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Summary

Booklice are tiny insect pests commonly found in an indoor environment and characterized by extremely
high proliferation ability. Booklouse contamination in stored foods causes serious food loss; therefore,
they are recognized as so-called stored-food pests. Furthermore, booklice in house dust have been
reported to be a potent allergen by which approximately 20% of asthma patients are sensitized. Therefore,
the safe extermination of booklice would contribute to the solution of both food loss and allergic
concerns. Organophosphates (OPs) are compounds generally used as harmless insecticides against various
pests; nonetheless, cases of OP poisoning are sometimes reported worldwide. Therefore, considering
usage for protecting stored food products, OP doses should be reduced as far as possible. It is generally
known that carboxylesterase-mediated inactivation of OPs decreases the efficacy of OPs, suggesting that
an inhibitor of carboxylesterase could be a synergist to reduce the effective dose of OP. Here, I report the
molecular cloning and characterization of a novel carboxylesterase highly expressed in a representative

species of indoor booklice, Liposcelis bostrychophila.

Introduction

Losses in the food chain from production to harvest, storage, distribution, processing, sales, and
consumption have recently been recognized as a problem because they not only cause possible food
shortages but also indirectly contribute to global warming. It was reported that global food loss and waste
during 2010-2016 were estimated to equal 8—10% of the total anthropogenic greenhouse gas emissions
and cost about 1 trillion USD per year [1]. Further, it is estimated that more than 40% of global food loss
is so-called "post-harvest loss" [1]; thus, countermeasures to address this issue should be urgently made.

Biotic post-harvest food losses include the infestation of microorganisms, pests, and rodents. Pests, which
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include some insects and mites, occasionally infest food products, e.g., grains and cereals, during storage
and distribution. Particularly, insect pests, including cockroaches, ants, molds, warehouse beetles, and
booklice (psocids), are considered a nuisance and cause huge losses in the grain [2]. The amounts of
stored grain lost due to insect infestation are estimated to be 5% to 10% in developed countries and as
much as 35% in developing countries [3]. Nonetheless, the insect pests, particularly booklice, had not
attracted much attention for a long period because solid evidence as to quantitative and qualitative food
losses caused by booklice was missing. However, the status of booklice in terms of food pests began to
change in the late 1980s as booklouse infestation in stored grains in diverse locations worldwide was
reported [4]. Furthermore, Kucerova reported quantitative data that the average weight of grain samples
(broken wheat kernels) infested with booklice decreased by 9.7% after 3 months of infestation [5]. These
reports indicate that food loss caused by booklouse infection should be seriously considered.

Booklice are tiny insects measuring 1-4 mm in length. The proliferation of booklice is extremely
rapid. Therefore, once the outbreak of booklice occurs, it is extremely difficult to eliminate them.
Booklice include numerous species, and some of them are often found in food factories and warehouses.
Booklice generally prefer to feed on molds; thus, they can infest stored foods not only directly but also
indirectly through food-infesting molds. Among the booklouse species, Liposcelis (L.) bostrycophila, L.
decolor, L. entomophila, and L. paeta are common food-infesting booklice. Of these, L. bostrychophila is
a representative species of indoor booklice, which are commonly found in food facilities, as well as
ordinary houses; therefore, it has been studied more commonly than the other species [5].

Additionally, it has recently been reported that L. bostrychophila in house dust is an allergen that
causes allergic asthma [6,7]. Considering that the cases of severe allergic symptoms developed
immediately after eating mite-contaminated foods have been reported [8], accidental ingestion of foods
infested with booklice may induce allergic symptoms. Although it is possible to suppress the proliferation
of booklice by maintaining proper temperature and humidity, providing an environment suitable for food
storage is sometimes difficult for various reasons such as cost issues. Thus, the safe extermination of
booklice using less harmful insecticides would contribute to the solution of food loss and health hazard
problems, which could lead to the achievement of SDGs. More effective and less harmful insecticides
have been developed so far. However, their effectiveness is not sufficient to extirpate booklice, which is
attributed to their extremely high proliferative capacity and the emergence of insecticide-resistant
booklice [9]. Of insecticides, organophosphates (OPs), which are known as acetylcholinesterase (AChE)
inhibitors, exert a relatively high anti-booklouse effect [10]. Therefore, high-dose OPs have the potential
to extirpate booklice. However, OPs should be carefully used for food control, as cases of OP poisoning
often occur even though OPs are considered to have low toxicity to humans. Additionally, as with many

other insects, the acquisition of resistance to OPs has been reported for booklice [11]. Thus far, several
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mechanisms underlying the acquisition of resistance to OPs have been documented [12,13], which
includes carboxylesterase (CE)-mediated OP inactivation in the insect body. Notably, Correy et al.
showed that a specific inhibitor of a-carboxylesterase (aE7), which was designed based on its protein
structure, significantly suppressed OP degradation and increased the efficacy of OPs, indicating that the
combination of OPs and CE inhibitors possibly enables to extirpate at lower insecticide concentrations
[14].

Here, we report the molecular cloning of a novel CE expressed at a high level in L. bostrycophila,
designated LBCE1, and the generation of recombinant LBCEI protein that shows activity to hydrolyze p-
nitrophenol acetic acid (PNPA), a general substrate for sensitive esterase assay. Interestingly, LBCE1 has

also been demonstrated to show a weak AChE activity.

Methods

Analysis of RNA-sequencing dataset
The RNA-sequencing dataset from L. bostrychophila (DRX080823), which was previously obtained and
registered by the author in the Sequence Reads Archive database, was analyzed for de novo contig
construction and annotation. Contigs were generated by assembling qualified sequence reads, as described
previously [7]. Annotation of the contig sequences was carried out at both nucleotide and amino acid
sequence levels as follows. First, the contig sequences were subjected to a blastn search against the nr/nt
database of NCBI. Second, open reading frames (ORFs) in the contig sequences were predicted using the
TransDecoder tool, and amino acid sequences deduced from the ORF sequences were subjected to blastp
search against the UniProtKB database (https://www.uniprot.org/). Gene ontology terms were then
assigned to the individual contigs based on the retrieved UniProt IDs using the Blast2Go tool.

Fragments per kilobase of exon per million reads mapped (FPKM) values were calculated as an index
for gene expression level by the Expectation-Maximization (RSEM) tool. For this process, the de novo-

constructed contigs were used as a reference.

PCR-based molecular cloning of L.bostrychophila carboxylesterase 1 (LBCE1)

Total RNA extracted from L. bostrychophila bodies was subjected to reverse transcription using a
PrimeScript RT Master Mix (Perfect Real Time) (Takara-bio, Japan) and the LBCE1-reverse primer. This
was followed by PCR using KOD-plus2 DNA polymerase (Takara-bio) and the primers for LBCE1. The
sequences of the forward and reverse primers used are 5’-
CTGAATTCAATGCAGTTCGGCTCCGACCT-3’ and 5’-
TTGTCGACCTTGTGTCTTGTGCAAACGGA-3’, respectively (the underlined nucleotides indicate the
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restriction sites used for cloning). The PCR products were purified, inserted in pGEM-Teasy (Promega),
and subjected to Sanger sequencing to verify their nucleotide sequences. The determined nucleotide
sequence was registered in the DNA Data Bank of Japan under the submission identifier LC742390. This
was then followed by the subcloning of the PCR product into the expression vector pET22b to construct
pET22b-LBCEI.

Expression and purification of LBCE1 using an E. coli expression system

E. coli cells of the strain BL21 (DE3) were transformed with pET22b-LBCE]1, and the expression of
LBCEI1 tagged with 6x His at the C-terminus (LBCE1-His) was induced by culturing the cells in a 500-ml
flask containing 100 ml of an autoinduction medium, OvernightExpress TB medium (Sigma)
supplemented with 1% glycerol, for 8§ h. Since LBCE1-His was shown to be secreted and/or leaked into
the culture medium at a detectable level, it was purified from the culture medium as follows. First, the
culture medium was concentrated and buffer-changed to the equivalation buffer (20 mM phosphate, 500
mM NaCl, pH7.4) using an Amicon Ultra-15 filtration unit (10-kDa cutoff) (Merck-Millipore). The
concentrate was then applied to an affinity column filled with TALEN Metal Affinity Resin (Takara-bio)
and washed with the equivalation buffer. Resin-bound proteins were then eluted with the same buffer
containing 10 mM imidazole. The concentration of the purified LBCE1 protein was determined according

to the Bradford protein assay [15].

LBCET1 activity assay

The recombinant LBCE1 protein was assayed for esterase activity at pH4-8 using p-nitrophenol acetic
acid (pNPA) as a substrate as described earlier [16]. The hydrolysis of the substrate was monitored by
measuring ODss. Since the substrate can be spontaneously hydrolyzed, data in the enzyme-free condition

were also taken as background and used for subtraction.

Western blotting

The purified LBCE1 was subjected to SDS-PAGE, transferred to a nylon membrane, and probed with the
anti-6xHis tag monoclonal antibody (Clone 6C4) (MBL, Tokyo, Japan) diluted at 1:1,000 in TBST
containing 5% skim milk. The blot was then subjected to immunodetection using a WesternBreeze

Chromogenic Kit, anti-mouse (Thermo) according to the manufacturer’s instructions.

Protein structure modeling and docking simulation
The 3D-structural model of LBCEl was constructed using the protein structure prediction tool

Alphafold2.1 Notebook (https://github.com/deepmind/alphafold) [17] with HHsearch through PDB70.
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The analysis returned five model structures, which were ranked in the order of accuracy. Docking
simulation was performed using Webina (https://durrantlab.pitt.edu/webina/), a web application that runs
AutoDock Vina [18]. In silico detection of surface cavities was performed using the web-based tool

CavityPlus (http://www.pkumdl.cn:8000/cavityplus/index.php#/) [19].

Results and Discussion

Identification of novel carboxylesterases in L. bostrychophila using the RNA-sequencing dataset
DRX080823

I first searched for contigs that encompass complete or >1,000-nt partial ORFs coding for possible CEs
from the RNA sequencing dataset of L. bostrychophila, which was previously obtained by my own [7]. Of
the contigs with FPKM values of more than 30, 13 contigs were identified to be associated with the gene
ontology term "carboxylic ester hydrolase activity" based on their homology with CEs previously
identified from various organisms (Table S1). Of these contigs, Comp61175, Comp62403, and
Comp61080 are highly homologous to the previously identified L. bostrychophila esterases, esterase-1
(95% identity), -2 (96% identity), and -4 (97% identity), respectively (Table S1); therefore, they are
conceivably derived from these known esterase genes. Notably, the top-6 contigs in the order of the
FPKM value are not highly homologous to the four CEs previously identified from L. bostrychophila (LB
esterases 1-4) (Table S1), indicating that there remain unidentified CEs that are abundantly expressed in
L. bostrychophila.

A contig with the highest FPKM value at a gene level is Comp59220, which is predicted to
encompass a complete ORF encoding a putative novel CE consisting of 554 amino acids (Figure S1). The
amino acid sequence is moderately, but not highly, similar to the previously identified L. bostrychophila
esterases (44.3% identity at the most with L. bostrychophila esterase-1). Then, I designated the novel CE
L. bostrychophila carboxylesterase 1 (LBCE1). Previous studies showed that esterase E4/FE4 activity
elevated by gene amplification in insecticide-resistant insects was involved in the detoxication of
insecticides such as OPs [20]. Therefore, considering the high FPKM value of Comp59220, it is likely
that LBCE]1 is involved in the desensitization to OPs. Then, I was motivated to focus on LBCEI1 as it

might contribute to a decrease in the efficacy of OPs against the booklouse L. bostrychophila.

Molecular cloning of LBCE1 ¢DNA by polymerase chain reaction

A ¢cDNA encompassing the putative coding sequence (CDS) of LBCE1 was successfully cloned by RT-
PCR and sanger-sequenced (Figure 1). Consistently, the RNA- and genomic DNA-sequencing datasets of
L. Bostrychophila (registered as ERR073018, SRR17191995, and SRR17191998 in the NCBI Sequence
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Read Archive) contained sequence reads homologous to the LBCE1 ¢cDNA (Figure S2). Furthermore, the
nucleotide sequence registered as GAYV02033066.1 in the NCBI Transcriptome Shotgun Assembly
database shows 99% identity with the CDS of LBCELl (Figure S3). Considering that these datasets were
obtained from L. bostrychophila collected independently in different countries, I consider that the LBCE1
gene is present and transcribed in L. bostrychophila inhabiting many areas worldwide.

The amino acid sequence deduced from the LBCE1 ¢cDNA was shown to match that deduced from the
contig Comp59220, except for the 3 amino acid residues (Figures 1 and S1). Concretely, Leu37, Pro280,
and Glu289 in the amino acid sequence deduced from the Comp59220 sequence were replaced by Ser37,
GIn280, and Asp289 in LBCE], respectively (Figure 1). I cloned several cDNAs for LBCE1 and showed
that they all have the same CDS; therefore, the difference in sequence is possibly due to the inaccuracy of
next-generation sequencing. Using the bioinformatics tool Expasy (https://web.expasy.org/compute pi/),
the theological molecular weight and isometric point and of LBCE1 were calculated to be 62528.48 and
7.16, respectively. The in silico analysis using SignalP [21] revealed that LBCE1 lacks a possible signal
peptide (Figure S4), indicating that it is possibly localized in the cytoplasm. This result is consistent with
the fact that 9 of 11 CEs (including CE-related esterases) that have been previously associated with
insecticide resistance lack possible signal peptides (Table S2). In contrast, 3 of the four previously
identified L. bostrychophila esterases, i.e., esterases 2, 3, and 4, have putative signal peptides, suggesting
that they are secreted proteins. Multiple alignments indicated that LBCE1 exhibited no more than 46%,
38%, 28%, and 37% identities at an amino acid level with L. bostrychophila esterases 1, 2, 3, and 4,
respectively (Figure 2). BLASTP homology search and phylogenetic tree analyses showed that LBCE1
protein showed moderate similarities with CEs of various insects (Table 1 and Figure S5). Of these CEs,
the putative esterase FE4 protein of Pediculus humanus (human louse) showed the highest identity (47%)
with LBCEL, consistent with a previous report that booklice and sucking lice (Anoplura) are evolutionally
close [22]. Importantly, amino acid residues forming the esterase catalytic triad, i.e., serine, glutamic acid,
and histidine, are conserved in LBCE1 (Figures 1 and 2). Furthermore, common motifs typical for CEs,
such as the Gly-X-Ser-X-Gly motif and the site of an oxygen anion hole (His-Gly-Gly), are also
conserved in LBCE1 (Figures 1 and 2). Notably, when the homology search was performed against the
Protein Data Bank (PDB) database, a dedicated repository for proteins with 3D-structural data, the top hit
was Lucilia cuprina oE7 (LCaE7), which shared 36% amino acid identity with LBCE1 (Table S3).
LCaE7 was previously reported to be involved in the increased OP resistance of Lucilia cuprina as it
detoxicated OPs [23,24]. Consistently, it was previously reported that the use of in silico-designed
inhibitors of LCaE7 as synergists significantly increased the insecticide efficacy of OPs. Amino acid
sequence identities between LCaE7 and the putative CEs encoded by the contigs that have complete

ORFs (Table S1), i.e., Comp59220 (corresponding to LBCE1), Comp62262, Comp61411, Comp62642,
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Comp60632, and Comp51226, are 36%, 31%, 26%, 31%, 26%, and 26%, respectively. Additionally,
LCaE7 share 36%, 35%, 27%, and 31% amino acid identities with the previously identified L.
bostrychophila esterases-1, -2, -3, and -4, respectively. Thus, LBCE1 is conceivably one of the most
LCaE7-homologous CEs in L. bostrychophila. Taken together with the high expression level of LBCEI,
the comparatively high similarity to LCaE7 led me to the idea that LBCE1 can be a potential target for

developing OP synergists used for booklouse extermination.

Purification and enzyme activity assay of LBCE1

LBCE1-His was expressed using an E. coli expression system. Although the expression plasmid of
LBCE1-His was designed to drive the periplasmic localization of LBCE1-His by the action of the pelB
signal sequence, LBCE1-His was detected in the culture medium but not in the periplasm fraction (Figure
3A); therefore, most of the LBCE1-His protein was conceivably secreted or leaked into the culture
medium. Then, LBCE1-His was purified from the concentrated culture medium by nickel affinity
chromatography (Figure 3B). The yield of LBCE1-His after purification was 30 ug from 100 ml of the E.
coli cell culture. The low yield may be attributed to the instability of LBCE1 by the analogy of LCaE7, of
which the recombinant enzyme was shown to be unstable without inhibitors [15]. Due to the poor yield, it
was difficult to examine the OP-hydrolyzing activity of the recombinant LBCEIL. Then, in the present
study, it was tested whether the recombinant protein has an esterase activity using pNPA as a sensitive
substrate. Since pNPA is hydrolyzed enzyme-independently at alkaline conditions (pH > 8), the esterase
activity of LBCE1-His was evaluated between pHS and pHS8. As shown in Figure 3C, the extent of pNPA
hydrolysis was low at pH less than 6.4 and dramatically increased at pH higher than 7. Collectively, the
recombinant LBCE1 produced using an E.coli expression system was demonstrated to be enzymatically

active, although efforts to overcome the poor yield is necessary.

Structural Modeling of LBCE1

Since it was also difficult to perform 3D-structural analysis, e.g., X-ray crystallography, of LBCE1 due to
the poor yield, 3D-structural modeling of LBCE!1 was alternatively performed. Five 3D-structural models
of LBCE1 were built by Alphafold2. All the predicted models have pIDDT values and pTM scores greater
than 90 and 0.9, respectively, suggesting the high reliability of these models. Of note, the overall 3D
structures of these models are nearly overlapping except for their N-terminal regions, of which prediction
reliability was poor (Figure 4A). However, I do not think that the N-terminal region critically affects the
substrate/inhibitor specificity of LBCEL1 as it is distant from the catalytic center. In this study, the model
3, which was top-ranked based on the pIDDT value of 91.1 and the ptmscore of 0.926, was selected for
the following analyses (Figure 4B).
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Structural superposition revealed that the 3D model of LBCE1 had an overall structure similar to the
X-ray crystal structure of LCaE7 (PDB ID: 4FNG) except for its N-terminal a-helix region (Figures 4C-
E). The root-mean-square deviation (RMSD) value of the two structures was calculated to be no more
than 0.948A. Importantly, the residues forming the catalytic triad in the two structures are almost
overlapping (Figure 4F), suggesting the possibility that they show similar substrate specificities. In silico
surface cavity detection revealed that LBCEl had several druggable cavities, but strongly druggable

cavities were localized near its catalytic center (Figure S6).

Docking simulation of LBCE1 with CE inhibitors

Next, it was evaluated whether LBCE1 potently interacted with OPs at its active center by in silico
molecular docking. For this purpose, malathion and diazinon were chosen as representative OPs. When
grid parameters were set to restrict possible binding sites to the neighbor of the catalytic centers, nine
docking poses were predicted for both malathion- and diazinon-binding (Tables S4). The binding sites of
malathion and diazinon in LBCE1 were shown to be similar, and the common residues (Met90, Ile142,
1le347, Arg351, Leud447, and Ala462) were predicted to interact with both OPs. Molecular docking
analysis also revealed that these OPs are potently bound to sites near the catalytic center of LCaE7.
Unexpectedly, the predicted docking poses and ligand-interacting residues of LCaE7 were different from
those of LBCEI (Table SS5). This difference can be attributed to the size of cavities leading to the catalytic
center. Two strongly druggable cavities leading to the catalytic center were detected on the surface of
LBCE1 (Figures 5A and 5B), while only one was on the surface of LCaE7. Although one of the cavities
in LBCE1 and the cavity in LCaE7 are located in the corresponding regions in the superposed structures,
the former appears narrower than the latter and the other cavity in LBCE1 (Figures 5C-F). Therefore, the

OP is considered to dominantly interact with the residues of the wider cavity of LBCEI.

Conclusions
In the present study, a novel CE expressed dominantly in L. bostrychophila, designated LBCE1, was
successfully identified. By structure-based analogy with LCaE7, LBCE1 was speculated to be involved in
the detoxication of OPs as well, and the results of my in silico analyses including docking simulation
indeed supported this possibility. However, the results also raised the possibility that the spectrum of OP
docking can be different between LBCE1 and LCaE7.

Methods for the genetic manipulation of L. bostrychophila have not been established so far; therefore,
selective LBCE1 inhibitors are necessary to assess the validity of LBCEI as a target of OP synergists.
Thus, further enzymological studies will be necessary to characterize LBCE1 in detail.
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Figure legends and table headings

Figure 1 The nucleotide and deduced amino acid sequences of LBCE1 cDNA. Residues forming the
catalytic triads conserved in carboxylesterase are indicated by boxes with a solid line. Residues for the
oxyanion hole conserved in carboxylesterase are indicated by a box with a dotted line. The GXSXG
motif, which is conserved in esterase, is indicated by a shadow. Asterisks indicate residues that differ

from those coded by the contig Comp59220.

Figure 2 Multiple alignments of the amino acid sequences of LBCE1 and the previously identified
esterases of L. bostrychophila. A box with a solid red line indicates the GXSXG motif. A box with a
dashed red line indicates a sequence of a typical anion hole. Percent identities to LBCE1 are shown at

the bottom line.

Figure 3 Recombinant protein expression and purification of 6xHis-tagged LBCEI. (A) SDS-PAGE
and western blot analyses of the concentrated culture medium from His-tagged LBCE1-expressing E.
coli cell culture. LBCE1. (B) SDS-PAGE and western blot analyses of the purified His-tagged LBCE.
Arrowheads indicate the bands corresponding to His-tagged LBCEl. M: Size marker. CM:
Concentrated culture medium. E: Elute from the Ni-affinity column. (C) pH-dependent hydrolysis of
p-nitrophenyl acetate by LBCE].

Figure 4 Structure modeling of LBCE1 using Alphafold2. (A) Predicted IDDT values per position for the five
predicted models (rank 1-5) of LBCEI. (B) Color-based visualization of predicted IDDT value per position for
the rank 3 model. (C) The predicted 3D structure of LBCE1 (D) The crystal structure of LCaE7 (registered as
4FNG in PDB). (E) Superpose of the LBCE1 and LCaE7 structures shown in panels C and D, respectively. (F)

The magnified view of the catalytic triangle region, which is shown by a yellow box in panel E.

Figure 5 Docking simulation for LBCE1- and LCaE7-malathion binding. The superposed views of docking
poses for LBCE1-malathion binding (A) and LCaE7-malathion binding (B) (also see Tables S4 and S5). The
possible ligand-interacting residues of these enzymes are also indicated. Surface view of LBCE1 (C) and
LCaE7 (D). The positions of the surface cavities leading to their catalytic centers are indicated by arrows. The
numbering of the two cavities in panel C corresponds to that in Figure S7. (E, F) The magnified views of the
cavities of LBCE! (shown in panel C) and LCaE7 (shown in panel D) together with the superposed docking

poses of malathion.
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Table 1 BLAST search hits identified as LBCE1-homologous proteins

Description Organism Query Cover Evalue Identity  Accession

Esterase FE4 precursor, putative Pediculus humanus corporis 96%  1.00E-170 47.19% XP_002424560.1
esterase E4 isoform X1 Cryptotermes secundus 94%  3.00E-153 46.13% XP_023716379.1
esterase 1 Liposcelis bostrychophila 95%  3.00E-152 45.96% ACI16653.1
esterase E4 isoform X2 Cryptotermes secundus 94%  5.00E-153 45.94% XP_023716388.1
Esterase FE4 Cryptotermes secundus 94%  6.00E-154 45.89% PNF42130.1
Esterase FE4 Cryptotermes secundus 94%  2.00E-153 45.89% PNF42133.1
Esterase FE4 Cryptotermes secundus 94%  7.00E-154 45.80% PNF42132.1
Esterase FE4 Cryptotermes secundus 94%  2.00E-153 45.80% PNF42131.1
uncharacterized protein LOC111869379 Cryptotermes secundus 94% 1.00E-146 45.80% XP_023716645.1
carboxylesterase Locusta migratoria 97%  7.00E-153 45.78% AHJ81320.1
Esterase FE4 Cryptotermes secundus 94%  9.00E-140 45.62% PNF42134.1
esterase E4-like isoform X2 Zootermopsis nevadensis 95%  4.00E-152 45.50% XP_021912901.1
carboxylesterase Dioryctria abietella 89%  3.00E-135 45.30% QZC92223.1
juvenile hormone esterase-like isoform X2 Schistocerca gregaria 94%  5.00E-147 45.25% XP_049853109.1
esterase FE4-like isoform X1 Schistocerca gregaria 94%  9.00E-147 45.25% XP_049853108.1
Esterase FE4 Cryptotermes secundus 96%  3.00E-149 45.10% PNF42088.1
carboxylesterase Oxya chinensis 94%  1.00E-147 45.07% AJP62543.1
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TTG TGG AAT GAA ATT TAC AAA TCC GTT TGC ACA AGA CAC AAG TAA

L W N E I Y K S v C T R H K * 564

Figure 1 The nucleotide and deduced amino acid sequences of LBCE1 cDNA. Residues forming the catalytic
triads conserved in carboxylesterase are indicated by boxes with a solid line. Residues for the oxyanion hole
conserved in carboxylesterase are indicated by a box with a dotted line. The GXSXG motif, which is
conserved in esterase, is indicated by a shadow. Asterisks indicate residues that differ from those coded by
the contig Comp59220.
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Figure 2 Multiple alignment of the amino acid sequences of LBCE1 and the previously identified
esterases of L. bostrychophila. A box with a solid red line indicates the GXSXG motif. A box
with a dashed red line indicates a sequence of a typical anion holes. Percent identities to LBCEI

are shown at the bottom line.
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Figure 2 Recombinant protein expression and purification of 6xHis-tagged
LBCE1. (A) SDS-PAGE and western blot analyses of the concentrated culture
medium from His-tagged LBCEL-expressing E. coli cell culture. LBCE1. (B)
SDS-PAGE and western blot analyses of the purified His-tagged LBCE1.
Arrowheads indicate the bands corresponding to His-tagged LBCELl. M: Size
marker. CM: Concentrated culture medium. E: Elute from the Ni-affinity column.
(C) pH-dependent hydrolysis of p-nitrophenyl acetate by LBCE1.
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Figure 3 Structure modeling of LBCEL using Alphafold2. (A) Predicted IDDT values per position
for the five predicted models (rank 1-5) of LBCE1. (B) Color-based visualization of predicted
IDDT value per position for the rank 3 model. (C) The predicted 3D structure of LBCEL (D) The
crystal structure of LCaE7 (registered as 4FNG in PDB). (E) Superpose of the LBCE1 and LCaE7

structures shown in panels C and D, respectively. (F) The magnified view of the catalytic triangle
region, which is shown by a yellow box in panel E.
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Figure 4 Docking simulation for LBCE1- and LCaE7-malathion binding. The superposed views
of docking poses for LBCE1-malathion binding (A) and LCaE7-malathion binding (B) (also see
Tables S4 and S5). The possible ligand-interacting residues of these enzymes are also indicated.
Surface view of LBCEL (C) and LCaE7 (D). The positions of the surface cavities leading to their
catalytic centers are indicated by arrows. The numbering of the two cavities in panel C
corresponds to that in Figure S7. (E, F) The magnified views of the cavities of LBCE1 (shown in
panel C) and LCaE7 (shown in panel D) together with the superposed docking poses of
malathion.
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