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Aedes aegypti is a crucial vector for many arboviral diseases that cause millions of deaths
worldwide and thus is of major public health concern. Crystal (Cry) proteins, which are
toxins produced by Bacillus thuringiensis, are structurally organized into three-domains, of
which domain II is the most variable in terms of binding towards various toxin receptors.
The binding of Cry11Aa to putative receptor such as aminopeptidase-N (APN) is explicitly
inhibited by midgut C-type lectins (CTLs). The similarity between the domain II fold of
Cry11Aa toxin and the carbohydrate recognition domain in the CTLs is a possible
structural basis for the involvement of Cry domain II in the recognition of carbohydrates
on toxin receptors. In this study, a site-directed point mutation was introduced into the A.
aegypti CTLGA9 gene on the basis of molecular docking findings, leading to substitution
of the Leucine-6 (Leu-6) residue in the protein with alanine. Subsequently, functional
monitoring of the mutated protein was carried out. Unlike the amino acid residues of wild-
type CTLGA9, none of the residues of mutant (m) CTLGA9 were competed with Cry11Aa
for binding to the APN receptor interface. Additionally, ligand blot analysis showed that
both wild-type and mutant CTLGA9 had similar abilities to bind to APN and Cry11Aa.
Furthermore, in the competitive ELISA in which labeled mutant CTLGA9 (10 nM) was
mixed with increasing concentrations of unlabeled Cry11Aa (0–500 nM), the mutant
showed no competition with Cry11Aa for binding to APN., By contrast, in the positive
control sample of labeled wild type CTLGA9 mixed with same concentrations of Cry11Aa
competition between the two ligands for binding to the APN was evident. These results
suggest that Leucine-6 may be the key site involved in the competitive receptor binding
between CTLGA9 and Cry11Aa. Moreover, according to the bioassay results, mutant
CTLGA9 could in fact enhance the toxicity of Cry11Aa. Our novel findings provide further
insights into the mechanism of Cry toxicity as well as a theoretical basis for enhancing the
mosquitocidal activity of these toxin through molecular modification strategies.
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INTRODUCTION

The mosquito Aedes aegypti is a crucial vector for many arboviral
diseases that cause millions of deaths worldwide and thus of
major public health concern (1, 2). Mosquito control is thus
critical to halting the spread of these diseases (3), there is as yet
no effective strategy in this regard. Traditionally, mosquito
control is implemented through the use of chemical pesticides,
but such compounds may lead to environmental pollution and
the emergence of resistant insect species (4, 5). Recently,
microbiological pesticides have been widely applied and
promoted being environmentally safe and highly specific,
exerting little influence on non-target organisms while
resulting in lower resistance in the target species (3, 6, 7).
Thus, microbial pesticides have proven to be the ideal way to
control mosquitoes. Bacillus thuringiensis is a gram-positive, soil
bacterium that, produces crystal (Cry) proteins, which are toxins
that have been widely applied in agriculture to control insect
pests (8). In particular, B. thuringiensis subspecies israelensis
that, produces different Cry proteins capable of killing
mosquitoes, including Cry4Aa, Cry4Ba, Cry10Aa, Cry11Aa,
and Cyt1Aa (9, 10).

Structurally, insecticidal Cry proteins are made up of three
conserved domains, each of which holds a specific function
(11). Domain I, which is involved in pore formation, comprises
a bundle of 7–8 alpha helices. Domain II, which carries out
receptor binding activity, composed of beta-prism folds with
exposed loop regions. Domain III, made up of beta-sandwich
folds, is involved in receptor binding, insect specificity, and ion
channel formation (12–15). The sequential binding mechanism
of the Cry protein is activated when mosquito larvae are
exposed to the toxin. After their solubilization and activation
by proteases in the insect midgut, the Cry protein bind to
specific receptors such as alkaline phosphatase (ALP),
aminopeptidase-N (APN), and cadherin (CAD) which are
located on brush border membrane vesicles in the insect
midgut. This toxin-receptor interaction causes pore formation
in the epithelial cells resulting in osmotic imbalance and cell
death (11, 16, 17). Cry toxins and lectins exhibit structural
similarity, in that they both have a b-prism fold structure.
Therefore, lectins could interfere with the binding of Cry toxins
to their receptors by binding competitively to the glycosylated
receptor (18, 19).

Lectins a class of carbohydrate binding proteins, are
ubiquitously expressed in plants, animals, bacteria, and viruses
(20). They play a major role in the self and non-self-recognition
processes of the humoral immune system. Interestingly, lectin
proteins can recognize and bind to specific carbohydrate
structures on the surface of the cells causing cell agglutination.
s. Because some insect lectins can recognize polysaccharide
chains on the surface of pathogens, they are assumed to be
involved in self-defense.

Molecular simulation and molecular docking analyses can
provide strong support for the study of protein-protein
interactions (21). In this study, a site-directed point mutation
was introduced into the A. aegypti CTLGA9 gene on the basis of
previous protein-protein interaction studies and the prediction
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of hot spot residues in the ligand-receptor complex.
Subsequently, the role of the predicted residue in the
interaction between Cry11Aa and the receptor APN was
verified using the ligand blot assay and enzyme-linked
immunosorbent assay (ELISA). The findings of this study will
lay a foundation for further research on the interaction between
the toxin Cry11Aa and other receptors, as well as on the
enhancement of the insecticidal activity of Cry toxin through
their molecular modification.
MATERIALS AND METHODS

Materials
A Haikou strain of A. aegypti, obtained from the Fujian
International Travel Health Care Center, was reared in the
laboratory under controlled conditions of 28°C, 75-80%
relative humidity, and 14:10 h light: dark photoperiod. B.
thuringiensis Cry11Aa and APN receptor strains were provided
by Dr. Sarjeet Gill, University of California Riverside, CA, U.S.A.
Escherichia coli strain DH5a and E. coli BL21 (DE3) competent
cells, and plasmid pMD18-T were purchased from TaKaRa
(Dalian, China). The expression vector pET32a used in this
study was among our laboratory stock. EZ-Link-NHS-Biotin was
purchased from Thermo Fisher Scientific (Waltham, MA, USA),.
Streptavidin horse-radish peroxidase (HRP) conjugated antibody
was purchased from Beyotime Biotech (Shanghai, China), biotin
specific antibody streptavidin/AP from BIOSS Antibodies
(Beijing, China), rabbit polyclonal antibodies and anti-6 × His
antibody was bought from BBI Life Science (Shanghai, China).
ProteinIso® Ni-NTA resins were purchased from TransGen
Biotech (Beijing, China).

Modeling and Protein Docking Analyses of
CTLGA9, Cry11Aa and APN
The three-dimensional protein structures of CTLGA9 (PDB:
5EAL), Cry11Aa (PDB: 1DLC), and APN (PDB: 4WZ9) were
obtained via a modeling approach using Phyre-2 software, as
reported in our previously published study (19). Protein docking
simulations were conducted with the Discovery Studio 2.5.
software. The docking complexes were obtained using the
GRAMM-X Protein-Protein Docking Web Server v.1.2.0
(http://vakser.compbio.ku.edu/resources/gramm/grammx) and
analyzed through the root mean square deviation of the
receptor and binding interface. Hot spot residues were
predicted based on the comparisons of docking complexes. An
alanine substitution mutation was introduced in the CTLGA9
protein and the binding interaction of the mutant was further
confirmed through molecular docking analysis (22). The amino
acid sequence of mutant CTLGA9 was modeled using the Phyre-
2 server. From the top 10 model templates obtained from
the program, the first one was selected according to best
coverage efficiency and confidence level. The structure was
assessed geometrically using different programs, such as the
Ramachandran plot in Discovery Studio and the Z-score and
energy plot from the ProSAweb server (https://prosa.services.
came.sbg.ac.at/prosa.php). Subsequently, docking complexes of
July 2022 | Volume 13 | Article 906259
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m CTLGA9 with the toxin and receptor were generated and
analyzed using Discovery Studio software.

Isolation, Expression, and Purification of
Mutant CTLGA9
The nucleotide sequence of A. aegypti wild-type CTLGA9 (wt
CTLGA9) was retrieved from the National Center for
Biotechnology Information (Genbank Accession No:
AAEL014385) and submitted to the SMART database (http://
smart.embl-heidelberg.de/) for domain and protein analysis. The
target fragment was amplified using wt CTLGA9 plasmid as the
template and the mutant primer pair (Forward-primer: 5′
CATGCCATGGAAGCATGGAGAgcGTG3′; Reverse-primer:
5′CCCAAGCTTATCCAAGATGCAACTCCTA3′). TransStart
FastPfu Fly DNA polymerase (TransGen Biotech), was used
for amplification of the sequences. The purified polymerase
chain reaction (PCR) product was ligated into the pMD18T
vector following enzyme digestion with NcoI and Hind III was
carried out. Then the fragments were further ligated to the pre-
digested vector pET32a. The constructed recombinant plasmids
(pET32a-CTLGA9) were transferred into E. coli BL21 (DE3)
competent cells. The correct insertion of them CTLGA9 segment
was confirmed through enzyme digestion and verified by
sequencing. A single colony of freshly transformed E.coli
(BL21) cells carrying the recombinant plasmids was then
cultured overnight in ampicillin containing 2YT medium, with
constant agitation of 200 rpm and 37°C. Thereafter, 1% of the
total volume of the overnight culture was inoculated into
fresh 2YT medium until the OD600 reached 0.6-0.8. To induce
the expression of CTLGA9, 0.5 mM isopropyl b-D-1-
thiogalactopyranoside was added to the cells, and the culture
was incubated for 20 h at 16°C with agitation at 200 rpm.
Thereafter, the cells were collected by centrifugation (8000 rpm
for 10 min at 4°C), washed, and resuspended in binding buffer
(0.5 M NaCl, 20 mM sodium phosphate, 10 mM imidazole, pH:
7.4), and then lysed by sonication for 30 min to disrupt the cell
membranes and release the cellular contents. Then, the lysate
solution was centrifuged (11000 rpm for 15 min at 4°C).
Supernatants were passed through a Ni-NTA affinity column
that had been pre-equilibrated with binding buffer (0.5 M NaCl,
20 mM sodium phosphate, 10 mM imidazole, pH: 7.4).
Subsequently, the protein molecules bound to Ni-NTA resins,
were eluted with an elution buffer (0.5 M NaCl, 20 mM sodium
phosphate, and 400 mM imidazole, pH: 7.4). Fractions
containing the target protein were checked using 12% sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE),
and the protein concentrations were measured with the Bradford
method (23). The receptor protein APN was also purified using
His-tagged Ni-NTA chromatography.

Immunoblotting and ELISA Based
Competitive Binding Assay
Quality checking of the recombinant protein was performed
using the western blot assay (24). In brief, biotinylated m
CTLGA9 and wt CTLGA9 proteins were first separated using
10% SDS-PAGE and then transferred to a polyvinylidene
Frontiers in Immunology | www.frontiersin.org 3
difluoride (PVDF) membrane. Detection of the proteinswas
carried out using the biotin-specific antibodies (1:3000),
following which a 5-bromo-4-chloro-3-indolyl phosphate/nitro
blue tetrazolium (BCIP/NBT) kit (Beyotime, Shanghai, China)
was used to confirm the results. The binding activity of m
CTLGA9 to Cry11Aa and APN receptor was analyzed with the
ligand blot assay (21). In brief, 10% SDS-PAGE separated m
CTLGA9 protein was transferred to a PVDF membrane which
was then incubated with phosphate-buffered saline (PBS)
containing 5% skim milk, and subsequently washed three times
with PBS containing Tween-20 (PBST). Thereafter, the mutant
protein-containing membrane was incubated with Cry11Aa (10
mg/mL) or APN (10 mg/mL) proteins for 2 h and washed with
PBST. Subsequently, the membranes were incubated with
specific anti-Cry11Aa and anti-APN polyclonal antibodies
(1:3000) for 1.5 h. Next, the membranes was washed with
PBST and further incubated with secondary antibodies
(1:3000) for 1.5 h. After three washes with PBST and PBS, the
immune complexes were detected using the BCIP/NBT color
development kit. Thioredoxin (Trx) and wt CTLGA9 were used
as controls. The competitive ELISA was performed to confirm
the binding interaction between the m CTLGA9 proteins and
APN proteins (24). To determine whether m CTLGA9 and
Cry11Aa competed with each other for binding to APN, a
competitive ELISA was conducted following previously
reported methods (19, 25). In brief, the wells of a 96-well plate
were coated with APN proteins (4 mg/well), and the plate was
stored at 4°C overnight. After blocking with 5% skim milk mixed
with PBS buffer, 0-500 nM of unlabeled Cry11Aa proteins mixed
with 10 nM labeled m CTLGA9 were added to the respective
wells for incubation at room temperature for 1 h. Additionally,
10 nM biotin labeled Cry11Aa was mixed with increasing
concentrations of unlabeled m CTLGA9 (0–500 nM) was
added to each well of a pre-coated ELISA plate. The labeled
CTLGA9 and Cry11Aa proteins were detected using the
streptavidin HRP-conjugated antibody (1:3000). Then, 100 mL
of the chromogenic agent 3,3′5,5′-tetramethylbenzidine (TMB)
(Beyotime, Shanghai, China) was added to each well, and the
plate was incubated at 37°C for 15 min. The reaction was
terminated by the addition of 2M H2SO4, and absorbance of
the solution in each well was recorded at 450 nm. Each treatment
was replicated three times. Trx and wt CTLGA9 proteins mixed
with Cry11Aa were used as controls. GraphPad Prism software
was used to analyze the data.

Larvae Bioassay
The A. aegypti larvae bioassay was performed according to the
methods described in previously published report (26). In short,
third instar larvae of A. aegypti were fed Cry11Aa protein (0.85
mg/mL) or a mixture of Cry11Aa and m CTLGA9 protein (0.15,
1.5, and 15 mg/mL). Each treatment was replicated three times.
The survival rate of the mosquito larvae was recorded after 12
and 24 h. The Trx protein and wt CTLGA9 protein (0.15, 1.5,
and 15 mg/mL) mixed with Cry11Aa were used as controls. Data
were analyzed using the GraphPad Prism software, and each bar
represents the mean ± SD of three replicates.
July 2022 | Volume 13 | Article 906259
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Growth Curve of Mutant CTLGA9
The growth rates of recombinant E. coli strains (those expressing
m CTLGA9, and wt CTLGA9) were measured and compared to
with that of the Trx-expressing control strain. All strains were
grown in Luria-Bertani (LB) medium containing ampicillin
(100µg/mL) with constant agitation at 200 rpm, 37°C until the
OD600 of the culture reached 0.6-0.8. Then, the bacterial culture
was transferred into 100 mL of fresh LB medium. Samples were
loaded into the sample tray of a fully automatic growth curve
analyzer (Bioscreen C, Finland), and the growth rate was
measured for 0-72 h at 37°C.
RESULTS

Protein Docking Analysis of CTLGA9 and
Cry11Aa With APN Receptor
The docking complexes of wt CTLGA9 and Cry11Aa bound with
the receptor APN and were analyzed using Discovery Studio,
where it was found that the two ligand proteins had common
APN binding sites (Figure 1A and Table S1). Further residues in
wt CTLGA9 and Cry11Aa were analyzed involved in binding
with APN (Figures 1B, C). The predicted hot spot residues
involved in interaction between CTLGA9 and APN were L6,
Q12, Y107, C109, and E110. L6 and Q12 were selected for alanine
substitution mutation and the binding of the two resultant
mutants with APN was checked through docking simulation
analysis. Importantly, it was found that the mutation at Q12 was
not associated with any change in Cry11Aa toxicity in the larvae
bioassay. The effect was similar to the wt CTLGA9. By contrast,
in the bioassay involving CTLGA9 mutated at L6, the toxicity of
Frontiers in Immunology | www.frontiersin.org 4
Cry11Aa was enhanced relative to that of the toxin mixed with
wt CTLGA9. Therefore, CTLGA9 mutated at L6 was further
characterized. Ramachandran analysis of m CTLGA9 predicted
95% of the residues to be in the favoured region according to phi
and psi angle positions, whereas 5.4% of the residues were in the
outlier region (Supplementary Figure S1A). The Z-score (-4.46)
and energy value obtained from the ProSA-web server were
below 0 and the interactions were energetically stable
(Supplementary Figures S1B, C). The three-dimensional
models of CTLGA9 (90% of sequences and 105 residues) were
modeled with 99.9% confidence using the Phyre-2online server
(Supplementary Figure S1D). Docking complexes of m
CTLGA9 with APN receptor and Cry11Aa were obtained
through GRAMM-X Protein-Protein Docking Web Server
v.1.2.0 (http://vakser.compbio.ku.edu/resources/gramm/
grammx/) and analyzed using Discovery Studio 2.5 software.
The yellow colour showed the binding sites of m CTLGA9 to
APN and Cry11Aa (Figures 2A-a, b), Notably, analysis of the
docking complexes revealed that none of the residues in m
CTLGA9 were in competition with those of Cry11Aa for
binding to APN interface, unlike the residues of the wt
CTLGA9 (Figures 2B (a, b) and Table S2).

Expression and Purification of Mutant
CTLGA9
Protein sequence analysis ofm CTLGA9 indicated to be a 17 kDa
stable protein, similar to the wt CTLGA9 protein. After
amplification with gene-specific primers, the PCR product
appeared as a band of approximately 354 bp (Figures 3A-a).
The DNA fragment was extracted from the gel and ligated into
the pMD18T cloning vector. Figures 3A-b shows confirmation
A B

C

FIGURE 1 | Molecular docking of wt CTLGA9 and Cry11Aa with APN. Three dimensional structures were modeled using Phyre-2 engine and molecular docking
was performed by Discovery Studio 2.5. (A) Residues in APN that are involved in interaction with Cry11Aa (colored in green), with CTLGA9 (colored in red), or with
both Cry11Aa and CTLGA9 (colored in yellow). (B) Residues (blue color) in CTLGA9 involved in binding with APN receptor. (C) Residues (blue color) in Cry11Aa
involved in binding with APN.
July 2022 | Volume 13 | Article 906259
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that the plasmids had been correctly digested at the NcoI/HindIII
enzyme sites. After insertion of the cloning vector into the
pET32a vector, and transfer of the recombinant plasmid into
E.coli BL21 competent cells. Subsequent gel analysis of
the plasmids verified that the 354 bp fragment had
been successfully inserted into pET32a (Figures 3A-c). Finally,
SDS-PAGE separation of m CTLGA9 and wt CTLGA9 proteins
that had been extracted using Ni-NTA chromatography
confirmed them to be specific protein bands of approximately
33 kDa in size (Figures 3B-a). Further, confirmation through
western blotting with specific polyclonal antibodies of m
CTLGA9 revealed a band of 33 kDa on the PVDF membrane,
which was consistent with the size of the wt CTLGA9 positive
control (Figures 3B-b).

Binding Activity of Mutant CTLGA9 With
APN and Cry11Aa
To determine the binding activity of m CTLGA9 with APN and
Cry11Aa, ligand blotting and ELISA were performed. On the
western blot membrane, m CTLGA9 that had been probed with
either APN or Cry11Aa appeared a sharp band of approximately
33 kDa, similar to the positive control wt CTLGA9 (Figures 4A
(a, b)), proving that the expressed m CTLGA9 could bind with
APN and Cry11Aa proteins. The competitive ELISA based
binding assay was performed to evaluate whether m CTLGA9
and Cry11Aa competed for binding to APN. The results clearly
showed that labeled m CTLGA9 mixed with increasing
concentrations of unlabeled Cry11Aa did not compete with
Cry11Aa for the binding to fixed APN (Figures 4B-a). By
contrast labeled wt CTLGA9 (as a positive control) mixed with
Frontiers in Immunology | www.frontiersin.org 5
same concentrations of unlabeled Cry11 Aa was found to
compete with Cry11Aa for binding to APN (Figures 4B-a). On
another side labeled Cry11Aa (10 nM) mixed with increasing
concentration of m CTLGA9 (0–500 nM) was not competing to
bind with fixed APN receptor proteins as compared to labeled
Cry11Aa mixed with increasing concentration of wt CTLGA9
(0–500 nM) (Figures 4B-b). Non-significant binding activity was
recorded between the control Trx and APN (Figure 4B).

Toxicity Bioassay and Growth Curve of m
CTLGA9
To determine whether m CTLGA9 can alter the activity of Cry
toxins, third instar larvae of A. aegypti were fed purified
recombinant m CTLGA9 protein, wt CTLGA9 protein or Trx
protein (as a control), and their cumulative survival rates were
recorded. The bioassay results confirmed that m CTLGA9 could
enhance Cry11Aa toxicity at 12 h (Figure 5A) and 24 h post-
feeding (Figure 5B), compared with the effects of to wt CTLGA9
protein. In particular, at high concentration of m CTLGA9,
significantly fewer larvae survived compared with those fed the
same concentrations of wt CTLGA9 protein. Taken together,
these results suggest that m CTLGA9 can enhance the larvicidal
activity of Cry toxins.

The growth patterns of all three strains (recombinant E. coli)
were more or less similar. The growth of bacteria carrying m
CTLGA9 followed a steady curve, whereas the strain carrying wt
CTLGA9 showed quicker growth up to 10–14 h albeit. The
comparative rise for the later was approximately 10%, which can
be considered a transient increase. Beyond 20 h, the growth
patterns were similar for all strains; although the wt CTLGA9
A

B

a

b

b

a

FIGURE 2 | Molecular docking of mutant CTLGA9 with APN and Cry11Aa. Three-dimensional structures were modeled using Phyre-2 engine and molecular
docking was performed by Discovery Studio 2.5. (A-a) Binding sites (yellow color) in docking complexes of m CTLGA9 with APN and (A-b) Cry11Aa. (B) Binding
interface in APN receptor. (B-a) Residues in APN that are involved in interaction with wt CTLGA9 (colored in red) and Cry11Aa (colored in green) while yellow color
showed common binding sites of both CTLGA9 and Cry11Aa in APN receptor interface (B-b) Residues in APN that are involved in interaction with m CTLGA9
(colored in red) and Cry11Aa (colored in green).
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carrying recombinant showed a slightly higher overall
concentrations of cells (Supplementary Figure S2).
DISCUSSION

B. thuringiensis subspecies israelensis produces different Cry and
Cyt family toxins used for mosquito control and management
(27). Among these, Cry11Aa has proven to be one of the most
active mosquitocidal agents against A. aegypti (28). Although the
interactions between Cry toxins and their receptors have been
relatively well studied, those between the midgut proteins and
Cry toxins and toxin receptors remain unexplored. Molecular
docking simulation is a highly useful technique for determining
such protein-protein interactions (29, 30). Cry11Aa has been
found to be bound to four different proteins in the brush border
membrane vesicles of A. aegypti (31), two of which were
identified as Cry11Aa functional receptors, namely the 65 kDa
glycosylphosphatidyl-inositol-anchored protein ALP and the 73
kDa receptor protein APN (25, 32). Cry toxins initially bind to
Frontiers in Immunology | www.frontiersin.org 6
various receptor proteins on the host cell membrane and cause
pore formation that leads to cell death. These toxins are made up
of three domains. Among, which domain II is the most variable
with regard to toxin specificity while binding toward the various
receptors. Both the carbohydrate recognition domain of lectin
and domain II of Cry toxins exhibit a b-prism structure (33–36),
with exposed loop regions involved in receptor binding.
Therefore on the basis of protein–protein interaction
observations and predictions of the hot-spot residues in the
receptor–ligand complex, a site-directed point mutation was
introduced into the nucleotide sequence of A. aegypti CTLGA9
in this study, and the mutant protein was expressed to investigate
its interaction with APN. C-type lectins belong to a large family
of pattern recognition receptors that bind to galactose and
mannose-type carbohydrates in the presence of calcium ions
(37). Therefore, lectin proteins can recognize the structures of
specific carbohydrates on cell surface and bind to them resulting
in cell agglutination (38). Previously, it was reported that A.
aegypti CTL-20 and galectin-14 could compete with Cry11Aa for
binding to the receptor ALP1resulting in a significant increase in
A

B

a

a

b c

b

FIGURE 3 | PCR Amplification of mutant CTLGA9 gene (A-a), Lane M: 250bp DNA marker (Thermo); Lane 1: amplified fragment of 354bp. (A-b) pMD18T
recombinant plasmid digested with NcoI/HindIII, Lane M: 250bp DNA marker; Lane 1-5: plasmid digested product. (A-c) pET32a harboring m CTLGA9 recombinant
plasmid digestion with enzyme sites NcoI/HindIII. Lane M: DL15000bp DNA marker (Thermo), Lane 1: Recombinant plasmid of CTLGA9- pET32a; Lane 2, 3:
digested product. (B) SDS-PAGE and Western blotting analysis of m CTLGA9. (B-a) Lane M: 180 kDa molecular mass marker, Lane 2: Trx control; Lane 3: wt
CTLGA9 protein; Lane 4: total mutant protein; Lane 5: mutant Supernatant; Lane 6: after binding sample; Lane 7: purified m CTLGA9 protein. (B-b) Western blot of
m CTLGA9 protein. Lane M: 180 kDa molecular mass marker (Thermo); Lane 2: Trx control; Lane 3:wt CTLGA9 control protein; Lane 4: m CTLGA9 protein. Proteins
were detected through CTLGA9 specific antibody.
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the the survival of mosquito larvae after being treated with Cry
toxins (18, 26). In this study, the key amino acids involved in the
binding of Cry11Aa or CTLGA9 to APN were determined, and
the Leucine-6 residue was selected for alanine substitution
mutation. Analysis of the docking complexes revealed that
Frontiers in Immunology | www.frontiersin.org 7
none of the residues in m CTLGA9 were involved in
competition with Cry11Aa for binding to the APN interface.
Our results showed that the expressed m CTLGA9 could bind
equally with Cry11Aa and APN. ELISA binding assay revealed
that labeled m CTLGA9 mixed with an increasing concentration
A B

FIGURE 5 | Feeding assay of Cry11Aa in the presence of recombinant m CTLGA9 fusion protein. A. aegypti larvae were fed with purified Cry11Aa (0.85 mg/mL)
mixed with increasing concentrations of recombinant and control protein as wt CTLGA9 or Trx protein (0.15, 1.5, 15 mg/mL), and the mosquito larvae survival rate
was noted at 12 h (A) and 24 h (B) of treatment with three replicates. Significance of difference was calculated by one way ANOVA followed by Tukey HSD test
using IBM SPSS version 22 (A, B), and identical letters are not significantly different (p > 0.05) while different letters indicate significant difference (p < 0.05).
A

B

a

a

b

b

FIGURE 4 | The binding activity of mutant CTLGA9 protein with APN receptor and Cry11Aa toxin protein. (A (a, b)) Lane M: 180 kDa molecular mass marker
(Thermo); Lane 2: Trx negative control; Lane 3: wt CTLGA9 (positive control); Lane 4: m CTLGA9. (B-a) Binding of biotinylated m and wt CTLGA9 (10 nm) to
immobilized APN in the presence of increasing concentrations of unlabeled Cry11Aa (0-500nm); (B-b) Binding of biotinylated Cry11Aa to immobilized APN in the
presence of increasing concentrations of unlabeled mutant and wt CTLGA9.
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of unlabeled Cry11Aa did not compete for binding toAPN.
However, competitive binding to APN was detected in the
positive control sample of labeled wt CTLGA9, mixed with
variable concentrations of Cry11Aa. Furthermore, the bioassay
results indicated that m CTLGA9 could enhance the toxicity of
Cry proteins, as fewer m CTLGA9-fed larvae than wt CTLGA9-
fed larvae survived at a high concentration of protein feeding.
However, other CTLs have been found to bind not only to APN
but also to other important receptors such as ALP and inhibiting
Cry11Aa toxicity toward A. aegypti (18, 26). The toxicity assay
also demonstrated that CTLGA9 protein was resistant to the
insecticidal activity of Cry11Aa against A. aegypti. In conclusion,
wt CTLGA9 can block Cry11Aa from binding to APN, which
might decrease the mosquitocidal activity of the toxin as
compared with the non-competitive effect of m CTLGA9. This
mutated CTL protein may serve as a reference for future
investigations of mechanism of B. thuringiensis Cry-based
toxicity and the development of new biopesticides for
mosquito control.
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Cry11Aa Toxin From Bacillus Thuringiensis Binds its Receptor in Aedes
Aegypti Mosquito Larvae Through Loop a-8 of Domain II. FEBS Lett (2005)
579:3508–14. doi: 10.1016/j.febslet.2005.05.032

35. Meagher JL, Winter HC, Ezell P, Goldstein IJ, Stuckey JA. Crystal Structure of
Banana Lectin Reveals a Novel Second Sugar Binding Site. Glycobiology (2005)
15:1033–42. doi: 10.1093/glycob/cwi088

36. Fernandez LE, Aimanova KG, Gill SS, Bravo A, Soberón M. A GPI-Anchored
Alkaline Phosphatase is a Functional Midgut Receptor of Cry11Aa Toxin in
Aedes Aegypti Larvae. Biochem J (2006) 394:77–84. doi: 10.1042/BJ20051517

37. Drickamer K. Engineering Galactose-Binding Activity Into a C-Type
Mannose-Binding Protein. Nature (1992) 360:183. doi: 10.1038/360183a0

38. Ayaad TH, Al-Akeel RK, Olayan E. Isolation and Characterization of Midgut
Lectin From Aedes Aegypti (L.) (Diptera: Culicidae). Braz Arch Biol Technol
(2015) 58:905–12. doi: 10.1590/S1516-89132015060277

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Alam, Batool, Idris, Tan, Guan and Zhang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
July 2022 | Volume 13 | Article 906259

https://doi.org/10.7717/peerj.1206
https://doi.org/10.1016/j.ijbiomac.2017.12.135
https://doi.org/10.1016/j.ijbiomac.2017.12.135
https://doi.org/10.1089/gen.32.12.12
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1021/acs.jafc.7b04427
https://doi.org/10.1016/j.ibmb.2013.09.007
https://doi.org/10.3390/toxins10100390
https://doi.org/10.3390/toxins6041222
https://doi.org/10.1099/00221287-134-9-2551
https://doi.org/10.3389/fpls.2015.01081
https://doi.org/10.1016/j.tibs.2016.03.002
https://doi.org/10.1021/bi900979b
https://doi.org/10.1016/j.ibmb.2009.08.003
https://doi.org/10.1074/jbc.M308218200
https://doi.org/10.1016/j.febslet.2005.05.032
https://doi.org/10.1093/glycob/cwi088
https://doi.org/10.1042/BJ20051517
https://doi.org/10.1038/360183a0
https://doi.org/10.1590/S1516-89132015060277
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Function of CTLGA9 Amino Acid Residue Leucine-6 in Modulating Cry Toxicity
	Introduction
	Materials and Methods
	Materials
	Modeling and Protein Docking Analyses of CTLGA9, Cry11Aa and APN
	Isolation, Expression, and Purification of Mutant CTLGA9
	Immunoblotting and ELISA Based Competitive Binding Assay
	Larvae Bioassay
	Growth Curve of Mutant CTLGA9

	Results
	Protein Docking Analysis of CTLGA9 and Cry11Aa With APN Receptor
	Expression and Purification of Mutant CTLGA9
	Binding Activity of Mutant CTLGA9 With APN and Cry11Aa
	Toxicity Bioassay and Growth Curve of m CTLGA9

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


