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Methoprene-tolerant 1 (Metl) is a basic-helix-loop-helix Per/Arnt/Sim (bHLH-PAS) protein identified as the
intracellular receptor of juvenile hormone (JH). JH induces phosphorylation of Metl; however, the phosphor-
ylation site and outcomes of phosphorylation are not well characterized. In the present study, using the lepi-
dopteran insect and serious agricultural pest Helicoverpa armigera (cotton bollworm) as a model, we showed that
JH III induced threonine-phosphorylation of Metl at threonine 393 (Thr393) in the Per-Arnt-Sim (PAS) B
domain. Thr393-phosphorylation was necessary for Met1 binding to the JH response element (JHRE) to promote
the transcription of Kr-hl (encoding transcription factor Kriippel homolog 1) because Thr393-phosphorylated
Met1 increased its interaction with Taiman (Tai) and prevented the Metl-Met1 association. However, JH III
could not prevent Metl-Metl association after Metl-Thr393 was mutated, suggesting that Thr393-
phosphorylation is an essential mechanism by which JH prevents Met1-Met1 association. The results showed
that JH induces Metl phosphorylation on Thr393, which prevents Metl-Metl association, enhances Met1l
interaction with Tai, and promotes the binding of Met1-Tai transcription complex to the E-box in the JHRE to
regulate Kr-h1 transcription.

1. Introduction

Juvenile hormone (JH) is a key hormone that maintains insect larval
status (Riddiford, 2020). During insect development, JH prevents pre-
mature metamorphosis (Goodman and Cusson, 2012; Riddiford, 1994).
The basic-helix-loop-helix ~ Per/Arnt/Sim (bHLH-PAS) protein
Methoprene-tolerant (Met) (Wilson and Fabian, 1986) functions as the
JH intracellular receptor to maintain insect larval status (Charles et al.,
2011; Miura et al., 2005). Met forms a JH-dependent heterodimeric
transcription complex with SRC (p160/SRC, a steroid receptor coac-
tivator also known as “FISC” or “Taiman/Tai”) to initiate the tran-
scription of Kr-h1 (encoding transcription factor Kriippel homolog 1) by
binding to its JH response element (JHRE) (Li et al., 2011; Zhu et al.,
2003). Kr-h1 works downstream of Met and is induced rapidly by JH
(Kayukawa et al., 2012; Minakuchi et al., 2009). Knockdown of Met
caused precocious metamorphosis in Tribolium castaneum (Konopova
and Jindra, 2007; Parthasarathy et al., 2008) and Helicoverpa armigera
(Zhao et al., 2014). Met is an excellent target to develop insect growth

regulators to control pest insects (Jindra and Bittova, 2019). Interest-
ingly, Met forms a Met-Met complex in the coleopteran insect
T. castaneum (Charles et al., 2011) and formed a heterodimer with
another bHLH-PAS family member, Germ cells-expressed protein (Gce),
when they were overexpressed in the S2 cells in the dipteran Drosophila
melanogaster in the absence of the hormone (Godlewski et al., 2006). The
Met-Met complex was dissociated by a conformational change in the
presence of methoprene or JH III in T. castaneum and D. melanogaster,
which promotes gene transcription (Jindra et al., 2015).
Phosphorylation of bHLH-PAS family members is widely observed,
and is regulated by various kinase pathways (Kietzmann et al., 2016).
Specific phosphorylation sites have been implicated in specific func-
tional controls of these proteins (Gradin et al., 2002). In the mosquito,
Aedes aegypti, Met was observed to be phosphorylated using
two-dimensional electrophoresis (2-DE) of proteins after incubation
with JH III via a phospholipase C (PLC) pathway (Liu et al., 2015),
suggesting that JH III transmits a signal via a cell membrane signaling
pathway to regulate Met for gene transcription. However, the
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phosphorylation sites and outcomes have not been demonstrated.

In the present study, we identified the phosphorylation site of Metl
at Thr393 under JH III induction in Helicoverpa armigera. Thr393-
phosphorylation could be detected using anti-phospho-threonine poly-
clonal antibodies, and its mobility variation was observed using Phos-
tag SDS-PAGE followed by western blotting. Moreover, we revealed
that Thr393-phosphorylation of Metl promoted its interaction with Tai
to form a transcription complex that promoted Kr-hl transcription.
Thr393-phosphorylation of Metl also prevented the Metl-Met1 associ-
ation. These findings increase our understanding of the mechanism of
bHLH-PAS protein interaction and function under hormonal regulation.

2. Results
2.1. JH III induced Met1 Thr-phosphorylation

To examine the extent and type of Metl phosphorylation in
H. armigera, we injected JH III into 6th instar 6 h larvae and examined
the phosphorylation of Met1 using three kinds of antibodies, including
anti-phospho-threonine polyclonal antibodies (Anti-pThr), anti-
phospho-(Ser) PKC substrate polyclonal antibodies (Anti-pSer), and
the anti-phosphotyrosine mouse monoclonal antibody 4G10 (Anti-
pTyr). These antibodies recognize threonine-phosphorylation, PKC
substrate  serine-phosphorylation, and tyrosine-phosphorylation,
respectively. Metl was collected from the epidermis using polyclonal
antibodies against H. armigera Metl. Only the Anti-pThr antibodies
detected the target band, which was increased by JH III injection,
compared with the basal levels in the dimethyl sulfoxide (DMSO) con-
trol, when the amount of Metl was confirmed as equal. Lambda protein
phosphatase (APPase) treatment decreased the intensity of the Anti-
pThr-detected band, suggesting that Metl is a phosphorylated protein
(Fig. 1A). The specificities of the antibodies were examined and
confirmed (Fig. 1B).

To determine the profile of Thr-phosphorylation of Metl during
larval development, we examined Thr-phosphorylation of Metl in the
epidermis from fifth instar larvae to zero-day pupae by controlling Met1
loading after affinity purification. The levels of Thr-phosphorylated
Metl were higher at the sixth instar feeding stage (6th-24 h to
6th—48 h), then decreased during metamorphic molting (MM) (Fig. 1C),
showing high levels of Thr-phosphorylated Met1 before metamorphosis.

The overexpression of Met1-RFP-His (a Met-red fluorescent protein
(RFP)-His tag fusion protein) in an H. armigera epidermal cell line
(HaEpi) produced similar results, and the RFP-His tag was not phos-
phorylated (Fig. 1D). These data suggested that Metl is a threonine-
phosphorylated protein in vivo, and JH III could increase the levels of
Thr-phosphorylated Met1.

Phos-tag SDS-PAGE followed by western blotting was used to show
the changes in protein mobility caused by Metl phosphorylation. The
anti-Metl polyclonal antibodies detected three bands, comprising
phospho-Metl1, an unknown protein, and the non-phosphorylated Met1.
The level of phospho-Met1 was low at the larval molting stage (5M), but
high at the larval feeding stage (6th-24 h), and low at metamorphic
stage (6th-96 h). The intensity of the phosphorylated protein band
decreased after APPase treatment, confirming it was a phospho-protein.
Injection of JH III into 6th—6 h larvae increased the phospho-Met1 levels,
compared with the Metl in DMSO control, which was already phos-
phorylated in vivo (Fig. 1E), confirming that JH III increased Metl
phosphorylation. However, using Phos-tag SDS-PAGE, only a little
phosphorylated-Met1 was detected, probably because of the limitation
of the method; therefore, the levels of non-phosphorylated Met1 did not
change correspondingly. Normal SDS-PAGE followed by western blot-
ting, did not detect the mobility change of phosphor-Met1. These results
confirmed the phosphorylation of Metl under the JH III regulation in
vivo.
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2.2. JH III induced Met1 Thr393-phosphorylation in the PAC region

Various deletion mutants of Metl, M1 (aAHLH-Metl, 130-526 aa),
M2 (aC-Metl, 1-412 aa), M3 (aPASB-C-Metl, 1-290 aa), M4 (aHLH-
PASA-Metl, 290-526 aa), M5 (PASB-Metl, 204-412 aa), and M6
(aPAC-C-Metl, 1-359 aa) (Fig. 2A) were fused with RFP-His and over-
expressed in HaEpi cells to determine the phosphorylated region of
Metl. The anti-pThr antibodies detected Thr-phosphorylation of the
wild-type Metl1-RFP-His, M1, M2, M4, and M5. In contrast, phosphor-
ylation of M3, M6, and RFP tags was not observed in the presence of JH
III or DMSO treatment as a negative control (Fig. 2B). The data showed
that JH Ill-induced Met1 Thr-phosphorylation occurs in the PAC region
of Metl.

We further investigated the phosphorylation sites of Metl. The
phosphorylation sites of Metl were predicted using NetPhosK (http://
www.cbs.dtu.dk/services/NetPhosK/) and NetPhos 3.1 Server
(http://www.cbs.dtu.dk/services/NetPhos/), respectively, as references
for site-directed mutation of Metl. The threonine at position 330 (score
0.81), serine at 367 (score 0.95), tyrosine at 369 (score 0.53), threonine
at 393 (score 0.911), and serine at 404 (score 0.51) in the PASB domain
were predicted as possible phosphorylation sites. Thr-phosphorylation
of Metl occurred in response to JH as defined above; therefore, the
threonine residues at 330 and 393 are the most probable phosphoryla-
tion sites. The threonine residues at 330, 393, the serine residue at 367,
and the tyrosine residue at 369 were replaced by alanine (T330A,
T393A, S367A, and Y369A) to examine their contribution to Met1 Thr-
phosphorylation under the control of JH III. The wild-type Met1-RFP-
His displayed basal Thr-phosphorylation. The wild-type Met1-RFP-His,
Met1-T330A-RFP-His, Met1-S367A-RFP-His, and Met1-Y369A-RFP-His
showed an increase of Thr-phosphorylation levels under JH III induc-
tion. In contrast, the Thr-phosphorylation level of the Met1-T393A-RFP-
His mutant was not increased significantly compared with that of the
DMSO control (Fig. 2C), suggesting JH III increased Thr393-
phosphorylation of Metl over its basal threonine phosphorylation
levels, and T393 is not the only phosphorylation site of Met1.

To confirm T393 phosphorylation by JH III regulation, we examined
the mobility changes of the overexpressed-Met1-RFP-His and the mutant
Met1-T393A-RFP-His using Phos-tag SDS-PAGE and western blotting. In
the Phos-tag experiment, the anti-His monoclonal antibody detected the
mobility shift from the phosphorylated-Met1 in wild-type Met1-RFP-His
under JH III treatment, but not from the mutant Met1-T393A-RFP. In
normal SDS-PAGE, the anti-His monoclonal antibody could not detect
the mobility shift of phosphorylated-Metl (Fig. 2D). These results
confirmed that the phosphorylation of Metl at T393 under JH III
regulation.

2.3. Met1 phosphorylation at Thr393 determined its binding on JHRE for
Kr-h1 transcription

To address the outcome of Met1 phosphorylation in the JH pathway,
we examined the binding of Met1-RFP-His and Met1-T393A-RFP-His to
JHRE (containing the E-box CACGTG) using a chromatin immunopre-
cipitation (ChIP) assay. This JHRE lies in the upstream region (—942 to
—948) of Kr-h1 in H. armigera. Using the primer for the JHRE of Kr-hl
showed that Met1-RFP-His enriched more JHRE-containing fragments
when exposed to JH III compared with that of DMSO control. Using
primers for the CDS of Kr-h1 that amplify the coding region of Kr-h1 (Kr-
h1-RTF and Kr-h1-RTR located in the cDNA) as a non-specific binding
control, no JHRE-containing fragment was enriched under the same
conditions (Fig. 3A), suggesting that Metl phosphorylation is necessary
for its binding to the JHRE. Meanwhile, Kr-h1 transcripts were signifi-
cantly increased under JH III regulation in Metl-RFP-His-
overexpressing cells, but not in Met1-T393A-RFP-His-overexpressing
cells (Fig. 3B), suggesting that Metl phosphorylation is necessary for
JH-induced Kr-h1 transcription.
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Fig. 1. Identification of Metl phosphorylation. A. JH III triggers Thr-phosphorylation of Met1 in larvae. Met1 protein was enriched from the larval epidermis after
JH III (500 ng/larva at 6th-6 h for 6 h) or DMSO treatment, using anti-Metl antibodies-bound CNBr-activated Sepharose 4B. Metl was detected using anti-Met1
rabbit polyclonal antibodies (prepared in our laboratory) as a loading control, and the phosphorylation of Metl was detected using various antibodies such as
anti-phospho-threonine polyclonal antibodies (Anti-pThr), anti-phospho-(Ser) PKC substrate polyclonal antibodies (Anti-pSer), and the anti-phosphotyrosine mouse
monoclonal antibody 4G10 (Anti-pTyr). APPase: samples treated with A-phosphatase (0.5 pL APPase in 50 pL buffer for 30 min at 30 °C). B. Examination of the
specificity of the antibodies. Isolation of Metl proteins using anti-Met1 polyclonal antibodies bound-CNBr-activated Sepharose 4B. The anti-pThr antibody recog-
nized Metl. The anti-pSer antibody recognized Heat shock protein 90 (Hsp90) isolated by CNBr-activated Sepharose 4B with anti-Hsp90 polyclonal antibodies. The
anti-pTyr antibody recognized insulin receptor (InR) isolated by protein A resin with anti-InR polyclonal antibodies. The proteins were extracted from 6 to 24 h larval
epidermis. C. The Thr-phosphorylation level of Metl in the epidermis during larval development. Met1 protein was isolated with the method detailed in (A), which
normalized the Metl protein levels. Metl was detected using anti-Met1 antibodies as the loading control, and phosphorylation was detected using the anti-pThr
antibodies. 5F: 5th -instar feeding larvae. 5M: 5th -instar molting larvae. 6th-24 h to 6th-120 h: 6th instar larvae at various stages. PO d: new pupae. F: feeding.
M: molting. MM: metamorphic molting. P: pupae. D. Overexpressed Metl was threonine-phosphorylated under JH III induction in HaEpi cells. Overexpressed Met1-
RFP-His or RFP-His in HaEpi cells for 48 h, followed by JH III (1 pM for 1 h) or DMSO treatment. Met1-RFP-His and RFP-His were isolated using His-binding-resin or
anti-His antibody bound-CNBr-activated Sepharose 4B, and visualized using anti-His antibody as a loading control. The phosphorylation of Met1-RFP-His (94 kDa)
was detected using anti-pThr antibodies, anti-pSer antibodies, and anti-pTyr antibodies. The secondary antibody was horseradish peroxidase-conjugated AffiniPure
goat anti-rabbit or anti-mouse IgG. RFP-His was used as control. E. Detection of Met1 phosphorylation in the larval epidermis using anti-Met1 antibodies with Phos-
tag SDS-PAGE and normal SDS-PAGE followed western blotting, respectively. SM: fifth instar molting larvae; 6th—-24 h: sixth instar 24 h larvae, 6th-96 h: sixth instar
96 h larvae. APPase: 6th-24 h epidermis proteins were incubated with APPase. The 6th instar 6 h larvae were injected with DMSO or JH III (500 ng/larva) for 6 h.
B-actin was used as the loading control. The density of the immunoreactive protein bands on the Western blot was calculated using ImageJ software. Asterisks
indicate significant differences between the groups (*p < 0.05), as determined using the Student’s t-test based on three independent experiments. Error bars indicate
the standard deviation (SD) of three independent experiments.
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Fig. 2. Met1 was phosphorylated at T393 in the PAC region under JH III regulation. A. Chart was showing the truncated mutants of Met1. B. Detection of Thr-
phosphorylation of Met1 and its mutants using western blotting with anti-pThr antibodies. Met1-RFP-His and the mutants were overexpressed in HaEpi cells for 48 h,
then JH III (1 pM) or DMSO was administered for 1 h. The protein was isolated using anti-His antibody bound-CNBr-activated Sepharose 4B. An anti-His antibody
detected Met1-RFP-His as a loading control. C. Site mutation to analyze Thr-phosphorylation residues of Metl. Metl-RFP-His and the site mutants were overex-
pressed, and the protein was isolated using anti-His antibody bound-CNBr-activated Sepharose 4B for detection. An anti-His antibody detected Met1-RFP-His as a
loading control, and anti-pThr antibodies showed the phosphorylation level in wild-type Metl and its mutants. D. Detection of phosphorylation of wild-type Metl
and the mutant T393 in HaEip cells using SDS-PAGE and Phos-tag SDS-PAGE, respectively. Phosphorylated and non-phosphorylated protein bands were displayed by
the anti-His antibody. SDS-PAGE gel used for western blotting was a 7.5% gel. Quantification of the data by ImageJ; asterisks indicate significant differences between
the groups (*p < 0.05), as determined by Student’s t-test based on the SD of three independent experiments.

2.4. Met1 Thr393-phosphorylation increased the interaction with Tai and
prevented Met1-Met1 association

To determine the mechanism by which Met1Thr393-
phosphorylation promoted Kr-h1 expression, we investigated the pro-
tein interactions. Tai-GFP-His and Met1-RFP-His, Tai-GFP-His and Met1-
T393A-RFP-His, and GFP-His and RFP-His tags were paired and over-
expressed in HaEpi cells, respectively, to explore the effect of Metl-
Thr393 phosphorylation on its formation of transcription complexes.
Input indicated the equal expression of the proteins. In Co-IP using the
anti-GFP antibody, Met1-RFP-His not coprecipitated with Tai-GFP-His
from the DMSO control; however, Metl-RFP-His was coprecipitated
with Tai-GFP-His under JH III treatment, suggesting that Met1-RFP-His
interacted with Tai-GFP-His. However, a low amount of Met1-T393A-
RFP-His was coprecipitated with Tai-GFP-His under JH III treatment,
suggesting the T393A mutation decreased the interaction with Tai-GFP-
His (Fig. 4A). These results indicated that JH IIl-induced Met1-Thr393
phosphorylation promotes Met1 to recruit Tai to form a Met1-Tai tran-
scription complex.

The Met1-RFP-His, Met1-GFP-His, Met1-T393A-RFP-His, and Met1-
T393A-GFP-His constructs, were overexpressed in pairs in HaEpi cells,
to further address the effect of Met1-Thr393 phosphorylation on Met1-
Metl interaction. In the DMSO control, Metl-GFP-His was

coprecipitated with Met1-RFP-His using the antibody against RFP, and
Met1-GFP-His was not coprecipitated with Met1-RFP-His in the presence
of JH III, suggesting Metl formed a Metl-Metl complex that was
dissociated by JH III treatment. However, JH IlI-induced dissociation of
the Metl-Metl complex was prevented when T393 was mutated
(Fig. 4B). In the tag control, interaction of RFP-His and GFP-His was not
detected either under DMSO or JH III treatment (Fig. 4C). These results
suggested that JH III-induced Met1 phosphorylation at Thr393 prevents
the association of the Met1-Met1 complex.

3. Discussion

bHLH-PAS proteins exert their transcriptional functions by forming
homodimers or heterodimers; however, the regulatory mechanism is
unclear. Using H. armigera as a model, we revealed that JH III induces
Metl Thr-phosphorylation at Thr393 in the PAC region of the PASB
domain, which promoted Met1-Tai transcription complex formation and
prevented Metl-Metl association for Kr-hl transcription. Metl Thr-
phosphorylation occurred in growing larvae and decreased during
metamorphosis.
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Fig. 3. Met1-T393 phosphorylation determines its transcription regulatory
activity. A. qRT-PCR detected the JHRE fragment in the precipitate from
chromatin immunoprecipitation (Ch-IP) produced using an anti-RFP antibody.
Cells were transfected with the RFP-His (as a control), Met1-RFP-His, or Met1-
T393A-RFP-His plasmids, and then incubated with JH III (1 pM, 3 h). IgG: Non-
specific mouse IgG. anti-RFP: monoclonal antibody against RFP. Enrichment
relative to input (%) (sample with IgG/input %) was calculated using a previ-
ously described formula (Sadasivam et al., 2012). Input: Samples before
immunoprecipitation. CDS: coding sequence. B. qRT-PCR assay to detect Kr-h1
transcripts. Cells were transfected with the RFP-His, Met1-RFP-His, or
Met1-T393A-RFP-His plasmid, and then incubated with JH III (1 puM, 3 h);
RFP-His was overexpressed as the tag control. P-value were obtained using
Student’s t-test based on three replicates (*p < 0.05; **p < 0.01).

3.1. JH III induces Metl Thr393-phosphorylation in the PASB domain

Post-transcriptional modification of phosphorylation and dephos-
phorylation is a common mechanism that regulates many transcription
factors. The specific site of phosphorylation is implicated in the specific
functions of the protein (Gradin et al., 2002). For example, the phos-
phorylation of ecdysone receptor (EcR) at T468 by PKC delta under 20E
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regulation determines its transcriptional complex formation (Chen et al.,
2017). Protein kinase D1 (PKD1)-mediated phosphorylation at Thr324
in the PASB domain of hypoxia-inducible factor-2a (HIF-2a) promotes
genomic instability (To et al., 2006). The pinpoint phosphorylation of
T393 after HaMetl was treated with JH was not clear; however, the
specific recognition of the amino acid motif around the site of the sub-
strate by a protein kinase is one of the mechanisms of protein pinpoint
phosphorylation (van de Kooij et al., 2019).

Multiple phosphorylated forms of A. aegypti Met were induced by JH
III, as observed using 2-dimensional electrophoresis of proteins (Liu
et al., 2015); however, to identify the phosphorylation site was a chal-
lenge, because the NetPhosK or NetPhos 3.1 software predicted many
phosphorylation sites in the Met1 protein. The phospho-(Ser) PKC sub-
strate antibody did not detect AaMET phosphorylation after JH appli-
cation in A. aegypti (Ojani et al., 2016). We also did not detect
phosphorylation of Metl using phospho-(Ser) PKC substrate antibodies.
However, we detected Thr-phosphorylation of Metl and identified the
site at Thr393 in the PAC region of the PASB domain under JH III
regulation. Some basal levels of Metl Thr-phosphorylation were detec-
ted in DMSO-treated wild-type Met1-RFP-His and JH IlI-treated Met1--
T393A-RFP-His mutant expressing cells, suggesting that Metl has
constitutive threonine phosphorylation on other sites, which should be
determined in a future study. Thr393 is conserved in the Met proteins of
most lepidopteran insects and Drosophila GCE, but not in Met of
Drosophila, Tribolium and A. aegypti, as determined by aligning the Met
proteins of Helicoverpa armigera Met1: AHX26585.1, Manduca sexta Met:
XP_030020305.1 Danaus plexippus Metl: OWR52183, Bombyx mori
Metl: BAJ05085.1, Plutella xylostella Met1: XP_011557479, Drosophila
melanogaster Gce: NP_001188593.1, Drosophila melanogaster Metl:
AHN59602.1, Aedes aegypti Met: AAX55681.1, and T. castaneum Met:
NP_001092812.1 (Fig. S1). There is a possibility that JH induces Met1
phosphorylation on other residues in different insects, which needs to be
addressed in future work using other antibodies or methods.
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Fig. 4. Met1-T393 phosphorylation dependent protein—protein interactions. A.

DMSO

Phosphorylation of Met1-T393 promoted the interaction of Metl with Tai under JH

I1I regulation. Transfected cells were treated with 1 pM JH III or DMSO for 3 h, and then proteins were extracted. Input: Protein levels of Tai-GFP-His, Met1-RFP-His,

and Met1-T393A-RFP-His in cells before co-immunoprecipitation (Co-IP),

detected using an antibody against GFP or RFP. Co-IP: anti-GFP antibody-

immunoprecipitated Tai-GFP-His, co-immunoprecipitated Met1-RFP-His, or Met1-T393A-RFP-His, detected using an anti-GFP or anti-RFP monoclonal antibody.
Nonspecific IgG was used as a negative control. B. Dissociation of the wild-type Met1-GFP-His and Met1-RFP-His complex under JH III regulation. Met-T393A-GFP-
His and T393A-RFP-His mutants did not dissociate under JH III regulation. Input: Samples before co-immunoprecipitation (Co-IP). CoIP: Met1-RFP-His and Met1-
T393A-RFP-His were immunoprecipitated using an anti-RFP monoclonal antibody. Met1-GFP-His and Met1-T393A-GFP-His were detected using an anti-GFP

monoclonal antibody. Transfected cells were treated with JH III (1 uM for 3

h) or DMSO. C. RFP-His and GFP-His as negative tag controls for A and B. The sig-

nificance of the difference between the two groups are shown by the P-value, based on Student’s t-test of three independent experiments (*p < 0.05; **p < 0.01).
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3.2. Metl Thr393-phosphorylation increases Met1-Tai interaction and is
necessary for its transcriptional function

JH, via its intracellular receptor Met, regulates various biological
processes at different stages of the insect life cycle, including growth in
D. melanogaster larvae (Mirth et al., 2014), reproductive maturation in
T. castaneum (Parthasarathy et al., 2010), and preventing pupation or
adult emergence in B. mori (Guo et al., 2012). Met1 forms a transcrip-
tionally active complex with another bHLH-PAS protein termed Tai or
Srcin T. castaneum (Zhang et al., 2011) and FISC in mosquitoes (Li et al.,
2011). Met-Tai complexes bind E-boxes (CACGTG) in the upstream re-
gion of Kr-h1 genes in Tribolium, Drosophila, Apis (Kayukawa et al.,
2012), and H. armigera (Zhao et al., 2014) to promote their transcrip-
tion. Kr-h1 mediates the anti-metamorphic effect of JH across distant
insect orders (Minakuchi et al., 2008).

In A. aegypti, the phosphorylation of MET and/or TAl is essential for
the binding of its complex to the JHRE (Liu et al., 2015). Ojani et al.
found that the binding of JH-induced AaMET-AaTAI to the JHRE of
AaET was dramatically repressed when inhibited a specific PKC inhibi-
tor. Our results further revealed that JH III-induced Metl
Thr393-phosphorylation is critical for Metl’s interaction with Tai for
Kr-h1 transcription. These studies suggested that the intrinsic signaling
pathway in insect cells is vital for Met1 phosphorylation and function in
a JH-dependent manner. A previous study showed that BmMet1/BmSRC
and TcMet/TcSRC increased the activity of a kJHRE reporter but elicited
only a weak JH response in HEK293 cells (Kayukawa et al, 2012, 2013;
Kayukawa and Shinoda, 2015), indicating some differences between
insect cells and mammal cells. However, in mammalian HEK293 cells,
Met1 is capable of forming a functional JH receptor complex with SRC in
the presence of JH and thus activates kJHRE, suggesting that JH might
activate certain components, such as certain kinases, which are evolu-
tionarily conserved components in insects, followed by the regulation of
the phosphorylation of Met/Tai, thereby triggering weak JHRE report-
ing activity.

3.3. Metl Thr393-phosphorylation prevents Met1-Met1 association

The "Met-Met homodimer" and "Met-Gce heterodimer" were identi-
fied after overexpressing the proteins in the S2 cells of Drosophila
(Godlewski et al., 2006). A Met-Met dimer was also reported in the
absence of JH in yeast and insect L57 cells (Bitra and Palli, 2009). The
stoichiometry of the Met-Met dimer has not been determined; therefore,
the term “Met-Met complex” was used by later authors (Charles et al.,
2011). In T. castaneum, JH III caused Met-Met dissociation via a
conformational change of Met after binding JH (Charles et al., 2011).
We also observed that JH III induced Met-Met complex dissociation;
however, the mechanism appears to act via Thr393-phosphorylation of
Metl. Mutation of Thr393 abrogated JH III-induced Met-Met complex
dissociation, which presents a new JH-induced Met dissociation
mechanism.

3.4. The profile of Thr-phosphorylation of Met1

The levels of Thr-phosphorylated Met1 were higher at the sixth instar
feeding stage, then decreased during metamorphic molting, suggesting
JH promotes Thr-phosphorylation of Metl, and 20E represses Thr-
phosphorylation of Metl. The titer of JH I in the hemolymph of
Bombyx showed peaks at the 3rd and 4th instar larvae, and rapidly
decreased to the low level before ecdysis. A repeat of the increase in JH
titer occurred at the time of the final stage of the fifth larvae (Furuta
et al., 2013; Niimi and Sakurai, 1997). The 20E titer increases during
metamorphosis in the whole body (Kang et al., 2019) and the hemo-
lymph (Di et al., 2020) in H. armigera. 20E counteracts JH function in
regulating protein phosphorylation in H. armigera (Pan et al., 2018).
Thus, the crosstalk between JH and 20E determines the levels of Metl
phosphorylation.
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Although JHI and JH II are natural hormones for lepidopteran larvae
(Furuta et al., 2013; Schooley et al., 1984), H. armigera and B. mori
(Deng et al.,, 2011; Kayukawa et al., 2012) respond to JH III (the
commercially available form of JH) as well. In B. mori Bm-aff3 cells, the
effective concentration of JHs to induce Kr-h1 transcription, JH I, JH II,
JH III, JHA, or methyl farnesoate were 1.6 x 10’10, 1.2 x 10’10, 2.6 x
1071° 6.0 x 1078, and 1.1 x 1077 M, respectively (Kayukawa et al.,
2012). In cultures of wing imaginal discs of B. mori, 1-2 pM JH III
promoted cuticle protein 4 gene expression (Deng et al., 2011). The
effective concentration of JH III to induce rapid calcium increase in
H. armigera HaEpi cells is > 1 pM (Wang et al., 2016).

4. Conclusion

JH Il regulates Met1 phosphorylation at Thr393 in the PAC region of
the PASB domain. Thr393-phosphorylation of Met1 prevents the Met1-
Metl association and enhances the Metl-Tai interaction to form a
transcription complex. The Metl-Tai complex binds to the JHRE to
induce Kr-h1 transcription to maintain the larval status (Fig. 5).

5. Materials and methods
5.1. Insects

The cotton bollworms, Helicoverpa armigera, obtained from the
Henan Agricultural University in China, were fed an artificial diet
comprising soybean powder, wheat germ with various vitamins, and
mineral salt. The insects were maintained in an insectarium under the
cycle of 14 h light: 10 h dark at 26 + 1 °C with 60%-70% humidity.

5.2. Cell culture

Our laboratory established an H. armigera epidermal cell line
(HaEpi), which was obtained from the H. armigera epidermis (Shao et al.,
2008). The cells were cultured at 27 °C with a loosely attached mono-
layer in tissue culture flasks. The tissue culture flasks had an area of 25
cm? and contained 5 mL of antibiotic-free Grace’s medium supple-
mented with 10% certified fetal bovine serum (Biological Industries,
Cromwell, CT, USA). When the cells developed into a near confluent
monolayer they were sub-cultured.

JH

Cytosol

Met1 Met1

D
Q4% JH

Met1  Phosphorylation

Nucleus
XD
24 JH

’Lﬁ Met1
¥ WV alYaYd

KrJHRE
. Kr-h1

Larval status

Fig. 5. A schematic diagram showing the role of Metl Thr393-
phosphorylation in the JH pathway. JH III induces phosphorylation of
Metl at Thr393, which promotes the separation of the Metl-Metl complex,
thus enhancing Metl’s interaction with Tai to form a transcription complex,
which binds to a JHRE to activate Kr-h1 transcription.
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5.3. Overexpression of proteins in HaFEpi cells

The nucleotide sequence of the Met1 or Tai was cloned into the pIEx-
4-His plasmid (Novagen, Pretoria, South Africa) and fused with the
green fluorescent protein (GFP) or red fluorescent protein (RFP) using
specific primers. HaEpi cells were cultured to 80% density at 27 °C in
Grace’s medium supplemented with 10% FBS. Next, recombinant
plasmid (5 pg) and sterilized saline solution (200 pL) medium containing
transfection reagent (8-16 pL) were mixed with Grace’s medium (2 mL)
according to the supplier’s instructions (Biodragon, Beijing, China) and
incubated with cells for 48 h.

5.4. Western blotting

Total proteins were extracted from tissues using Tris-HCl buffer (40
mM Tris-buffered saline, pH 7.5), or from cells using RIPA lysis buffer
(Radioimmunoprecipitation assay lysis buffer) with a Protease Cocktail
and Phosphatase Inhibitor (EDTA-free) (Yi Sheng Biological Technology
Co., Ltd., Shanghai, China). The supernatant was collected and the
protein concentration was determined using a BCA Protein Assay Kit
(Beyotime Biotechnology, Shanghai, China). The proteins were mixed
with sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE) loading buffer, and boiled for 10 min. Next, the protein sample
was subjected to 7.5-12.5% SDS-PAGE and then electrophoretically
transferred onto nitrocellulose membranes. The membranes were incu-
bated in blocking buffer (3-5% fat-free powdered milk in TBS (10 mM
Tris-HCl, 150 mM NaCl, pH 7.5)) at room temperature for 1 h. The
primary antibodies used for these assays were diluted in blocking buffer,
followed by incubation at 37 °C for 4 h or overnight at 4 °C. The
membrane was subsequently washed three times with TBST (0.02%
Tween in TBS) for 10 min each time, followed by the addition of alkaline
phosphatase-conjugated or horseradish peroxidase-conjugated Affini-
Pure horse anti-rabbit or anti-mouse IgG secondary antibody (ZSGB-
BIO, Beijing, China), diluted 1:5,000 with the same blocking buffer. The
immunoreactive proteins were visualized using NBT (p-nitro-blue
tetrazolium chloride, 100 mg/mL in 70% dimethylformamide) and BCIP
(5-bromo-4-chloro-3-indolyl phosphate, 50 mg/mL in 100% dime-
thylformamide) diluted in TBS (1:200) in the dark for 10 min, or
Peroxide buffer and Luminol/Enhancer Solution were mixed at a 1:1
ratio, added to the blot, and incubated for 1 min. The blot was exposed
to the Chemiluminescence imaging system (Tanon, Shanghai, China)
after the excess reagent was drained off and covered with a clear plastic
sheet. The molecular masses of the immunoreactive proteins were esti-
mated using their theoretically calculated sizes (https://web.expasy.
org/compute_pi/) and their gel mobility in comparison to the standard
proteins.

5.5. Identification of phosphorylation of Met1

The endogenous Metl protein was isolated from the larval tissue
homogenates using RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 1%
TritonX-100, 0.1% SDS, Beyotime Biotechnology), and the protein was
purified using anti-Met1 rabbit polyclonal antibodies (prepared in our
laboratory) that were bound to CNBr-activated Sepharose 4B. The re-
combinant plasmid containing wild-type Metl and those with the
mutant fused with pIEx-4-RFP-His were overexpressed in HaEpi cells for
48 h, followed by treatment with JH III (1 pM) for 1 h or an equivalent
amount of diluted DMSO as a control. Proteins were extracted from the
cells using 500 pL of RIPA Lysis Buffer, and isolated using anti-His mouse
monoclonal antibody His bound-CNBr-activated Sepharose 4B or His-
binding-resin. The proteins were subjected to 7.5-12.5% SDS-PAGE,
and then electrophoretically transferred onto nitrocellulose mem-
branes. The membranes were incubated in blocking buffer (5% bovine
serum albumin in TBS) for 1 h at room temperature. Then, the mem-
branes were incubated with the primary antibodies: anti-phospho-
Threonine polyclonal antibodies (ImmuneChem Pharmaceuticals,
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Burnaby, British Columbia, Canada), anti-phospho-(Ser) PKC substrate
polyclonal antibodies (Cell Signaling Technology, Danvers, MA, USA),
and an anti-phospho-(Tyr) mouse monoclonal antibody 4G10 (Bio-
dragon, Beijing, China) diluted in blocking buffer (1:2000) at 4 °C
overnight, respectively. The membranes were washed three times with
TBST for 10 min each time, followed by the addition of the horseradish
peroxidase conjugated AffiniPure goat anti-rabbit or anti-mouse IgG
secondary antibody, diluted 1:5000 with the same blocking buffer. The
protein bands were visualized using High-Sig ECL Western Blotting
Substrate and observed using a Chemiluminescence imaging system
(Tanon, Shanghai, China), according to the manufacturer’s instruction
manual.

5.6. Isolation of proteins using antibody bound-CNBr-activated Sepharose
4B

The antibodies (50 pL anti-Met1 polyclonal antibodies or 10 pL anti-
His monoclonal antibody) were dialyzed in coupling buffer (0.1 M
NaHCOs, 0.5 M NaCl, pH 8.3) overnight at 4 °C. CNBr-activated
Sepharose 4B (60 mg) was dissolved in 500 pL of 1 mM HCI. After
washing with 1 mM HCI three times, the dialyzed antibody was added to
CNBr-activated Sepharose 4B and incubated for 2 h with gentle shaking
at room temperature. After washing five times with the coupling buffer,
the column was incubated with Tris-HCI (0.1 M, pH 8.0) for 1 h at room
temperature. The column contents were washed four times with acetic
acid buffer (0.1 M sodium acetate, 0.5 M NaCl, pH 4.0) and TBS buffer
(0.1 M Tris-HCl, 0.5 M NaCl, pH 8.0), and then the column was washed
with TBS buffer (0.1 M Tris-HCI, 0.1 M NacCl, pH 8.0) before use. Pro-
teins were extracted using RIPA lysis buffer and harvested via centri-
fugation at 12,000xg for 20 min at 4 °C. Approximately 30-40 pL of
supernatant was used as the protein input. The remaining supernatant
was added to the treated column and incubated with gentle shaking at
4 °C overnight. Next, the column was washed with TBS buffer, followed
by protein elution using 200 pL of 0.1 M glycine (pH 2.5) and 10 pL Tris-
HCl (1 M, pH 8.0). The eluted proteins were treated with SDS-PAGE
loading buffer and boiled for 10 min for western blotting analysis.

5.7. Lambda phosphatase (1PPase) treatment

The protein was extracted from the larvae and cells using RIPA lysis
buffer with EDTA-free. A 40-pL sample of the protein (0.1 mg/mL) was
subsequently incubated with 0.5 pL of APPase, 5 pL of buffer, and 5 pL of
MnCl; at 30 °C for 30 min, according to the manufacturer’s specifica-
tions (New England Biolabs Beijing LTD, Beijing, China). The proteins
were then subjected to SDS-PAGE, followed by western blotting analysis.
Using antibodies recognizing phosphorylated and non-phosphorylated
proteins.

5.8. Mutation of Met1

Deletion-mutants of Metl, M1 (AHLH-Met1, 130-526 aa), M2 (aC-
Metl, 1-412 aa), M3 (aPASB-C-Metl, 1-290 aa), M4 (aHLH-PASA-
Metl, 290-526 aa), M5 (PASB-Metl, 204-412 aa) and M6 (aAPAC-C-
Met1, 1-359 aa) were produced by reverse transcription PCR (RT-PCR).
The c¢DNA fragments were fused with RFP-His and overexpressed in
HaEpi cells from plasmid plEx-4-His plasmid (Novagen). The cDNA
sequence of the site mutations was produced by bridged-RT-PCR. Then,
the cDNA fragment was inserted into plEx-4-His plasmid where they
were fused with the RFP tag.

5.9. Chromatin immunoprecipitation assay (Ch-IP)

Met1-RFP-His and Met1-T393A-RFP-His were overexpressed in
HaEpi cells. After 48 h of culture, the cells incubated with 1 pM JH III for
3 h. The cells were then cross-linked using 1% formaldehyde and har-
vested in 300 pL of lysis buffer (50 mM HEPES, pH 7.5, 140 mM NacCl,
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1% Triton X-100, protease, and phosphatase inhibitors). DNA in the
solution was broken into fragments via sonication, and three replicate
samples were prepared by diluting 100 pL of DNA supernatant in 900 pL
of dilution buffer (16.7 mM Tris-HCl, pH 8.1, 167 mM NaCl, 0.01% SDS,
and 1.1% Triton X-100). Protein A agarose beads (10 pL) were added to
the DNA supernatant for pre-treatment nonspecific binding. After
centrifugation, one supernatant sample was used as a negative control
input for quantitative real-time PCR (qRT-PCR). Other supernatants
were incubated with anti-RFP antibody or IgG at 4 °C overnight. Protein
A agarose beads pretreated with dilution buffer were mixed with the
negative control sample or the antibody-antigen-chromatin mixture.
After the beads were washed, eluted (elution buffer: 1% SDS, 0.1 M
NaHCOs), and reverse cross-linked (65 °C overnight), RNase and Pro-
tease K were added to clear RNA and proteins, respectively. The DNA
was isolated via phenol/chloroform extraction and used as the template
for qRT-PCR to detect the JHRE fragment in the Kr-h1 promoter region
using the JHREF1 and JHRER1 primers (HKr-h1-F and HKr-h1-R). RFP-
His was overexpressed simultaneously in HaEpi cells as tagged negative
controls for the fusion proteins. Enrichment of the input (%) = (sample
precipitated by the antibody-sample with IgG)/input % was calculated
using a previously described method (Sadasivam et al., 2012).

5.10. Co-immunoprecipitation (Co-IP)

The recombinant plasmids Met1-RFP-His and Tai-GFP-His, Met1-
GFP-His and Metl-RFP-His, Met1-T393A-RFP-His and Met1-T393A-
GFP-His were co-transfected into HaEpi cells when they reached a
density of 80%. After 48 h, the cells were incubated with JH III (1 uM) or
DMSO. Proteins were extracted from the cells using 500 pL of RIPA Lysis
Buffer with 5 pL Protease Cocktail and Phosphatase Inhibitor (EDTA-
free) and harvested via centrifugation at 12,000xg for 15 min at 4 °C.
Forty microliters of supernatant were used as the protein input. The
remaining supernatant was added to a monoclonal antibody targeting
GFP, RFP, or IgG and incubated overnight with gentle shaking at 4 °C.
Protein A resin was added to the supernatant to eliminate non-specific
binding, followed by immediate centrifugation. The supernatant was
incubated with Protein A resin for a further 3 h with gentle shaking at
4 °C. After centrifugation at 3,000xg for 5 min at 4 °C, the supernatant
was discarded. After washing with 500 pL of RIPA lysis buffer three
times, the resin was treated with SDS-PAGE loading buffer and boiled for
10 min for western blotting analysis. The primary antibodies used for
Co-IP were mouse monoclonal antibody against GFP and RFP (ABclonal,
Wuhan, China). GFP-His and RFP-His were overexpressed in the HaEpi
cells as tag controls.

5.11. Phos-tag SDS-PAGE

Phos-tag SDS-PAGE was performed by mixing Phos-tag Acrylamide
(20 pM; Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) and
MnCl, (80 pM) into a normal SDS-PAGE gel. The phosphates of the
phospho-proteins can bind Mn?* to decrease their mobility in the gel.
Protein samples were precipitated using 20% trichloroacetic acid (TCA)
to remove the chelating agent from the sample. The proteins were
transferred from Phos-tag SDS-PAGE gel to nitrocellulose membranes for
western blotting after removing Mn>" by incubating the gel in transfer
buffer with 10 mmol/L EDTA for 10 min for three times with shaking.

5.12. Statistical analysis

The densities of the protein bands on the western blots were quan-
tified using ImageJ software (NIH, Bethesda, MA, USA). GraphPad Prism
7 was used for data analysis (GraphPad Software Inc., La Jolla, CA,
USA). All data were from at least three biologically independent ex-
periments. Two-group datasets were analyzed using Student’s t-test. In
the figures, asterisks indicate significant differences between the groups
(*p < 0.05, **p < 0.01). The details are provided in the related figure

Insect Biochemistry and Molecular Biology 130 (2021) 103519

legends. Error bars indicate the standard deviation (SD) of three inde-
pendent experiments.

5.13. Antibodies

The present study used anti-phospho-Threonine polyclonal anti-
bodies (ImmuneChem Pharmaceuticals, Burnaby, British Columbia,
Canada), anti-phospho-(Ser) PKC substrate polyclonal antibodies (Cell
Signaling Technology, Danvers, MA, USA), anti-phospho-(Tyr) mouse
monoclonal antibody 4G10 (Beijing Biodragon Immunotechnologies
Co., Ltd, Beijing, China), anti-Met1 polyclonal antibodies (Prepared in
our laboratory), anti-GFP monoclonal antibody, anti-RFP monoclonal
antibody, anti-His monoclonal antibody, anti-p-actin polyclonal anti-
bodies (ABclonal, Wuhan, China).
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