxification. Additionally, the calculations of the total binding free energy showed that the

estimated AGbind for CarE-mut_g-cypermethrin (—47.8 + 2.6 kcal-mol™?), was slightly higher
than that for CarE-wt_g-cypermethrin (—44.8 + 2.5 kcal-mol ™). This was consistent with the

order of g-cypermethrin hydrolase activity determined in vitro. All together, these results provide
rational explanation of the different interactions between CarE-mut and CarE-wt with
S-cypermethrin molecules.

4 DISCUSSION

Insects have multiple CarE genes playing important roles in the detoxification of xenobiotic
chemicals because they can metabolize or sequester various agrochemicals containing ester bond
like SPs.2! Approximately 40 CarE genes are located in the genome of H. armgeira,* but few
CarEs have been characterized in their biochemistry and functions. In a previous work, we found
that CarEO01G had 747 aa in length with 146 aa of unique GRR sequence, which was located at
its C-terminal (the residues 545 — 690) and consisted of 12 copies of an 8 aa motif and 10 copies
of a 5 aa motif.*’ Furthermore, comparison of the protein sequence of CarEQ01G with other
insect CarEs, indicated that the ORF of CarE001G had the longest amino acid sequence.*” These
may suggest that CarE0Q01G is an unique gene in the CarE super-family of H. armigera with
unknown biological role. Interestingly, in this work we observed a smaller PCR product band
(about 2.0 kb) in the 1 % agarose gel analysis (Figure 1A). Unexpectedly, we discovered four
mutant CarEs from this smaller PCR band through cloning sequencing analysis (Figure 1 and 2).
We further confirmed that no alternative mRNA splicing of CarE001G was observed in the H.
armigera WH strain, and the 438 bp of GRR cDNA sequence (encoding the 146 aa residues) was
located in the third exon of the genomic DNA of CarE001G (Figure S1A). We suggest the
following points as possible reasons for our observation. First, the addition of a higher amount of

/31



templates into the reaction mix led to a non-specific amplification. We confirmed that the smaller
PCR product band was generally amplified by the addition of templates more than 10 ng to a 25
uL of reaction mix (Figure S1B). Second, a lower annealing temperature for PCR probably also
resulted in a non-specific amplification. We clearly observed the smaller PCR product band when
the annealing temperature was below 68 °C (Figure S1C), suggesting that the specific
amplification of CarE001G required a higher annealing temperature as the guanylic acids
enriched in its DNA sequence. Lastly, the short simple tandem repeat in the GRR sequence may
be prone to PCR errors during the amplification. These assumptions required further inquires.
Comparison of the deduced amino acid sequence of these four mutant CarEs with the wild type
CarE001G, indicated that they have shorter but complete ORFs (Figure 1 and 2). To characterize
these four mutant CarEs, they were successfully expressed in an E. coli system and purified by
Ni2*-NTA Resin. The target protein band (Band 1) for each sample was identified by SDS-PAGE
and Western blot analysis (Figure 3), while an another smaller protein band (Band 2) was also
observed. The native PAGE assay indicated that the protein Band 2 was also active toward a-NA
(Figure 4), and the mass spectrometry assays further provided evidence that this band was the
products of mutant CarE (Figure 5 and S2). Therefore, Band 1 and Band 2 were all active
products from the bacterial expression of each mutant CarEs. The source of protein Band 2 is not
clear. We hypothesized that it might be similar to the heterologous expression of wild type
CarE001G as we observed in our previous study.*” We reasoned firstly that the mutant CarEs are
predicted to be GPI anchored proteins (Figure 2), which usually attaches to the cell plasma
membrane after translation and thus results in an incomplete release of protein from the cell.
Secondly, that the protein may have been broken into a short form during lyses by sonication or
purification by Ni-NTAZ?*. Lastly, that this may be due to irregular/error gene transcription or
protein translation due to its special sequence characteristic ( having part of GRR sequence

located adjacent to their C-terminals). Further work is still needed to explore the accurate
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molecular mechanism for the protein Band 2.

Two types of generic artificial substrates, a-NA and S-NA, are generally used as model
substrates to examine CarEs' activity. In particular, the a-NA is more frequently implicated in the
kinetic analysis of insect CarEs. We previously found that CarE0O01G was more efficient in its
binding with and hydrolysis of a-NA compared to f-NA.%" In this work, the kinetic constants of
mutant CarEs toward o-NA were determined. In comparison with the wild type, the results
indicated that all four mutant CarEs showed relatively high enzymatic activities toward o-NA
(Table 2). Moreover, the intrinsic clearance values (CLint) were also measured in this work, the
CLint values of Gvl and Gv2 were significantly larger than that of wild type, which were in
accordance with the trend of kca/Km values change. Additionally, the inhibition assay suggested
that they were strongly inhibited by fg-cypermethrin with 1Cso values between 400 and 550 pM
(Table 3 and Figure 6). Notably, s-cypermethrin exhibited the strongest inhibition on GV4 (I1Cso =
408.5 + 21.5 uM) compared to either the positive control (ICso = 539.9 £ 82.3 uM) or the wild
type CarE001G (ICso = 501.2 + 22.7 uM). This suggested strong binding between Gv4 and
p-cypermethrin. Additionally, the inhibition of S-cypermethrin against the other three mutant
CarEs, GV1, Gv2 and Gv3 were also strong as their 1Cso values were lower or close to their
positive controls, while they were close to or even slightly higher than that of the wild type
CarEO0O0G. These results indicated that S-cypermethrin could bind to the active sites of these four
mutant CarEs.

We also noted that the inhibition constants (ICso vaules ) for S-cypermethrin against both
mutant CarEs and wild type were significantly higher (300 - 550 uM) than those in a previous
study on an Australian H. armigera strain, > in which the ICso values were 0.52 uM and about 5
uM for {-cypermethrin and a-cypermethrin, respectively. The lower inhibitory potency of the
CarEs in the current work is probably attributed to the following two factors. The first is likely to

be relevant to excess substrate inhibition as the inhibitor s-cypermethrin was also a substrate for
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the CarEs. The other is likely to be the amount of CarE enzymes, which may be larger than the
optimal amount for the inhibition study to some extent even if it has been already optimized by
2-fold serial dilutions in the kinetic assay. In any case, next laboratory researches including
investigation of excess substrate inhibition and optimization of the inhibition assay are further
needed in the future.

CarEs are enzymes in o/f hydrolase fold and can hydrolyze carboxyl ester to its component
alcohol and acid.?! Therefore, CarEs may have metabolic activity toward SPs because most
commercial SP insecticides belong to carboxyl esters (i. e. p-cypermethrin, A-cyhalothrin and
fenvalerate). In this study, we conducted an in vitro metabolism assay using HPLC to investigate
the metabolic activity of the mutant CarEs toward f-cypermethrin (Figure 7 and S5). The results
suggested that all the four mutant enzymes showed significantly higher metabolic activities
toward p-cypermethrin, with specific activities varied from 4.0 to 5.6 nM-min*-mg? protein
(Figure 7). Particularly, among these mutant enzymes, Gv4 exhibited the highest metabolic
activity toward S-cypermethrin with a specific activity of 5.6 + 1.1 nM-mint-mg* protein, which
are over 3-fold higher than that of the wild type CarEQ01G. These results matched the results
from the insecticide inhibition analysis. However, comparison of the metabolic activity toward
p-cypermethrin with that toward a-NA, failed to provide a consistent pattern between these two
different types of substrates. This may be attributed to the different chemical structures of the
artificial substrate (a-NA) and the toxic insecticide (f-cypermethrin), one of the
alpha-Cyano-3-phenoxybenzyl pyrethroids.*®

As mentioned above, the in vitro metabolism assay showed that all the mutant CarEs had at
least a 2-fold increase of metabolic activity toward g-cypermethrin (Figure 7). The results
indicated that the deletion mutations of the GRR sequence caused qualitative changes in
CarE001G and therefore its enhancement in insecticide detoxification. In previous work, single

point mutations had been demonstrated to confer OP resistance in L. cuprina,® ¢ and the in vitro
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mutagenesis and heterologous expression had confirmed that they enhanced the hydrolysis of
either OPs or individual SP isomers.%® °° In another study, it was assumed that Asp and Leu
mutations may be a common mechanism in the development of OP resistance in insects, because
these point mutations in a few CarEs from different insect orders were shown to enhance the
hydrolysis of OPs.®° In this work, we found that deletion mutations in the GRR sequence of
CarE001G can enhance the hydrolysis of p-cypermethrin. Previous proteomic studies had
suggested that CarE001G is probably involved in OPs and SPs resistance in both Australian and
Chinese H. armigera strains,'3** ¢! put to date such resistance has not been observed in any
natural populations or laboratory-selected resistant strains of H. armigera. In a recent study, Asp
and Leu mutations (Alal27 to Asp and Phe238 to Leu) were introduced in CarE001G and
expressed in a baculovirus systems, but no significant improvement was detected in the
hydrolysis of either OPs or SPs.*? These may indicate that the enhancement of the hydrolysis of
insecticides by CarE001G may be caused by novel mechanisms such as the deletion mutations of
the GRR sequence. This implies that the deletion mutations of the GRR sequence may have
potential in the development of SP resistance in H. armigera in the future.

In this study, a homology modeling using the crystal structure of LcaE7 (PDB ID: 5TYM,
resolution=1.84 A) as a suitable template was carried out to assess the effects of the deletions of
part of the GRR sequence on the binding mechanism between CarE and insecticide compounds.®®
The intact 3D structure of the whole sequence of CarE001G (CarE-wt) was partly built according
to the crystal structure of LcaE7 as template, finalized and optimized by a 200 ns MD simulations
(Figure S6A, B). The results of MD simulations showed that both the 3D structures of CarE-wt
and CarE-mut were stable (Figure S6 and S7). The binding mode analyses further demonstrated
that s-cypermethrin molecules were better oriented to the residues Ser205, Glu332 and His445 of
the catalytic triad of CarE-mut compared with the CarE-wt (Figure 8C). This may explain why

the CarE-mut exhibited higher metabolic activity toward g-cypermethrin than that of CarE_wt.

/31



Similarly, in L. cuprina, the G137D mutation of LcaE7 was found to alter the orientation of the
Ser 200 attacking water molucule.®* The 3D crystal structure of LcaE7 was further determined as
the first insect carboxylesterase.’’” Based on this crystal structure, the binding mode analysis
revealed that the molecular mechanism underlying the enhanced hydrolase activity toward OP
which was caused by a single amino acid substitution. It was discovered that in the active site of
mutant LcaE7, an asymmetric and hydrophobic substrate binding cavity was found to be
well-suited to the substrate.>” In another investigation of the evolution of LcaE7, molecular
docking analysis revealed that substitutions of several residues around the catalytic triad
(Ser-Glu-His) enlarged the volume of the binding pocket and therefore increased the metabolic
activity toward deltamethrin.?’ Notably, based on the crystal structure and binding mode analysis
of LcaE7, development of inhibitors of CarE which can be used as novel insecticides for insect
resistance control can be done through computational inhibitor design.>

5 CONCLUSIONS

In this work, four CarE variants were identified and successfully expressed in a bacterial system.
The HPLC assay showed that the deletion mutations in GRR sequence can significantly enhance
the detoxification of S-cypermethrin by increasing the enzyme hydrolytic activity. Binding mode
analyses further confirmed the results of the metabolism assay. This indicated that the deletion
mutations of the GRR sequence may play a role in the development of SP resistance in H.
armigera in the future. Further researches on determination of the complete 3D structure by
crystallization and functional analyses through either site-directed or random mutagenesis are
needed, in order to comprehensively understand the potential role of CarE001G and its mutants

in insecticide detoxification and resistance in H. armigera.
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Table 1. Organization of GRR sequences in wild type and mutant CarEs.

Enzymes ORF(aa) Sequences and Copies of 5aa / 8aa motifs in GRR (5'--3") GRR(aa)
WT @ 731 2x8aa 2x5aa 2x8aa 3x5aa 1x8aa 1x5aa 3x8aa 1x5aa 3x8aa 2x5aa 1x8aa 1xbaa 146

Gvl 653 2x8aa 2x5aa 3x8aa 1x5aa 1x8aa 1x5aa 68

Gv2 645 2x8aa 1x5aa 2x8aa 2x5aa 1x8aa 1x5aa 60

Gv3 624 2x8aa 2x5aa 1x8aa 1xb5aa 39

Gv4 598 1x8aa 1x5aa 13

2WT indicates wild type CarE001G.
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Table 2. Kinetic parameters of purified mutant CarEs expressed in E. coli toward a-NA.

Enzymes Vi K CLin ket eat /K Specific activity
("M-st-mg)  (uM) (mL-stmgh)* (Y (st uM) (uM-sL.uM )t

WT § 106.4+89c  96+28  11.7+34b 8.8+08¢ 1.0+0.3b 84+09b

Gvl 2401+41a 9109 267x2la 182+03a 20+02a 16.6+0.6 a

Gv2 2688+124a 83+26 349+110a 203+09a 26+08a 16.2+1.3a

Gv3 2537+208a 127+14 20.2x4.1ab 187+15a 15+03ab 16.3+3.1a

Gv4 171.1+£20.7b 95+01  18.0+19b 123+15b 1.3%0.1b 10.1+06b

Different letters following the means for each enzyme indicate the significant differences (Tukey's test, P < 0.05).

Vimax, maximum velocity; Knn, Michaelis—Menten constant; ke, rate constant; keat /Km, specificity constant.

* CLin indicates intrinsic clearance, values were calculated based on Vimad/Km >°

T Specific activity was determined at 200 uM substrate.

SWT indicates wild type CarEQ01G, data is cited from Bai et al. *’
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Table 3. 1Cs values for insecticide and inhibitor.

N ICso (M) ®
Insecticide Structure
Gvl Gv2 Gv3 Gv4d WT?®
cl 0. @
B-cypermethrin CI>=AO( I : © 547.1+26.6 5149+49.8 5334+27.6 4085+21.5* 501.2+227**
fp?
/‘\
triphenyl phosphate ¢ T° 504.2 +88.5 548.7+88.9 611.5+104.0 539.9+82.3 360.3+15.9

The statistic t-test was done for the pair comparison between g-cypermethrin and triphenyl phosphate. Means for
each inhibitor followed by the asterisks indicate the significant differences by student's t-test (‘P < 0.05; *P < 0.01).
aConcentration of inhibitor that inhibits 50% of enzyme activity, values are means (x SE) based on an average of
three replicates.

bWT indicates wild type CarE001G, data is cited from Bai et al.*’

¢ Triphenyl phosphate (TPP) was used as a positive inhibitor control in this work.
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Figure Legends

Figure 1. Agarose gel analysis of PCR products and the frames of mutant CarEs and wild type
Care001G (WT). (A) The results of PCR amplification of CarE001G by 1% agarose gel assay.
(B) The length of the deduced amino acid sequences of each mutant CarEs and the organizations
of short simple tandem repeats in each GRR sequences in their C-terminals. M indicates the DNA
marker, lanes 1-2 are the PCR products of CarEQ01G.

Figure 2. Comparison of the deduced amino acid sequence of four mutant CarEs with the wild
type CarE001G (WT). The Glycine-Rich Region (GRR) sequences are underlined, and each 5aa
and 8aa simple tandem repeats are boxed, respectively. The conserved catalytic triad residues are
labeled with triangles, the potential N-glycosylation site is marked with double underlines, and
the predicted GPI-anchor site is shown with dark arrow.

Figure 3. SDS-PAGE and Western blot analysis of purified recombinant proteins of mutant
CarEs. (A) The samples were separated on 12% gels. (B) Western blot analysis of purified protein
using anti-His tag antibody. Lane 1: pre-stained protein ladder; Lane 2: purified protein of wild
type CarE001G (WT) as a control; Lanes 3 - 6: purified recombinant proteins of Gvl, Gv2, Gv3,
and Gv4, respectively. B1, B2 are abbreviations for Band 1 and Band 2, respectively.

rigure 4. Verification of the activity of purified mutant enzymes by native-PAGE analysis. The
gel was stained with the freshly prepared solution contained 1mM a-NA and Fast Blue RR salt.
Lane 1: purified recombinant proteins of wild type CarE001G (WT) as a control; Lane 2 - 4:
purified recombinant proteins of Gvl, Gv2, Gv3, and Gv4, respectively.

Figure 5. Comparison of the amino acid residues of the two protein bands isolated from the
SDS-PAGE and identified by MS with the deduced sequences of Gv1. (A) SDS-PAGE analysis
of the purified proteins of wild type CarE001G (WT) and mutant Gv1. (B) Comparison of the
amino acid sequences of protein Band 1 and Band 2 with the known amino acid residues of Gv1

by GENDOC software. The amino acid residues shaded in black indicate the identical peptide
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residues between the two protein bands (Band 1 and 2) and the deduced amino acid sequence of
Gv1. Wild type CarE001G (WT) was used as a control in the SDS-PAGE analysis.

Figure 6. Inhibition tests of p-cypermethrin and triphenyl phosphate (TPP) on activities of
mutant CarEs. (A) Gvl. (B) Gv2. (C) Gv3. (D) Gv4. The a-NA was used as a substrate, with TPP
as a positive control inhibitor. Residual activity was expressed as the percentage of the initial
activity without insecticide. Data are presented as mean (+ SE) for three replicates.

Figure 7. Hydrolase activities of purified recombinant mutant CarEs toward S-cypermethrin. The
values are shown as nanomoles of substrate hydrolyzed by per milligram of protein per minute
(nM-min't-mg? protein). They are means with standard errors based on an average of three
replicates. Heat-inactivated CarE was used as a negative control (CK). WT is the abbreviation for
wild type CarEO001G. The statistic t-test was done for the pair comparisons between each mutant
CarEs and the wild type CarE001G or the negative control, respectively. Asterisks above the error
bars indicated the significant differences analyzed by Student's t-test (**P < 0.01; *P < 0.05).
Figure 8. Binding modes of CarE-wt_f-cypermethrin complex and CarE-mut_#-cypermethrin
complex were shown by illustration in the surface mode and cartoon mode. (A)
CarE-wt_g-cypermethrin complex. (B) CarE-mut_g-cypermethrin complex. (C) Comparison
vetween binding modes of CarE-wt_f-cypermethrin complex and CarE-mut_g-cypermethrin
complex. Enzyme is represented with cartoon mode and the involved residues are shown in lines.
The catalytic triad Ser205- His445- Glu332 and the S-cypermethrin molecule are presented with

stick mode.
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