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HIGHLIGHTS GRAPHICAL ABSTRACT

« Scoparone displays potent acaricidal
activity against Tetranychus
cinnabarinus.

« Scoparone modulated the Ca?*
signalling pathway in T. cinnabarinus
by activating the L-type Ca?* channel
(L-VGCCQ).

« The 1Q motif (a consensus CaM-
binding site) of L-VGCC may be a
promising novel “green acaricide”-
binding target site of scoparone.
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capillaris), a renewable plant-derived bioresource, displays potent acaricidal activities against mites,
but its targets of action remain unclear.

Objectives: This study aimed to systematically explore the potential molecular targets of scoparone
against Tetranychus cinnabarinus and provide insights to guide the future application of scoparone as

Keywords: an agent for the management of agricultural mite pests worldwide.

Scoparone . . . . . . .

Spider mites Methods: The mechanism and potential targets of scoparone against mites were investigated using RNA-
L-type Ca?* channel seq analysis; RNA interference (RNAi) assays; bioassays; and [Ca*]i, pull-down and electrophysiological
Mechanism of action recording assays.

Results: RNA-seq analysis identified Ca?* signalling pathway genes, specifically 5 calmodulin (CaM1-5)
genes and 1 each of L-, T-, N-type voltage-gated Ca?" channel (VGCC) genes, as candidate target genes
for scoparone against mites. Furthermore, RNAi and electrophysiological data showed that the CaM1-
and L-VGCC-mediated Ca?* signalling pathways were activated by scoparone. Interestingly, by promoting
the interaction between CaM1 and the IQ motif (a consensus CaM-binding domain of L-VGCC), CaM1
markedly enhanced the activating effect of scoparone on L-VGCC. Pull-down assays further demonstrated
that CaM interacted with the IQ motif, triggering L-VGCC opening. Importantly, mutation of the IQ motif
significantly weakened CaM1 binding and eliminated the CaM1-mediated enhancement of scoparone-
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induced L-VGCC activation, indicating that the effect of scoparone was dependent on the CaM1-IQ inter-

action.

Conclusion: This study demonstrates, for the first time, that the acaricidal compound scoparone targets
the interface between CaM1 and L-VGCC and activates the CaM-binding site, located in the IQ motif at
the L-VGCC C-terminus. This work may contribute to the development of target-specific green acaricidal

compounds based on L-VGCC.

© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The carmine spider mite, Tetranychus cinnabarinus (Acari:
Tetranychidae), is a major agroforestry pest globally; it feeds on
more than 1100 plant hosts, including tomato, peach, pepper, cot-
ton, cucumber, citrus, strawberry, soybean, corn, apple and grape
[1]. Due to its extraordinary ability to rapidly develop resistance
to acaricides, this mite is considered one of the most resistant pest
species and is extremely hard to prevent and control [2]. Thus, the
chief strategies for battling T. cinnabarinus outbreaks rely on chem-
ical acaricides; however, the increasing application of synthetic
acaricides has enabled T. cinnabarinus to develop resistance even
to newly developed acaricides within 2 years, and these chemicals
exert adverse effects on humans and the environment [3,4].
Accordingly, green acaricides with novel target sites are urgently
needed as potential alternatives for the effective and selective con-
trol of mite pests. Botanical bioresources originating from plant
secondary metabolites are “masterpieces” of nature and have pro-
vided invaluable banks for discovering and developing novel acari-
cides [5,6].

Scoparone (Fig. 1al), a well-known phenolic coumarin
(Fig. 1a2), was first isolated from the Chinese herbal medicine Arte-
misia capillaris (which can be cultivated artificially, contains
4.06 mg g~ ! in its buds and is extensively distributed in Asia), a
renewable plant-derived natural bioresource (Fig. 1b) [7]. Sco-
parone exerts extensive pharmacological effects, such as antitu-
mour [7], choleretic and hepatoprotective, anti-asthmatic [8],
anti-allergic [9], and anti-inflammatory effects [10]. Our team
recently explored the acaricidal activities of numerous natural cou-
marin derivatives against T. cinnabarinus [11,12] and found that
scoparone, one of the most potent natural products (Fig. S1), exhi-
bits potent acaricidal activity against the mites [13].

Many reports have been published about the acaricidal activi-
ties of natural products against different pests [12,14], and a few
studies have focused on the underlying mechanisms. In previous
studies, exposure to scoparone has been found to cause several
typical signs of nerve agent exposure, such as excitement, convul-
sion and paralysis [13]. Considering that Ca®* is an intracellular
second messenger that controls muscle contraction, scoparone
might disrupt Ca®* homeostasis, resulting in flaccid paralysis of
T. cinnabarinus [15,16]. Recently, studies have reported that only
novel diamide insecticides, including the world’s top-selling
insecticides (such as flubendiamide and chlorantraniliprole), can
act primarily on the muscular system and activate intracellular
Ca?* release and ryanodine receptors (RyRs) [17,18]. However,
unlike the molecular mechanisms of diamide insecticides, the
potential acaricidal mechanism of scopoletin (6-methoxy-7-
hydroxycoumarin), a structural analogue of scoparone, is associ-
ated with the activation of the L-type voltage-gated Ca®" channel
(L-VGCC) [19,20].

Ca%" is a key signalling molecule in neurons that regulates
various biological processes, such as muscle contraction, gene
expression, and neurotransmitter release [21]. Normally, intracel-
lular Ca?* levels are maintained in a balanced state known as
Ca®* homeostasis [22]. The regulation of Ca?* homeostasis is medi-
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ated by channels and receptors, such as voltage-gated Ca®* chan-
nels (VGCCs) [23], Ca** pumps [24], RyRs [17], calmodulin (CaM)
[25], and inositol triphosphate receptor (IPsR) [26], which may be
targets of acaricide/insecticide action. It has been reported that
scoparone induces neurite outgrowth in rat adrenal pheochromo-
cytoma (PC12) cells by activating Ca?*/CaM kinase II- and protein
kinase A- and C-mediated Ca?" influx, implying that intracellular
Ca?* signalling may be activated by scoparone [27]. Recently, sev-
eral studies have indicated that L-VGCC is the primary target
through which coumarin derivatives control mite pests [19,20].

VGCCs play a principal role in neurological function and are
indispensable for transforming electrical signals into biochemical
events [23]. Neurons express multiple VGCCs with different phys-
iological functions, including the L-, N-, P-, Q-, R-, and T-type chan-
nels [19]. L-VGCC plays key roles in survival, learning and other
adaptive responses in neurons [23]. The activity of L-VGCC is
reverse-modulated by intracellular Ca?*, which is mediated by
CaM. CaM interacts with L-VGCC, resulting in both Ca'-
dependent facilitation (CDF) and Ca®*-dependent inactivation
(CDI) [28]. To date, how CaM interacts with L-VGCC to induce
CDF and CDI remains unclear. Several regions of L-VGCC, including
N-terminal (NT) and C-terminal (CT) regions such as the EF-hand,
Pre-1Q and IQ regions, have been shown to play roles in mediating
CDF and CDI. The IQ region is widely accepted as a CaM-binding
site [29]. Ca®* signalling mediated by L-VGCC and CaM is known
to be targeted by numerous natural small molecules, including
insecticides and drugs for arrhythmias and nervous disorders
[17,29]. To the best of our knowledge, this is the first study to
explore a renewable natural acaricidal agent targeting the Ca?* sig-
nalling pathways of mite pests.

Materials and methods
Ethics statement

This article does not contain any studies with human or animal
subjects.

Mites

Tetranychus cinnabarinus specimens were originally collected
from Vigna unguiculata seedlings in Beibei, Chongqing, China, in
June 2002 and then maintained without exposure to any xenobi-
otics at 26 + 1 °C and 70%~75% relative humidity under a
14 h/10 h light/dark cycle [20,30].

RNA-seq analysis

Total RNA of mites was extracted with TRIzol (Tiangen, Beijing,
China) following the manufacturer’s instructions and then used to
construct mRNA sequencing libraries. An Ion Proton platform
(BGISEQ-500 platform, BGI, Shenzhen, China) was used to perform
RNA-seq and analysis. Bowtie2 was used to obtain high-quality
reads by aligning the reads against the reference genome of the sis-
ter species T. urticae. RNA-seq by Expectation-Maximization
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Fig. 1. Chemical structures of scoparone (1) and its derivatives (2), and representative images of the control efficiency achieved with scoparone. a, b Isolation of scoparone (1)
and its derivatives (2) from A. capillaris. c, d Representative images of the control efficiency of scoparone and spirodiclofen (a positive control) against T. cinnabarinus in

greenhouse (c) and field (d) tests.

(RSEM) was used to normalize the expression level of each gene in
the RNA-seq data to the fragments per kilobase of exon model per
million mapped reads (FPKM) value. To confirm the RNA-seq
results, qRT-PCR analysis of 15 randomly selected significantly dif-
ferentially expressed genes was performed. Principal component
analysis (PCA) was then performed to further confirm the RNA-
seq results. Functional enrichment analysis was performed by
mapping the genes with the Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) databases. The Search Tool
for the Retrieval of Interacting Genes/Proteins (STRING) was then
employed to construct a protein-protein interaction (PPI) network
based on the candidate target genes.

Bioassay

The Food and Agriculture Organization (FAO)-recommended
slip-dip method was used to detect the toxicity of compounds
against mites as described previously [13], and the sublethal con-
centrations (LCsq, LCs0 and LCy) against mites were determined
through a log-probit analysis of bioassay data using IBM SPSS
Statistics (v.16.0, Chicago, IL, USA).

[Ca®']i assay

Spodoptera frugiperda cells (Sf9, Invitrogen, Carlsbad, CA, USA)
were cultivated at 27 + 1 °C in 15 mL of Sf-900™ SFM culture med-
ium (Gibco, CA, USA). Fluo-4/AM fluorescence staining was per-
formed to determine the [Ca®']i of the cells as described
previously [20].
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CaM activity and cytotoxicity assays

The activity of the CaM protein was assayed as the ability of the
protein to activate phosphodiesterase (PDE) (Sigma, St. Louis, MO,
USA), which hydrolyses cAMP (Sigma) to 5-AMP [30]. Then, 5'-
AMP was broken down into adenosine and orthophosphate (Pi)
by 5’-nucleotidase (Sigma), which was measured using spec-
trophotometry at 660 nm. An MTT Cell Proliferation and Cytotoxi-
city Assay Kit (Solarbio, Shanghai, China) were used to determine
the cytotoxicity of the compound following the manufacturer’s
protocol [31]. The median lethal concentration (LCsp) for the assay
was analysed with IBM SPSS Statistics (v.16.0).

Heterologous expression

The Bac-to-Bac baculovirus system (Invitrogen) was used to
express CaM1 in Sf9 cells following the manufacturer’s protocol
[31]. Briefly, the coding motif of the CaM1 gene was ligated into
the expression vector (pFastBac HTA), which was then transfected
into Sf9 cells. After cultivation for 3 d at 27 °C, CaM1-expressing
Sf9 cells were collected and further resuspended to measure the
specific activation of PDE by CaM1.

PCR assay

Specific primers (Table S1) were designed and synthesized to
obtain the DNA sequences of genes based on the complete genome
of the sister species T. urticae. RT-PCR and qRT-PCR analyses were
performed using a rTaq™ Polymerase Kit (Takara, Dalian, China)
and an iQ™ SYBR® Green Supermix Kit (Bio-Rad, Hercules, CA,
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USA), respectively, as described previously [20]. RPS18 was used as
the reference gene (Table S1).

RNA interference (RNAi) analysis

A Transcriptaid T7 High Yield Transcription Kit (Thermo Scien-
tific, Lithuania, EU) was used to synthesize dsRNAs following the
manufacturer’s instructions. A leaf disc-mediated dsRNA feeding
method was employed to knock down target gene expression as
described in our previous study [20]. The GFP gene (ACY56286)
was treated as a negative control.

Plasmid construction

All the primers used for plasmid construction are listed in
Table S1. A glutathione S-transferase (GST)-tagged CaM1 construct
was generated by cloning a PCR product encoding CaM1 into the
expression vector pGEX-6P-1. The L-VGCC constructs for the Ca®*
channel activity analyses were generated by cloning PCR products
encoding the amplified cDNAs into the expression vector pT7T.
Eight GST-tagged constructs encoding L-VGCC cytoplasmic regions
were obtained by subcloning the PCR products encoding
full-length L-VGCC and inserted into the expression vector
PGEX-6P-1 as GST-fusion peptides. The plasmid constructs for all
experiments were verified by DNA sequencing.

Expression and purification of GST-fusion peptides

The plasmids encoding CaM1 and L-VGCC truncation mutants
were transformed into Escherichia coli BL21(DE3) competent cells,
which were then cultivated with 0.1 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG) (Solarbio) for 24 h at 37 °C. The
fusion proteins were purified with BeyoGold™ GST-tag Purification
Resin (Beyotime Biotechnology, Beijing, China) following the man-
ufacturer’s protocol. The purified yields were analysed via SDS-
PAGE and further determined using the Bradford method [32].

GST pull-down assay

A Pierce™ GST Protein Interaction Pull-Down Kit (Thermo Sci-
entific) was used to perform GST pull-down assays according to
the manufacturer’s instructions. Briefly, the purified CaM1 protein
was cultivated with GST-tagged truncated L-VGCC protein or GST
protein alone (CK, Sigma) in buffer (25 mM Tris-HCIl, 0.15 M Na(l,
pH 7.2) using glutathione agarose beads at 4 °C for 24 h. The incu-
bated proteins were washed, resuspended in 4X SDS-PAGE loading
buffer (Takara) at 50 °C for 5 min, and then separated with a 12%
SDS-PAGE gel. Coomassie Brilliant Blue R staining was conducted
to visualize the proteins. The protein contents were analysed using
Photoshop software (Adobe, San Jose, CA) [32].

Electrophysiological recording

Xenopus oocytes were used to express the TcL-VGCC gene, and
the whole-cell currents were recorded using electrode voltage-
clamp following the methods described in previous works [33].
Data acquisition and analysis were performed using Digidata
1440A and pCLAMP 10.2 software (Axon Instruments, Inc., CA,
USA) [34]. Dose-response curves for the assay were analysed using
IBM SPSS Statistics (v.16.0).

Experimental design and treatments
To explore the candidate targets of scoparone, RNA-seq analysis

was performed to examine the transcription level changes in mites
exposed to the LCsq dose of scoparone. Their cDNA sequences were
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cloned and then characterized to further explore the molecular
functions of the CaM- and VGCC-mediated Ca?* signalling
pathway-related genes. Subsequently, a phylogenetic analysis
was performed with MEGA 5.0 based on the known amino acid
sequences of TcVGCCs and TcCaMs with orthologues from arach-
nids, mammals and insects. The expression levels of TcVGCCs and
TuVGCCs at different life stages (egg, larva, nymph, and female
adult) were then evaluated via qRT-PCR and RT-PCR. To verify
whether scoparone activates the expression of VGCCs and CaM-
mediated Ca?* signalling pathway-related genes at the 30% lethal
concentration (LCsg), LCso, and 70% lethal concentration (LCyq)
doses, qRT-PCR and RT-PCR analyses were performed after sco-
parone treatment.

To investigate how CaM1 binds to the NT or CT motif of L-VGCC
to regulate CDF and CDI, GST-fusion peptides of the L-VGCC NT
motif and three CT motifs, including near-end (CT1), middle
(CT2), and distal (CT3) motifs, were prepared. For the CT1 motif,
which features key modulation domains including the EF-hand
motif (Ca?*-binding domain, EF) and two CaM-binding motifs
(PrelQ and IQ), four CT1 constructs were produced: CT1A (EF and
PrelQ), CT1B (PrelQ and IQ), PrelQ, and IQ. Subsequently, to test
whether CaM binding to the IQ motif is required for scoparone to
overactivate Ca%* signalling mediated by inhibition of CDI or pro-
motion of CDF of L-VGCC, point mutants with mutations that
specifically disrupted CaM binding to this region were generated.

Statistical analysis

The data from all experiments were analysed with the Student’s
t-test to assess the statistical significance of differences between
two groups. Differences in all tests were deemed significant when
p < 0.05.

Data availability

The RNA-seq data presented in this article have been deposited
in the Sequence Read Archive (SRA) with accession number
PRJNA596823.

Results
Biological activity of scoparone

Bioassay experiments showed that scoparone exhibited more
potent acaricidal activity against T. cinnabarinus than the commer-
cial acaricide spirodiclofen in greenhouse and field trials (Fig. 1c-d;
Table S2). Additionally, scoparone exhibited significant acute toxi-
city towards pests, including spider mites (T. cinnabarinus, T. urti-
cae, and Panonychus citri) and Aphis gossypii; in contrast, it
showed no toxicity towards nontargeted beneficial organisms,
such as the predatory mite Neoseiulus barkeri, honey bees (Apis
mellifera), and silkworms (Bombyx mori) (Table S3; Fig. S2), indicat-
ing that scoparone may be useful as a highly selective green/eco-
friendly botanical acaricidal agent to control mite pests.

RNA-seq analysis

RNA-seq analysis demonstrated that 251 genes were signifi-
cantly differentially expressed in the scoparone group compared
with the control (CK) group, 192 of which were upregulated and
59 of which were downregulated (Fig. 2a-c; Table S4-5; Fig. S3).
qRT-PCR analysis indicated that all tested differentially expressed
genes exhibited expression trends consistent with the RNA-seq
data (Fig. 2d). Subsequently, PCA revealed that the scoparone and
control groups had similar gene expression clusters (Fig. S4).
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Fig. 2. RNA-seq analysis revealed candidate targets for scoparone against T. cinnabarinus. a Diagram of the candidate targets for scoparone against mites as determined by
RNA-seq. b Distributions of the differentially expressed genes in T. cinnabarinus in response to scoparone. ¢ Heat map of significantly differentially expressed genes in the
scoparone group vs the control group. d qRT-PCR validation of 15 differentially expressed genes identified by RNA-seq. e, f Top 10 enriched GO (e) and KEGG (f) pathways of
the differentially expressed genes. The “rich ratio” is defined as the ratio of the number of differentially expressed genes enriched in the pathway to the total number of genes
enriched in the same pathway. g Heat map of the candidate target genes involved in the Ca®* signalling pathway. h PPI network generated from a STRING analysis. The size
and colour depth of each straight line are positively correlated with the degree of connectedness with other proteins.

The top 10 GO terms included the “VGCC complex”, “calcium
channel complex”, “monooxygenase activity”, and “VGCC activity”
terms, among others (Fig. 2e). The top 10 KEGG terms included the
“calcium signalling pathway”, “renin secretion”,
“phototransduction”, and “aldosterone synthesis and secretion”
terms (Fig. 2f). Among the top 10 terms from the GO and KEGG
analyses, the most highly enriched terms were “VGCC complex”
and “calcium signalling pathway”, respectively. Next, 1 1-VGCC
(TcL-VGCC), 1 T-type VGCC (TcT-VGCC), 1 N-type VGCC
(TcN-VGCC), and 5 CaM (TcCaM1-5) genes associated with the “cal-
cium signalling pathway” term were selected as candidate target
genes for further investigation (Fig. 2g). The PPI network showed
that CaM1 is the primary relevant signalling molecule for L-, T-,
and N-VGCCs (Fig. 2h).

CaM1- and L-VGCC-mediated Ca®* signalling pathways were essential
for the acaricidal mechanism of scoparone

The sequence alignment results showed that the TcVGCCs have
four functional regions (domains I-IV), each of which consists of
6 transmembrane o-helix segments (S1-S6) (Fig. 3a; Table S6;
Fig. S5). Additionally, TcCaM1 and TcCaM5 include 4 and 2
EF-hand domains, respectively, and TcCaM3 contains 1 transmem-
brane helix (Fig. 3b; Fig. S6). Next, phylogenetic analysis showed
that TcVGCCs and TcCaMs share the highest sequence similarity
with VGCCs and CaMs of T. urticae, respectively, indicating evolu-
tionary relatedness and potential homologous physiological mech-
anisms between TcVGCCs and TuVGCCs and between TcCaMs and
TuCaMs (Fig. S7-8; Table S7). qRT-PCR and RT-PCR analyses
showed that TcVGCCs and TcCaMs were expressed throughout all
developmental stages, demonstrating that TcVGCCs and TcCaMs
are involved in all bioprocesses of development and growth
(Fig. S9).

Next, qRT-PCR and RT-PCR analyses indicated that the expres-
sion of VGCC and CaM genes was upregulated in the scoparone
exposure groups compared with the control group at 48 h
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post-treatment (Fig. S10). In addition, scoparone upregulated the
expression levels of the L-VGCC and CaM1 genes more significantly
than other Ca" signalling pathway-related genes. RNAi analysis
indicated that the transcript levels of L-, T-, N-VGCC, and CaM1-
5 were significantly lower (50-72% lower) in mites fed the separate
corresponding candidate dsRNA for 48 h than in control mites, sug-
gesting that RNAIi successfully silenced the transcription of
TcVGCCs and TcCaMs in the mites (Fig. 3c-e; Fig. S11). Moreover,
RNAI of L-VGCC and CaM1 markedly knocked down the transcrip-
tion of these candidate genes simultaneously (by 68% and 60%,
respectively) (Fig. 3e). Next, the susceptibility of mites to sco-
parone after RNAi of TcVGCCs and TcCaMs was analysed. Mortality
was significantly lower for the mites in which the TcL-VGCC and
TcCaM1 genes were individually silenced than for the control mites
(Fig. 3f; Table S8). Interestingly, TcL-VGCC- and TcCaM1-targeting
dsRNA provided the largest decreases in mortality (7.25- and
5.50-fold, respectively), and silencing the L-VGCC and CaM1 genes
simultaneously had a more powerful effect on mortality (measured
as a fold change; 11.43-fold greater) in mites than knocking down
the single genes (Table S8). Together, these results indicated that
the CaM1- and L-VGCC-mediated Ca?" signalling pathways were
essential for the acaricidal mechanism of scoparone.

CaM1- and L-VGCC-mediated Ca®* signalling pathways were activated
by scoparone

The activity of CaM1 was verified with a PDE activation assay.
The activity of purified CaM1 (284.1 nmol mg~! min~!) was almost
3.11 times higher than that of crude protein extracted from mites
(91.3 nmol mg~' min~!) (Table S9). Typically, assessing the efficacy
of an acaricide against mite pests depends mainly on measurement
of typical acute toxicity represented by the median lethal concen-
tration or dose (LCso) [30]. However, the ECsp, the half-maximal
effective concentration, is a representative indicator of the effect
of interactions between small molecule drugs and target proteins
[33]. In this study, the ECsy of scoparone for PDE activation by
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COOH, CT region; NH,, NT region; 1-6 and TM, transmembrane helices; I-IV, domains I-IV; EFh, EF-hand domains. ¢ Schematic drawing of leaf disc-mediated RNAi in mites. d
dsRNA was successfully delivered to target tissues in mites by leaf disc-mediated RNAi. dsGFP was labelled with FAM (6-carboxy-fluorescein). Positive staining for dsGFP is
shown as green zones in the images captured under a microscope. e qRT-PCR and RT-PCR analyses of TcVGCC and TcCaM expression after RNAi at 48 h post dsRNA feeding
relative to the expression after DEPC-water treatment, respectively. f Summary of the LCsq values after RNAI. The data are shown as the mean + SD from three independent

experiments. *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant.

CaM1 was 4.92 pM, suggesting that scoparone could indirectly
activate the CaM1 protein in vitro (Fig. 4a-c). Additionally, the
CaM1 assay showed that compared with the control treatment,
treatment with the LC;o, LCsg, and LC3g doses of scoparone for
48 h markedly increased the specific activation of PDE by extracted
CaM in vivo (by 3.67-, 2.79-, and 1.87-fold, respectively), further
demonstrating that scoparone is an agonist of CaM1 (Fig. 4d). Next,
mites were fed a specific inhibitor of CaM, trifluoperazine (TFP), to
further confirm the findings. A toxicity assay indicated that the
LCsg of scoparone in mites in which endogenous CaM1 was blocked
by pretreatment with the half-maximal inhibitory concentration
(ICs0) of TFP (Fig. 4e) was 3.27-fold higher (Table S8) than that in
control mites, suggesting that the mechanism of action of sco-
parone against mites is mediated by activation of CaM1.

Ca®* signalling in cells can be mediated by increased CaM activ-
ity [25]. Thus, an intracellular [Ca?*]i assay was performed to
investigate [Ca®*]i in scoparone-treated cells. The [Ca®*]i in Sf9
cells was markedly increased after scoparone exposure in a dose-
dependent manner, whereas it was dramatically reduced in TFP-
pretreated Sf9 cells, suggesting that CaM1 was involved in [Ca®*]i
overload in scoparone-treated cells (Fig. 4f-g). Furthermore, func-
tional CaM1 was expressed in Sf9 cells in vitro to further confirm
our findings. A CaM assay demonstrated that CaM-specific activity
in CaM1-expressing cells was 15.56-fold higher than that in GFP-
expressing cells (Fig. 4h-i). In addition, a [Ca®*]i assay revealed that
[Ca%']i in CaM1-expressing cells treated with scoparone dramati-
cally exceeded that in GFP-expressing cells (Fig. 4j). Subsequently,
a cytotoxicity assay was performed to detect the toxicity of sco-
parone against CaM1- or GFP-expressing Sf9 cells, the results of
which indicated that CaM enhanced the toxicity of scoparone in
Sf9 cells (Fig. 4k; Table S10). These findings indicated that CaM1-
mediated Ca®" signalling pathways in mites were activated by
scoparone.

Electrophysiological experiments demonstrated that in the
absence of CaM1, scoparone significantly increased the current,
with an ECsq value of 5.54 uM, in oocytes expressing L-VGCC alone
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(Fig. 41 and 4n; Table S11; Fig. S12). In contrast, the ECsq value of
scoparone in oocytes expressing L-VGCC and pretreated with
CaM1 (at a K4r0f 0.61 uM) was reduced ~ 10-fold to 0.46 uM (Fig. 4-
m-n; Table S11), indicating that CaM1 enhanced the Ca®" channel-
activating effect of scoparone. Next, the concentration-dependent
effects of CaM1 were investigated to further confirm our findings.
CaM1 showed a clear bell-shaped activity curve: at relatively low
concentrations, it promoted channel opening, but at higher con-
centrations, it inhibited channel activity (Fig. 40 and 4q). The
dose-dependent effect of CaM1 on L-VGCC activity was further
measured in the presence of 5.54 uM scoparone (Fig. 4p-q). The
facilitating effect of CaM1 was significantly enhanced (the Ky value
was reduced from 0.61 to 0.28), but the inhibitory effect was sig-
nificantly decreased (the K,; value was increased from 8 to 12)
(Fig. 4q; Table S12), indicating that activation of CaM1 and
L-VGCC by scoparone likely induced excessive activation of Ca®*
signalling pathways by promoting CDF or blocking CDI of L-VGCC.

CaMT1 was able to bind to the NT and CT peptides of L-VGCC

The activity of L-VGCC is modulated by CDF and CDI [28]. CaM
has been proven to be a Ca?" transducer that induces Ca®*-
dependent conformational changes in the L-VGCC protein to medi-
ate CDF and CDI [29]. Pull-down assays demonstrated that CaM1
was markedly bound to the NT, CT1, CT1B, PrelQ, and IQ peptides,
whereas its binding to CT2, CT3, and CT1A was negligible (Fig. 5a-
d). These findings indicated that CaM1 bound to both the NT and
proximal CT motifs of L-VGCC. The stoichiometry of CaM1 binding
with five peptides under two [Ca*]I conditions, 100 nM (resting
[Ca%*]i) and 1 mM (saturating [Ca®*]i), was then analysed. Under
1 mM Ca®*, CaM1 binding to CT1 and CT1B was best fitted with a
two-site model (Fig. 5e-f; Table S13), implying that more than
one molecule of CaM1 bound to the CT motif. The curve-fitting
analysis suggested that the ranking of the K; values was
CT1B < CT1 = IQ < PrelQ < NT. Under 100 nM Ca?*, the ranking of
the K, values was similarly evaluated, and the order was as fol-
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lows: PrelQ < NT < CT1B < CT1 < IQ (Fig. 5g-h; Table S13). These
results support the hypothesis of Ca?*/CaM-mediated modulation
of L-VGCC. At low [Ca®*]i, CaM exists mainly as a Ca*-free form
(apoCaM) and interacts preferentially with PrelQ (a CT motif of
the Ca®* channel), producing basal channel activity. However,
when [Ca®']i increases, Ca?* binds with CaM, forming Ca?*/CaM,
which interacts preferentially with the IQ motif, triggering CDF. A
further increase in [Ca%*]i enhances the binding of Ca®*/CaM with
PrelQ/NT, leading to CDI.

Scoparone facilitated CaM1 binding to the IQ domain of L-VGCC

In the absence or presence of scoparone (ECsg, 5.54 UM), a pull-
down assay was performed to compare the binding of CaM1 (Ky,
0.61 uM) to peptides such as NT, CT1, CT1B, PrelQ, and IQ under
1 mM Ca**. Although CaM1 binding to the NT region and PrelQ
tended to be decreased, while binding to CT1 and CT1B tended to
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be only slightly increased, CaM1 binding to the IQ domain
was markedly increased in the presence of scoparone (47.06%,
Fig. 6a-b). The effects of scoparone on the binding of 1Q, PrelQ,
and NT peptides under different CaM1 concentrations were further
analysed. Scoparone markedly left-shifted the binding of CaM1 to
the IQ peptide under 1 mM Ca?* (Fig. 6¢-d), changing the K, value
of CaM from 0.43 to 0.23 uM (Table S13). These findings indicated
that CaM1 and scoparone together activated the IQ peptide. Similar
experiments under 100 nM Ca?" were further performed and
obtained essentially the same results (Fig. 6¢c and 6e). However,
CaM1 binding to the PrelQ and NT peptides was not markedly
affected by scoparone at total CaM1 concentrations greater than
1 uM under 1 mM Ca?* (Fig. S13). CaM1 binding to PrelQ and NT
peptides tended to be shifted rightward by scoparone under
1 mM Ca®* (Fig. S13). It was difficult to examine the effect of sco-
parone on the binding of the PrelQ and NT motifs with CaM1 under
100 nM Ca?* by pull-down assay because of low affinity between
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PrelQ and CaM1 and between the NT motif and CaM1. Overall,
these results demonstrated that scoparone facilitated CaM1 bind-
ing to the IQ domain of L-VGCC.

Given that Ile and GIln are the key consensus amino acid
residues in the CaM-binding IQ motif in wild-type-IQ (WT-IQ)
L-VGCC and that mutant-IQ (MT-IQ) L-VGCC has profoundly
altered Ca%*-sensitive feedback mechanisms [35], the two key posi-
tions (Ile and GIn) in the L-VGCC IQ motif were then simultane-
ously replaced with Ala (Fig. S14 and S15). The binding of CaM1
to GST fusion peptides with wild-type and mutant IQ motifs
(GST-WT-IQ and GST-MT-AA, respectively) was first investigated.
Pull-down assays demonstrated that, compared with the peptide
with the WT-IQ motif (GST-WT-IQ), the peptide with mutation of
the IQ domain (GST-MT-AA) exhibited significantly weaker CaM1
binding (66.78%; Fig. 6f-g).

The effects of WT-IQ L-VGCC and MT-IQ (MT-AA) L-VGCC on
inactivation or facilitation during sustained depolarization were
then assessed. To directly compare regulation by CaM in these
experiments, Ca%* currents (Ic,s) were restricted to analysis, as
Ba?* currents (Iggs) show no CaM-dependent enhancement of inac-
tivation or facilitation [36]. I, and Iz, were recorded in the same
oocytes to characterize the effects of Ca®* entry on the decline in
current during a standard depolarizing pulse to + 40 mV. In oocytes
expressing L-VGCC, I, decayed almost completely during the 2-s
pulse due to CDI mediated by endogenous CaM in these oocytes,
indicating that CDI was prominent with the WT-IQ channel
(Fig. 6h). Although the MT-AA channels were weakly bound to
CaM1, CDI was still evident in these channels, as inactivation of
Igq was significantly lower than that of I, in oocytes. Compared
with those of the WT-IQ L-VGCC, the value of I for the MT-AA chan-
nel was 2.72-fold higher (2.35 vs. 0.86), and the value of F for the
MT-AA channel was 1.51-fold lower (-0.70 vs. —0.46) (Fig. S16).
These findings indicated that a mutation of the IQ motif that signif-
icantly weakened CaM binding promoted CDI and blocked CDF of
the Ca?* channel.

The residual CaM-mediated regulation of MT-AA channels sug-
gested that CaM-IQ interactions actively suppressed inactivation or
promoted facilitation of Iq,. If so, then scoparone should not block
CDI or promote CDF in MT-AA channels because scoparone should
enhance CaM binding to the IQ motif of the Ca* channel. In this
study, in oocytes expressing WT-IQ channels, scoparone (ECsp,
5.54 puM) blocked CDI and promoted CDF of the Ca®" channels
and even caused slower inactivation of I, than Iz, (Fig. 6i;
Fig. S16). However, in oocytes that expressed MT-AA channels
and were pretreated with scoparone, CDI was quite robust (~78%
increase in Iz, compared to I, p < 0.001, Fig. 6i; Fig. S16). These
results demonstrated that scoparone blocked CDI or promoted
CDF of L-VGCC mediated by CaM by strengthening the CaM1-IQ
interaction.

Discussion

Identifying novel targets of insecticides/acaricides with natural
small molecules has been one of the greatest challenges in pest
management [18,34,37]. In this study, RNA-seq was performed to
screen candidate target genes by which scoparone acts against T.
cinnabarinus. This method successfully identified Ca?" signalling
pathway genes; specifically, TcL-, TcT-, TcN-VGCC and TcCaM1-5,
as candidate target genes for further research, opening new ave-
nues for investigation of the modes of action of acaricides. Subse-
quently, the cDNA of these genes was cloned and verified, and
the expression of these genes was knocked down by RNAI. Interest-
ingly, simultaneous RNAi-mediated silencing of both L-VGCC and
CaM1 reduced the sensitivity of T. cinnabarinus to scoparone much
more strongly than silencing of each gene separately, suggesting
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that the mode of action of scoparone in mites involves overexpres-
sion of both the L-VGCC and CaM1 genes. It has been shown that L-
VGCCs create potentials with long durations and slow inactivation
that mediate the synaptic plasticity of neurons in the brain and are
targeted by cardiovascular disease-treating drugs [23,28,38]. In
addition, CaM, a principal Ca?* sensor, regulates Ca?* signalling
by mediating the CDF and CDI of L-VGCC [28]. Thus, the novel
Ca?* signalling pathways mediated by CaM1 and L-VGCC are criti-
cal for the acaricidal mechanism of scoparone.

It can be hypothesized that the activation of Ca?* signalling by
scoparone is mediated by targeting and interaction with CaM1
and L-VGCC. The results of our series of in vitro and in vivo func-
tional expression experiments, CaM assays, toxicity analyses, and
[Ca®']i assays support the above-described hypothesis. Previous
research has suggested that CaM recovers Ca?* channel activity
during run-down in guinea pig cardiac myocytes (in an inside-
out patch-clamp model) [39]. However, a channel-inactivating
effect mediated by CaM has been found at high concentrations of
CaM, suggesting that both facilitation and inactivation are medi-
ated by CaM during run-down [29]. In intact myocytes, these
CaM effects manifest as Ca®*-dependent effects, indicating that
these modes of action may emerge in CDF and CDI [28,39]. The
relationship between CaM1 and scoparone in the modulation of
L-VGCC was studied, and several novel findings were acquired.
First, unlike CaM1, scoparone alone did not block Ca?* channel
activity at high concentrations (greater than10 pM). Second, the
activating effect of scoparone on L-VGCCs was enhanced by
CaM1. Third, the facilitatory and inhibitory effects of CaM1 were
significantly enhanced and blocked by scoparone, respectively.
These data strongly indicate that scoparone acts as an agonist of
the CaM1 interaction with L-VGCC at the activation site.

How CaM binds to the several CaM-binding regions of channels
mediating CDF and CDI and the specific types of CaM involved, has
remained undetermined. Three regions of the C-terminus of L-
VGCC, including the EF-hand, PrelQ and IQ regions, and the NT tail
have been suggested to mediate CDF [40] and CDI [4142].
Although the PrelQ and IQ motifs can bind CaM under high concen-
trations of Ca?*, numerous studies have failed to measure CaM
binding under low-Ca?" conditions [43]. In addition, some reports
have suggested that Ca®*-insensitive CaM mutants bind very little
to CT peptides [40,43] or IQ peptides [40]. In contrast, it has been
reported that Ca®* is not essential for CaM to bind to PrelQ [44]
and IQ peptides [45]. Hence, whether CaM is tied to or structurally
combines with the CT or NT region remains unclear. In this study,
faint but identical binding of CaM to CT1 (at the near-end CT motif)
under low-Ca®* conditions (K ~ 0.931 uM) and very similar bind-
ing under high-Ca?* conditions (K; ~ 2.253/0.024 uM) were
observed. The findings of electrophysiological experiments support
this result: Ca?* has been found to be indispensable for the
channel-recovering effect of CaM, and the ECsy is higher under
low-Ca?* conditions than under high-Ca?" conditions [39]. It can
be hypothesized that CaM is not fixed to the Ca®* channel but
rather is dynamically bound to the channel on the basis of the
CaM and Ca?* levels [46]. Our results further support this
hypothesis.

Knocking down the PrelQ [32,47],1Q [35,36,45] or EF-hand [35]
regions of Ca®* channels eliminates CDI mediated by CaM. Gel shift
and fluorescence resonance energy transfer (FRET) assays have
suggested that CaM competitively interacts with PrelQ and IQ pep-
tides, which bind CaM at 1:1 stoichiometric ratios [29,35,43], indi-
cating that one molecule of CaM mediates CDI by interacting with a
site in the PrelQ or IQ region of the Ca?* channel [48]. However, in
this study, the results indicated that at least at high Ca®" levels,
multiple CaM molecules bind to the CT1B (PrelQ and IQ motifs)
or CT1 peptide (EF-hand, PrelQ and IQ motifs). These results are
consistent with prior crystallography [49,50] and thermokinetic
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Fig. 7. Hypothetical model for the mechanism of action of scoparone against T. cinnabarinus via the CaM-mediated activation of L-VGCC. a At low [Ca?*]i, CaM is mostly in the
Ca?*-free form (apoCaM) and interacts with elevated affinity with the PrelQ domain in the C-terminus of L-VGCC, producing basal channel activity. b However, as [Ca®']i
increases, Ca*-bound CaM (Ca?*/CaM) forms and interacts with elevated affinity with the IQ domain, resulting in CDF. Scoparone activates the CaM-binding site, which is
located in the IQ region at the C-terminus of the Ca?* channel. A further increase in [Ca®*]i promotes the interaction of Ca?*/CaM with PrelQ or the NT region, leading to CDI.

analyses [51]. There is little evidence supporting this scenario, but
the discovery that scoparone facilitates CaM1 binding to the 1Q
motif is consistent with this hypothesis. Although CaM1 bound
to a well-characterized 1Q motif, mutations of the IQ motif that
markedly weakened CaM1 binding blocked CDF and heightened
CDI of Ca?* channels during a single depolarizing pulse, suggesting
that CaM interactions with the IQ motif actively suppressed inacti-
vation or promoted facilitation of Ca?* channels. Indeed, electro-
physiological experiments confirmed these results, showing that
scoparone did not promote CDF or block CDI in L-VGCC mutants
(in which the combination of two key positions, Ile and Gln, in
the 1Q motif was replaced with Ala) because CaM1 binding to the
IQ region of the Ca?* channel was impaired.

Notably, it has been reported that CaM binds to the N-termini of
Ca?* channels [36], which was confirmed in this study. However,
the affinity of PrelQ (K4 ~ 0.085 uM) for CaM was much higher than
that of the NT region (K ~ 0.112 uM), indicating that the NT region
cannot be the CaM-interacting site that triggers the basal activity
of Ca?" channels. In contrast, it can be reasonably hypothesized
that the NT region acts as a CaM-binding site mediating CDI [36]
and that both the NT and CT motifs may interact with CaM to result
in CDL.

According to the current findings, it can be hypothesized that
the mode of action of scoparone involves CaM-mediated Ca?* chan-
nels (Fig. 7). At low [Ca®"]i, CaM exists mainly in a Ca®'-free form
(apoCaM) and interacts with relatively high affinity with PrelQ (a
CT motif of Ca®" channels), producing basal channel activity. Due
to the relatively low affinity of apoCaM for the IQ/NT region, the
interaction between them may be minimal [52]. However, when
[Ca?*]i increases, Ca®* binds with CaM, forming Ca%*/CaM, which
binds with relatively high affinity to the IQ motif, triggering CDF.
Scoparone induces Ca®*/CaM binding at this site as an agonist, after
which Ca?" channel activity is induced in a concentration-
dependent manner. Further increases in [Ca®*]i enhance the bind-
ing of Ca®*/CaM with PrelQ/NT, leading to CDI. This model explains
how mid-range [Ca?']i mediates CDF, while elevated [Ca®*]i medi-
ates CDI.

Conclusion

This study suggests that the mode of action of scoparone
involves targeting of the interface between CaM1 and L-VGCC
and modulation of the downstream Ca®" signalling pathways.
Interestingly, CaM enhances the channel-activating effects of sco-
parone. Scoparone activates the CaM-binding site, which is located
in the IQ motif at the Ca®* channel C-terminus. Thus, the IQ motif
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may be a promising novel “green acaricide”-binding target site of
scoparone. Its identification may accelerate the development of
novel acaricides to control destructive phytophagous pest mites
worldwide. Furthermore, the findings of this study may contribute
to the development of target-specific green acaricidal compounds
based on L-VGCC.
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