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calmodulin gene related to the acaricidal
activity of curcumin against Tetranychus
cinnabarinus (Boisduval)
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Abstract

BACKGROUND: Curcumin is a promising botanical acaricidal compound with activity against Tetranychus cinnabarinus. Calmod-
ulin (CaM) is a key calcium ion (Ca®*) sensor that plays a vital role in calcium signaling. Overexpression of the CaM gene with
inducible character occurs in curcumin-treated mites, but its functional role remains to be further analyzed by RNA interference
(RNAI) and protein expression.

RESULTS: A CaM gene was cloned from T. cinnabarinus (designated TcCaM). TcCaM was upregulated and the protein was acti-
vated in mites by curcumin. The susceptibility of mites to curcumin was decreased after inhibiting CaM function with anti-
CaM drug trifluoperazine (TFP) and silencing CaM transcription with RNAI, suggesting that the CaM gene is involved in the acar-
icidal activity of curcumin against mites. Moreover, the TFP pre-treated Sf9 cells were resistant to curcumin-mediated increase
in [Ca”*]i levels, indicating that CaM-mediated Ca>* homeostasis was disturbed by curcumin. TcCaM was then re-engineered for
heterologous expression in Escherichia coli. Strikingly, our results showed that the recombinant CaM protein was directly acti-
vated by curcumin via inducing its conformational changes, its half-maximal effective concentration (ECs,) value is 0.3 pmol L™
in vitro, which is similar to curcumin against CaM-expressing Sf9 cells (0.76 pmol L) in vivo.

CONCLUSION: These results confirm that the overexpressed CaM gene is involved in the acaricidal activity of curcumin, and the
mode of action of curcumin may be via activating CaM function, and thereby disrupting Ca>* homeostasis in T. cinnabarinus.
This study highlights the novel target mechanism of new acaricides, promoting our understanding of the molecular mechanism
of CaM-mediated acaricide targets in mites.

© 2020 Society of Chemical Industry

Supporting information may be found in the online version of this article.
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addition, studies have confirmed that curcumin has broad-
spectrum pharmacological activities, such as acaricidal,”
insecticidal,® antifungal,’ anti-inflammatory,'® antioxidant,"
anti-Alzheimer's,'® and anticarcinogenic'® effects. In particular,

flower, and tomato.~ These mites are extremely difficult to prevent our previous research discovered that curcumin has outstanding
and control because of their high fertility and inbreeding rate, small rep(.ellent, .contact. kl”'{‘%{ and ovipositional |nh|b|t|.on. effects
size, short developmental duration, and strong pesticide resistance.* ?g)zlcr;tst T'Sc’rr;nil;i:':usi'mlum:reo:)fcri'tze:]eeftl czizjactser;sstr:: ni:i:z
Thus far, control of T. cinnabarinus mainly relies on chemical acari- Y symp ’ 9 pasm,

1 INTRODUCTION

The carmine spider mite, Tetranychus cinnabarinus, is one of the prin-
cipal global agricultural mite pests of arthropods, feedings on over
100 types of plants, such as cotton, beans, corn, wheat, sesame, sun-

cides or insecticides, including pyridaben, spiromesifen, etoxazole
and avermectin. However, there are many issues associated with
acaricides, including the development of resistance, threats to non-
target organisms, and environmental contamination. Consequently,
an environmentally friendly acaricidal compound with a novel target
should be identified and advanced to address these issues.
Curcumin is extracted from the rootstock of the plant Curcuma
longa and extensively used as a food preservative, colorant, spice,
and additive in cosmetics and pharmaceutical preparations.> © In

observed in mites exposed to curcumin, suggesting that
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curcumin is a neurotoxin for which internal cellular calcium ion
(Ca®") acts a vital role as a second messenger.'® We also investi-
gated the transcriptome of T. cinnabarinus after exposure to cur-
cumin. Interestingly, a gene expressing calmodulin (CaM), which
may participate in the action model of curcumin, was significantly
upregulated in T. cinnabarinus.'® However, the functional roles of
CaM in the acaricidal mechanism of curcumin remain unclear in
T. cinnabarinus.

Calcium ions are central signaling molecules in neurons that
regulate various biological functions, including neurotransmitter
release, gene expression, and muscle contraction.'” Many cyto-
plasmic Ca?*-binding proteins mediate the intracellular actions
of Ca®*.'® Among these Ca**-binding proteins, CaM is the most
important; CaM is principally expressed in the brain and acts a
vital role in various physiological functions such as gene transcrip-
tion, muscle contraction and relaxation, and signal transduction.'®
Although CaM itself does not display any catalytic activity, it reg-
ulates the activity of numerous CaM-dependent enzymes, includ-
ing phosphodiesterases (PDE), Ca**-Mg**-ATPase, protein
kinases, phosphatases, and nitric oxide synthases (NOSs).2° CaM
consists of approximately symmetrical N- and C-terminal lobes
(hereafter referred to as the N- and C-lobes) linked by a flexible
helix.2" 2 Each lobe can jointly bind two Ca®* in the micromolar
range via two EF-hand motifs.2®> Upon Ca®* binding to either lobe,
several hydrophobic residues exposed promote the interaction of
CaM with a target sequence of a regulated enzyme.?* Notably, evi-
dence has shown that CaM can be considered a potential target
for pest management; e.g. the insecticidal mechanism of toma-
tine against Helicoverpa armigera is mediated by CaM,** and spe-
cific antagonists of CaM mediated by trifluoperazine (TFP, a
specific inhibitor of CaM) inhibit the production of sex phero-
mones in Bombyx mori.?

Better characterization of the molecular targets of curcumin
in mites may help in gaining insight about the mode of action
of curcumin and aid in the discovery and development of
new acaricides with novel targets, such as CaM in mites, for
pest management. Here, the identification and verification of
CaM acting as a molecular target of curcumin in mites are
described. We first sequenced and then phylogenetically ana-
lyzed and characterized the expression pattern of a gene
expressing CaM; the interaction between curcumin and CaM
was subsequently investigated. A reverse genetic study using
leaf-mediated double-stranded RNA (dsRNA) feeding was then
employed to examine the link between the CaM gene and the
acaricidal mechanism of curcumin against T. cinnabarinus; a
functional cytotoxicity assay using Sf9 cells overexpressing
CaM was also performed. The current research first shows that
curcumin is a novel agonist of CaM function and offers pivotal
clues for elucidating the molecular mechanisms underlying
the activity of curcumin against T. cinnabarinus.

2 MATERIALS AND METHODS

2.1 Mites

Tetranychus cinnabarinus was gained from cowpea (Vigna
unguiculata) seedlings in Beibei, Chonggqing, China.'® Addition-
ally, the mites were reared for over 17 years without any pesti-
cides at 26 + 1 °C, 70-75% relative humidity (RH), and a
14-h/10-h (light/dark) photoperiod. Collection of mites that
are agricultural pests and widely distributed does not require
a specific license.

2.2 [Ca*'li assay

Sf9 (Spodoptera frugiperda) cells were maintained at 27 + 1 °Ciin
Sf-900™ SFM culture medium (Gibco, California, USA). Because
the cell lines of mites cannot be cultured in vitro, Sf9 cells were
used for experiments and treated with curcumin (99%, Shanghai
Yuanye Biotechnology, Shanghai, China) at concentrations of
0,2.6,8.2 and 53 pmol L™ (LC5q, LCso and LCg) for 48 h to detect
the effect of curcumin on internal cellular [Ca%*]i levels. Fluo-4/AM
fluorescence staining (Beyotime Biotechnology, Shanghai, China)
was used to measure [Ca®*]i concentrations in the Sf9 cells, and
the details of the [Ca®*]i assay were described by Zhou et al.®

2.3 Bioassay

Curcumin toxicity against T. cinnabarinus was determined by the
FAO-recommended slip-dip method.?” 28 The sublethal concen-
trations of curcumin against mites were measured by log-probit
analysis of bioassay data.?’ Each independent experiment con-
sisted of three biological replicates. In the bioassay, the LC;q,
LCzq, and LCsq values of curcumin were 0.21, 1.23, and 2.64 mg
L™, respectively.

2.4 Total RNA extraction, cDNA synthesis, and TcCaMl
cloning

Female adult (3-5 days old) mites were used to extract total RNA
with the RNeasy® plus Micro Kit (Tiangen, Beijing, China). The RNA
quantity was determined at ODg¢,250 Using @ Nanovue UV-visible
spectrophotometer (GE Healthcare, Fairfield, CT, USA) and further
validated by 1% agarose gel electrophoresis. Complementary
DNA (cDNA) was synthesized using PrimeScript® 1st Strand cDNA
Synthesis Kit (Takara, Dalian, China). The cDNA was stored at
—20 °C.

Specific primers (Supporting Information Table S1) were
designed and synthesized to obtain the DNA sequence of the
CaM gene on the basis of the whole-genome sequence of the sis-
ter species T. urticae. Polymerase chain reactions (PCRs) were con-
ducted with 10x PCR buffer (2.5 pL), MgCl, (2.5 pL), dNTPs (2.0 pL),
cDNA template (1 pL), rTag™ polymerase (0.2 pL), F/R primers
(1 pL), and 14.8 pL doubled-distilled water (ddH,0) to a final reac-
tion volume of 25 pL. The PCR program consisted of 94 °C for
3 min, 35 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for
50 s, and a final extension for 10 min at 72 °C. The PCR products
were gel-purified using a Gel Extraction Mini Kit (Tiangen), ligated
into the pMD™ 19-T vector (Takara), and transfected into Escheri-
chia coli DH5a-competent cells (Tiangen) for sequencing at the
Beijing Genomics Institute (Beijing, China).

2.5 Gene characteristic and phylogenetic analysis

The CaM gene sequence was edited with DNAMAN 5.2.2, and
amino acid sequences were aligned via the ClustalW program.>°>'
The molecular weights and isoelectric points of the CaM protein
were computed using ExPASy. A phylogenetic tree of CaM genes
was built with MEGA 7.0 using the neighbor-joining (NJ) method
via 1000 bootstrap replicates.>?

2.6 RNAi

T7 promoter primers (Table S1) of the CaM gene were designed
and synthesized to amplify target sequences. Green fluorescent
protein (GFP) (ACY56286) was regarded as a negative control.
The amplified products were gel-purified and dsRNA was synthe-
sized using Transcript Aid T7 High Yield Transcription Kit (Thermo
Scientific, Vilnius, Lithuania). The lengths of the dsRNA products
were measured by agarose gel electrophoresis, and
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concentrations were measured via spectrophotometry. The
dsRNAs were stored at —70 °C. A leaf-disc dsRNA feeding
method?® was employed to silence TcCaM expression, and the
details of the RNA interference (RNAi) assay were described in
our previous study.?

2.7 AQuantitative real-time PCR (qPCR)

Specific primers for quantitative real-time PCR (qPCR) were
designed with Primer 5.0,>* and RPS18 was regarded as the refer-
ence gene,** as shown in Table S1. The qPCR was performed with
the cDNA template (1 pL), iQ™ SYBR® Green Supermix (10 pL, BIO-
RAD, Hercules, CA, USA), 0.2 mmol L™ of each gene primer (1 pL),
and ddH,0 (7 pL) to a final 20-pL reaction volume. The protocol of
gPCRwas 95 °Cfor 2 min, 40 cycles of 95 °Cfor 15 5,60 °Cfor 30 s,
and 72 °C for 30 s; melt curve analysis was performed (60 °C to
95 °Q). Each independent experiment consisted of three technical
and biological replicates. The 222" method was employed to
quantify the expression levels of genes.>

2.8 Prokaryotic expression of the CaM gene

The procedure was essentially the same as that described by He
et al3® Briefly, specific primers with restriction enzyme sites
(BamHI and Smal) were synthesized to amplify the coding region
of CaM via PCR, as shown in Table S1. The PCR product was
digested using the restriction enzymes BamHI and Smal
(Takara), gel purified, and ligated into the pGEX-6P-1 vector,
which was further transfected into BL21 (DE3)-competent cells
for CaM expression. After incubation for 12 h at 37 °C with shak-
ing at 200 rpm, the cells were diluted at a ratio of 1:100 with Luria
Bertani medium with 100 mg L' ampicillin and subsequently
maintained at 37 °C to an ODgg value of 0.6-0.8. The suspended
cells were induced with 24mg L' isopropyl p-o-
1-thiogalactopyranoside and then cultured for 12 h under the ear-
lier conditions. The fusion protein was purified using BeyoGold™
GST-tag Purification Resin (Beyotime Biotechnology, Beijing,
China) and analyzed via sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE); the protein concentration was
determined using the Bradford method.

29 CaM assay

Fluorescent labeling with dansyl chloride (Sigma, St Louis, MO, USA),
PDE activity, Ca®*-Mg>*-ATPase activity were determined as a func-
tion of CaM concentration, respectively. Due to the weak endoge-
nous fluorescence of CaM, dansyl chloride can be used as a
fluorescent substance to label CaM (D-CaM).>” When curcumin
binds to D-CaM, the conformation of D-CaM changes, which
increases the hydrophobicity and fluorescence of dansyl chloride.
The interaction between curcumin and CaM was evaluated by
studying the change in the fluorescence intensity at 340 nm of D-
CaM caused by the addition of curcumin. PDE activity was assayed
according to its ability to hydrolyze cAMP (Sigma) to 5'-AMP>5; the
5'-nucleotidase (Sigma) degradation products adenosine and ortho-
phosphate (Pi) were then measured by spectrophotometry at
660 nm.>° Briefly, the assay was conducted using a BioTekmicro-
plate reader (BioTek, Winooski, VT, USA) at 37 °C in a reaction con-
taining 50 pL phosphate-buffered saline (PBS, pH 74 and
0.04 mol L"), 25 puL CaCl, (45 mmolL™), 25 L CaM protein,
100 pL cAMP (5 mmol L™), 20 uL PDE protein (5 pmol L™, Sigma),
20 pL 5'-nucleotidase (5 pmol L"), and 10 pL of a solution of a vary-
ing concentration of curcumin. The Ca**-Mg?*-ATPase activity was
determined by its ability to catalyze the hydrolysis of ATP to ADP
and Pi*® The Ca**-Mg®*-ATPase reaction was followed

spectrophotometrically at 660 nm of a buffer containing 50 pL
PBS (pH 7.4 and 0.04 mol L"), 25 pL MgCl, (4.5 mmol L"), 25 uL
CaCl, (45 mmol L"), 25 pL. CaM protein, 100 pL ATP (5 mmol L™,
25 pL Ca**-Mg**-ATPase (5 pmol L™, Sigma), and 10 pL of a solution
of a varying concentration of curcumin. Each reaction had three repli-
cates. The half-maximal effective concentration (ECsq) for the assay
was calculated by SPSS (v.16.0, SPSS Inc., Chicago, IL, USA).

2.10 Functional expression and cytotoxicity assay

The Bac-to-Bac baculovirus system (Invitrogen, Carlsbad, CA, USA)
was used to express CaM in Sf9 cells according to the manufac-
turer's protocol. Briefly, the coding region of CaM was ligated into
the pFastBac HTA expression vector, which was further trans-
fected into Sf9 cells. After culture for 72 h at 27 °C, the infected
Sf9 cells were harvested and resuspended for evaluation of the
activity of PDE activation by CaM.

MTT Cell Proliferation and Cytotoxicity Assay Kit (Solarbio, Shang-
hai, China) were used to measure the cytotoxicity of curcumin
according to the manufacturer's protocol. Briefly, infected cells were
pre-incubated for 24 h in a 24-well plate, and 10 pL of curcumin
diluted in dimethyl sulfoxide (DMSO) at different concentrations
(1.25, 2.5, 5, 10, 20 and 40 pmol L™") was added and incubated for
48 h. After the medium was removed, 200 pL fresh medium and
200 pL  3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) solution were added to each well and incubated for
4 h. The solution was removed, 300 pL. DMSO was added, and the
mixture was mildly heated for 10 min. Absorbance was determined
at 490 nm using BioTekmicroplate reader. As a control, the parental
Sf9 cells were infected with a GFP-expressing baculovirus. Each
treatment consisted of three technical and biological replicates.
The half-maximal inhibitory concentration (ICsp) for the assay was
calculated by SPSS (v.16.0, SPSS Inc.).

2.11 Molecular docking

Docking was evaluated using AutoDock 4.2. The three-
dimensional (3D) model of TcCaM and its binding pocket were
generated using the I-TASSER server (http://zhanglab.ccmb.med.
umich.edu/I-TASSER/). The 3D model of the ligands was estab-
lished, and their energy minimization was calculated by ChemOf-
fice 2004.*' The model results were analyzed by Discovery Studio
Visualizer 4.5 (Accelrys Software Inc., San Diego, CA, USA).*?

3 RESULTS

3.1 [Ca*'li assay

As a calcium indicator, the intracellular [Ca®*]i concentrations were
measured using Fluo-4/AM staining, as shown in Fig. 1. According
to statistical analysis, after Sf9 cells incubated with curcumin at con-
centrations of LCsq (2.6 pmol L"), LCs (8.2 pmol L™') with TFP-pre-
treated (58 pmol L™, ICs, dose of TFP), and LCs, respectively for
48 h, the intracellular [Ca®*]i levels were significantly higher (3.17-,
4.49-, and 8.05-fold, respectively) compared with the control, indi-
cating the [Ca?'li levels in insect Sf9 cells were significantly
increased by curcumin exposure in a concentration-dependent
manner (Fig. 1). However, intracellular [Ca**]i levels were markedly
attenuated in the TFP-pre-treated Sf9 cells.

3.2 cDNA cloning, characterization and phylogenetic
analysis of TcCaM

The full-length cDNA sequences of TcCaM were obtained by PCR
and submitted to GenBank (accession numbers: KY436226).
TcCaM consists of an open reading frame (ORF) of 501 bp that

Pest Manag Sci 2020

© 2020 Society of Chemical Industry

wileyonlinelibrary.com/journal/ps



http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://wileyonlinelibrary.com/journal/ps

WWW.S0Ci.org

H Zhou et al.

(A) (B)

8.2 uM + TFP

Mean fluorescence intensity

I o .M N 2.6 pM N 8.2 pM + TFP I 8.2 uMm

18000,
*
r 1

13500
*
I |
9000
*
1
4500 .
o

of Fura-4/AM

Figure 1. Effects of curcumin on intracellular free calcium [Ca®*]i levels in Sf9 cells. The 0, 2.6 and 8.2 pmol L' indicate Sf9 cells incubated with curcumin
at concentrations of 0, 2.6 and 8.2 pmol L™ (0, LC30 and LCsy), respectively for 48 h; 8.2 pmol L + TFP indicates TFP-pre-treated (58 pmol L™, ICso dose of
TFP) Sf9 cells incubated with curcumin at 8.2 pmol L? (LCso) for 48 h. (A) The [Ca?*li level was detected by Fluo-4/AM fluorescence staining. Positively
stained calcium is shown as green zones in the captured images under a microscope. (B) The bar chart indicates the mean fluorescence intensity of
Fluo-4/AM in Sf9 cells. Error bars represent the standard error of the calculated mean based on three biological replicates. An asterisk (*) on the error
bar indicates a significant difference between the treatment and group CK according to t-tests, *P < 0.05.

encodes a protein of 167 amino acids. The predicted isoelectric
point of the TcCaM protein is 4.32, and the calculated molecular
mass is 19.03 kDa. TcCaM is predicted to possess four EF-hand
domains, as shown in Fig. 2(A).

Phylogenetic analysis was conducted on the basis of the amino
acid sequence of TcCaM as well as the sequences of other CaM
proteins, including in arachnids, insects and mammals. All CaM
sequences with a complete ORF were obtained from the T. urticae
genome and National Center for Biotechnology Information
(Bethesda, MD, USA) (http://www.ncbi.nlm.nih.gov/) (Table S2).
The results showed that TcCaM groups with other sequences from
Arachnida and shares the highest genetic relationship with the
CaM of T. urticae (TuCaM) (100% similarity, Fig. 2(B)), indicating
likely analogous physiological functions between TcCaM and
TuCaM.

3.3 Expression patterns of TcCaM in different
developmental stages and curcumin exposure groups

The transcript levels of the TcCaM gene during different develop-
mental stages (egg, larva, nymph, and female adult mites) and in
different curcumin treatment groups (at the LCsq, LC3, and LCyq
doses of curcumin) were evaluated via reverse transcription PCR
(RT-PCR) and gPCR, respectively. To detect TcCaM gene expres-
sion throughout the different life stages of mites, approximately
2000 eggs, 1500 larvae, 800 nymphs, and 200 adults were col-
lected per sample in triplicate. Relative expression of TcCaM in lar-
vae, nymph, and adult mites was increased by 2.48-, 2.90-, and
3.09-fold compared with that in eggs, respectively (Supporting
Information Fig. S1). The results indicated no significant difference
in the expression levels of TcCaM in different developmental
stages, except for egg stages, which were much lower.

Relative expression of the TcCaM of T. cinnabarinus exposed to
LCqo, LC50 and LCso curcumin (0.21, 1.23, and 2.64 mg L") in
0.1% (v/v) Tween-80 and 3% (v/v) acetone at the adult stage for
48 h using a slip-dip bioassay were analyzed using RT-PCR and
qRT-PCR, respectively. The results of the curcumin exposure
experiment demonstrated that the CaM gene was upregulated
at 48 h by curcumin treatment compared with the control [water
containing 0.1% (v/v) Tween-80 and 3% (v/v) acetone], as shown

in Fig. 3(A). According to statistical analysis, at the LCsq, LCz,
and LC;q doses of curcumin, relative expression levels of TcCaM
were significantly higher (7.30-, 5.47-, and 3.91-fold, respectively)
at 48 h compared with the control.

3.4 PDE activation by CaM and toxicity after curcumin

and TFP exposure

The PDE activation by CaM of T. cinnabarinus exposed to curcumin
LCqo, LCs0 and LCsp (0.21, 1.23, and 2.64 mg L") in 0.1% (v/v)
Tween-80 and 3% (v/v) acetone was determined. At the LCsy,
LC30, and LC;o doses of curcumin, the PDE activation by crude
CaM was significantly higher (2.26-, 1.82-, and 1.45-fold higher,
respectively) at 48 h compared with the control [water containing
0.1% (v/v) Tween-80 and 3% (v/v) acetone, Fig. 3(B)].

The PDE activation by CaM of T. cinnabarinus exposed to
58 pmol L™' TFP (ICso) in 0.1% (v/v) Tween-80 and 3% (v/v) ace-
tone at the adult stage was determined. Compared with the con-
trol [water containing 0.1% (v/v) Tween-80 and 3% (v/v) acetone,
152.57 nmol mg™" min~'], the PDE activation by crude CaM
(81.41 nmol mg™" min™") was inhibited in vivo by TFP treatment
(58 pmol L™, 1Cso dose of TFP), and 46.64% of its activity was
inhibited in mites after exposure to TFP for 48 h (Fig. S2).

When endogenous CaM was inhibited in T. cinnabarinus pre-
treated with TFP (58 umol L™, ICso dose of TFP), the toxicity of cur-
cumin against adult females of T. cinnabarinus after 48 h curcumin
exposure was determined. As shown in Table 1, the toxicity assays
indicated that the LCsy of curcumin against T. cinnabarinus
(9.61 mg L") was increased 3.64-fold compared with the control
(264 mgL™").

3.5 Functional analysis of CaM by RNAi

For investigating the transcript knockdown efficiency of the
TcCaM expression, relative messenger RNA (mRNA) expression
levels were measured via RT-PCR and gRT-PCR at 48 h post-dsRNA
feeding. The results showed that the transcript levels of TcCaM
were significantly decreased by 62% after feeding with TcCaM
dsRNA compared with feeding of diethyl pyrocarbonate (DEPC)-
water or dsRNA-GFP (Fig. S3). No significant difference was found
between the DEPC-water and dsRNA-GFP controls (Fig. S3).
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Figure 2. Nucleotide and deduced amino acid sequences of CaM gene (TcCaM) from the Tetranychus cinnabarinus (A); and phylogenic analysis of TcCaMs
(B). (A) Nucleotide numbers are provided on the left. The four EF-hand domains are shaded. (B) Maximum likelihood tree constructed by MEGA 5.0. Phy-
logeny testing was conducted via the bootstrap method with 1000 replications. The sequences used for constructing the tree are listed in Supporting
Information Table S2.

These results indicate that transcription of TcCaM in T. cinnabari-
nus was successfully silenced by RNAi in mites.

The PDE activation by CaM was determined in mites after 48 h of pre-
treatment with dsRNA. The results showed that the PDE activation by
CaM was significantly decreased by 0.45-fold at 48 h post-treatment
after TcCaM dsRNA feeding (10941 nmol mg ™" min~") compared with
feeding of DEPC-water or dsRNA-GFP (200.57 nmol mg™" min™" or
198.63 nmol mg™' min™', respectively). However, no significant

difference in activity was observed between the water and dsRNA-
GFP controls (Fig. S4).

The susceptibilities to curcumin at 48 h after feeding TcCaM
dsRNA were detected by slip-dip method. In LC30 and LCsq curcu-
min assays for 48 h, mortality was significantly decreased by 16%
(from 30% to 14%) and 25% (from 55% to 30%), respectively, in
mites fed TcCaM dsRNA compared with the control when TcCaM
was knocked down by RNAI in mites (Fig. 3(C, D)). No significant
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Figure 3. Expression profiles of TcCaM transcripts after curcumin treatment for 48 h at three different concentrations (A); the PDE activation by CaM was
determined after curcumin treatment for 48 h (B); and knockdown of TcCaM expression reduced susceptibility to curcumin in mites (C, D). (A) Relative
expression of the TcCaM of Tetranychus cinnabarinus exposed to 0.21, 1.23, and 2.64 mg L curcumin (LCqo, LC30 and LCsp) in 0.1% (v/v) Tween-80 and
3% (v/v) acetone at the adult stage for 48 h using a slip-dip bioassay were analyzed using RT-PCR and qPCR, respectively. (B) The PDE activation by
CaM of T. cinnabarinus exposed to 0.21, 1.23, and 2.64 mg L™ curcumin (LCy, LC30 and LCsp) in 0.1% (v/v) Tween-80 and 3% (v/v) acetone at the adult
stage using a slip-dip bioassay was determined. (C) Mortality of TcCaM-silenced T. cinnabarinus to curcumin at LCs,. (D) Mortality of TcCaM-silenced T.
cinnabarinus to curcumin at LCso. Error bars represent the standard error of the calculated mean based on three biological replicates. Water containing
0.1% (v/v) Tween-80 and 3% (v/v) acetone was used as the control treatment (CK). An asterisk (¥) on the error bar indicates a significant difference between
the treatment and group CK according to t-tests, *P < 0.05. RPS18 was used as the reference gene.

Table 1. Toxicity of curcumin against adult females of Tetranychus cinnabarinus after 48 h exposure time

Treatment LCso (95% Cl) mg L™" Slope + standard error 22 (df) P R
M 2.64 (1.68 ~ 6.08) 0.66 + 0.12 0.87 (4) 0.51 —
M-T 9.61 (7.45 ~ 12.09) 2.02 + 0.26 0.39 (3) 0.94 3.64

M, T. cinnabarinus; M-T, the mites pretreated with trifluoperazine (TFP) (58 pmol L™, IC5o concentration of TFP); LCso, median lethal concentration; 95%
Cl, 95% confidence interval; R, ratio = LCs50(M-T)/LCs0(M).

mortality difference existed between the water and dsRNA-GFP  fluorescence response was 0.3 pmol L™ (Fig. 4(B)); the ECs, of cur-
controls (Fig. 3(C, D). These results indicate that TcCaM RNAi  cumin for PDE activation by D-CaM was 224.8 umol L™ (Fig. 4(C));

reduced the susceptibility of T. cinnabarinus to curcumin. the ECso of curcumin for PDE and Ca”*-Mg?*-ATPase activation by

CaM were 234.2 pmol L' (Fig. 4(D)) and 136.1 pmol L' (Fig. 4(E)),
3.6 Bacterial expression and features of respectively; the 1Cso, of TFP for PDE activation by CaM was
recombinant CaM 58.7 umol L™ (Fig. 4(F)) (Table 2). Meanwhile, the ECs, of curcumin

TcCaM was re-engineered for heterologous expression in Escheri-  for PDE activation by D-CaM was 224.8 pmol L™, which is similar to
chia coli. In the whole-cell lysate, a novel specific band (about ~ PDE-mediated curcumin's agonistic effect on CaM (234.2 pmol L’
19 kDa) was observed by SDS-PAGE analysis, and only one clear "), indicating that dansyl chloride does not affect the activation
band was observed after purification (Fig. 4(A)). The specific activ-  of PDE by CaM.

ity of PDE activation by recombinant CaM was determined to be

263.4 nmol mg™" min™", with a K, value of 2.1 pmol L' (Table 53). 3.7 Functional expression of TcCaM in Sf9 cells

The ECso value of curcumin-induced D-CaM fluorescence A [Ca®*li assay in CaM- or GFP-expressing cells was performed
response, curcumin for PDE activation by D-CaM, curcumin for in vitro to determine whether curcumin-induced calcium overload
PDE and Ca®*-Mg**-ATPase activation by CaM, and the ICso of  is mediated by CaM (Fig. 5(A, B)). The [Ca®*]i level was detected by
TFP for PDE activation by CaM were determined. The results  Fluo-4/AM fluorescence staining, and the Sf9 cells were incubated
showed that the ECs, value of curcumin-induced D-CaM  with curcumin at concentrations of 8.2 umol L™ (LCs) for 48 h.
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Figure 4. Effect of curcumin on recombinant CaM protein. (A) Expression of recombinant CaM protein by Escherichia coli. Lane 1: supernatant of pGEX-
6p-1 (no insert). Lane 2: recombinant CaM without isopropyl -b-1-thiogalactopyranoside (IPTG) induction. Lane 3: recombinant CaM with IPTG induction.
Lane 4: purification of recombinant CaM. (B) The ECs, of curcumin-induced dansyl chloride-labeled CaM (D-CaM) fluorescence response. (C) The ECs, of
curcumin for PDE activation by D-CaM. (D) The ECs, of curcumin for PDE activation by CaM. (E) The ECs, of curcumin for Ca2+—Mgz+—ATPase activation by
CaM. (F) The ICs of TFP for PDE activation by CaM. Error bars represent the standard error of the calculated mean based on three biological replicates. Data
were fitted to theoretical curves using OriginPro 9.0 software with parameters shown in Table 2.

Table 2. A summary of half-maximal effective concentration (ECso) and half-maximal inhibitory concentration (ICso) on recombinant calmodulin
(CaMm)

Treatment Method ECs0/1Cs0 (95% CI) (pmol L") Slope + standard error 52 (df) P R?

Curcumin D-CaM 0.3 (0.1 ~ 0.6)° 1.67 +0.13 2.1 (4) 0.41 0.95
Curcumin D-CaM (PDE) 224.8 (178.1 ~ 285.4)? 474 + 0.36 7.6 (4) 0.1 0.99
Curcumin CaM (PDE) 234.2 (199.7 ~ 250.6)? 5.00 + 0.38 6.4 (4) 0.17 0.99
Curcumin CaM (Ca2+—Mgz+—ATPase) 136.1 (124.8 ~ 148.8)? 6.59 + 0.51 2.5 (4) 0.65 0.99
TFP CaM (PDE) 58.7 (53.5 ~ 60.0)b 4,99 + 0.38 6.6 (4) 0.16 0.99

D-CaM, fluorescent labeling of CaM with dansyl chloride; D-CaM (PDE), phosphodiesterases (PDE) activation by dansyl chloride-labeled CaM; CaM
(PDE), PDE activation by CaM; CaM (Ca**-Mg>*-ATPase), Ca®*-Mg**-ATPase activation by CaM; 95% CI, 95% confidence interval.
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The results revealed [Ca**]i levels in CaM-expressing cells induced
by curcumin were significantly higher (7.00-fold) than in GFP-
expressing cells.

An assay of the recombinant CaM protein was then performed
in vitro to examine the PDE activation by CaM (Fig. 5(C)). The
results demonstrated that the PDE activation by CaM
(379.26 nmol mg™" min™") in the presence of cAMP was
14.36-fold higher compared with the effect of GFP
(26.41 nmol mg™"' min™").

A cytotoxicity assay with MTT was also conducted to determine
the toxicity of curcumin in CaM-expressing Sf9 cells (Fig. 5(D)), and
the results revealed decreased cell viability due to the cytotoxic
effects of curcumin in CaM-expressing cells compared with GFP-
expressing cells. The LCsq value of curcumin in GFP-expressing
cells (8.21 pmol L") was approximately 10.8-fold that in CaM-
expressing cells (0.76 pmol L") (Table S4).

3.8 Molecular docking

To examine the interaction between the curcumin ligand and
TcCaM and evaluate the structure-activity relationship, molecular
docking was conducted to assess the binding mode of curcumin
within the binding pocket of TcCaM. The docking results of curcu-
min binding to TcCaM are shown in Table S5. The binding energy
of curcumin was calculated to be 3.97 kcal mol™", which indicates
that curcumin can be considered a specific ligand of TcCaM.
Figure 6(E, F) shows the binding modes and orientations of curcu-
min with TcCaM, and two-dimensional interaction diagrams of
curcumin with TcCaM are shown in Fig. 6(C). Five key amino acids
(GLU131, MET141, ALA145, VAL161, and PHE109) interact with
curcumin via hydrogen bonding and hydrophobic interactions

(A)

3

500+ %

3751

250+

125

The PDE activation by CaM
(nmolmm'lmg'lprotem)

in the binding pocket of TcCaM. The hydrogen atoms of the
hydroxyls at positions 1 and 7 of the benzene ring form a conven-
tional hydrogen bond (-H...0C-, 1.81 A and 1.75 A) with GLU131
and MET141, respectively. In addition, the acidic residues LEU122,
ASP140, ILE142, GLU144, LEU135, IEU129, PHE158, LEU162, and
PRO165 interact with curcumin via Van der Waals interactions in
the binding pocket of TcCaM. Curcumin also forms Pi—sulfur inter-
actions with MET126.

4 DISCUSSION

To study the role of CaM in curcumin-mediated intracellular cal-
cium overload, we used a specific inhibitor of CaM, TFP, to pre-
treat cells.”> Meanwhile, TFP also acts as a plasma membrane
Ca**-ATPase (PMCA) blocker.** ** The plasma membrane Ca’
*_ATPase (PMCA) pumps Ca>* out of the cell to maintain cytosolic
Ca®* concentration at a level that is compatible with messenger
function.* The concentration of nerve membrane Ca>* is nor-
mally higher in the cytoplasm than that in the extracellular matrix;
furthermore, Ca®* is sequestered by Ca®*-binding proteins (CaM),
or by sarco/endoplasmic reticulum Ca®* pumps (SERCA) or else
extruded by Na*/Ca®" exchangers or PMCAs.*® PMCAs exhibit
cell-specific expression patterns and play an essential role in Ca®
* homeostasis in various cell types, including sensory
neurons.*’~*° The inhibition of PMCAs in rat and fire salamander
cilia by specific drugs, such as vanadate or carboxyeosin, suggests
that PMCAs play a predominant role in Ca®" clearance.®® In this
study, TFP inhibited the increase in [Ca®*]i levels, and the TFP
pre-treated Sf9 cells were resistant to curcumin-mediated
increase in [Ca®*]i levels, suggesting that curcumin-treated intra-
cellular [Ca®*]i overload may be mediated by CaM or PMCA.
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Figure 5. The intracellular [Ca®*]i in GFP- and CaM-expressing cells exposed to curcumin (A, B); the PDE activation by CaM in recombinant enzymes
expressing CaM toward the substrate of cCAMP (C); and cytotoxicity of curcumin against CaM- and GFP-expressing cells (D). (A) The [Ca®*]i level was
detected by Fluo-4/AM fluorescence staining, and the $f9 cells were incubated with curcumin at concentrations of 8.2 umol L™ (LCs,) for 48 h. (B) The
bar chart indicates the mean fluorescence intensity of Fluo-4/AM in Sf9 cells. Positively stained calcium is shown as green zones in the captured images
under a microscope. The percentage of viable cells was detected using MTT cytotoxicity assays. Error bars represent the standard error of the calculated
mean based on three biological replicates. Asterisks (*) above the error bars indicate statistical differences determined by the independent samples
t-test, *P < 0.01.
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Figure 6. Molecular docking of CaM protein to curcumin. (A) Chemical structural formula of curcumin. (B) The cartoon representation of curcumin. Red
regions represent oxygen atoms; gray regions represent carbon atoms. (C) The two-dimensional interactions scheme of curcumin to TcCaM. (D) Homology
modeling 3D-structure of TcCaM. (E) Best conformation of curcumin docked to binding pocket of TcCaM. (F) The recognized binding modes and molecular

interactions of the curcumin in the active site of TcCaM.

However, in our previous study, RNA-Seq analysis revealed that
the LCso dose of curcumin significantly increased expression of
the CaM gene at 48 h (by 6.87-fold) compared with that of the
control, indicating that CaM may play a key role in curcumin-
induced intracellular [Ca®*]i overload.'® It has been reported that
elevation of [Ca®*]i induced by curcumin promotes apoptosis in
tumor cells, including lung cancer cells,®’ hepatocellular carci-
noma cells,”> and mouse melanoma cells.>®* The continued
increase in [Ca®*]i levels might mediate the activation of numer-
ous Ca®*-dependent events, and the CaM protein is a key calcium
sensor that plays a vital role in the majority of calcium signaling.>*
Overall, these results show that activation of CaM expression has a
key role in the mode of action of curcumin against T. cinnabarinus.

Here, a CaM gene from T. cinnabarinus, referred to as TcCaM, is
characterized. The predicted amino acid sequence of the protein
contains four EF-hand domains, embodying a 12-residue loop
flanked by a 12-residue alpha-helical domain existing on both
sides.>® The six residues of the EF-hand motif at positions 1, 3,
5,7,9 and 12 are involved in Ca®>* binding, and position 12 offers
two oxygen atoms for interaction between Ca?* and glutamate or
aspartate.”® The conformational change of the EF-hand motif is
induced by Ca®* binding, which results in the activation or inacti-
vation of target proteins.>® In addition, transcript levels of TcCaM
in T. cinnabarinus resemble those in Echinococcus granulosus,®”
being expressed in most developmental stages but rarely in the
egg stage; this suggests that the CaM gene is critical for the devel-
opment of mites.

In the present study, TcCaM gene transcript levels were signifi-
cantly upregulated and the CaM protein was significantly acti-
vated in mites after curcumin exposure, indicating that the
increase in activity of PDE activation by CaM protein in
curcumin-exposed mites is possibly mediated by overexpression
of the CaM gene. Therefore, to determine whether the increase
in activity of PDE activation by CaM mediates the acaricidal mech-
anism of curcumin, TFP was applied to inhibit endogenous CaM
function. Indeed, the results of toxicity assays indicated that the
LCso dose of curcumin against T. cinnabarinus increased 3.62-fold
compared with that in the control, suggesting that inhibiting CaM
function reduces the susceptibility of T. cinnabarinus to curcumin.
Numerous studies have emphasized the significance of the wide-
spread Ca**-binding protein CaM in the regulation of Ca®* chan-
nels.>® Dick et al reported that CaM senses the local Ca®* signal
via its N- and C-lobes and is attached to combining motifs in the
C-lobe of the L-type Ca®* channel a;-subunit during Ca’
*-dependent facilitation (CDF) and Ca®*-dependent inactivation
(CDI) of channel activity.”® Mutation of either of the Ca®*-binding
sites in CaM” or the CaM-binding motifs in the C-lobe of the
L-type Ca?* channel a;-subunit®' eliminates both CDF and CDI,
indicating that CaM plays a key role in regulating Ca®* channels
under physiological conditions. In our study, [Ca®*]i levels in
CaM-expressing cells induced by curcumin were higher than
those in GFP-expressing cells (Fig. 5), suggesting that activation
of CaM by curcumin is likely to induce intracellular calcium over-
load by promoting CDF or inhibition of CDI to cause excessive
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activation of calcium signaling, thereby resulting in the death of
mites. Nevertheless, the regulation of intracellular Ca** signaling
is exceedingly complicated. Thus, the mechanism of Ca®* over-
load that is mediated by overexpression of the CaM gene in
curcumin-exposed mites needs further clarification.

Overexpression of the CaM gene highlights its importance in
the mode of action of curcumin in mites.'® Regardless, it remains
unclear how overexpression of the CaM gene is connected with
the acaricidal phenotype. To elucidate the acaricidal mechanisms
of compounds, RNAi is considered to demonstrate the link
between gene function and overexpression. Indeed, RNAi tech-
nology has been extensively used to identify or validate target
genes of insecticides in insects and mites.5>%® In this study, RNAi
was conducted to decrease the transcript levels of the CaM gene
such that changes in mortality after gene silencing could be
detected. As latent targets for insecticides, alteration of in the
expression levels of these genes has been shown to mediate
insecticidal mechanisms in numerous pests.®* ¢ A recent study
reported that RNAI silencing of the glutamate receptor gene led
to a reduction in the susceptibility of Plutella xylostella to abamec-
tin.®* Another study showed that RNAi-mediated overexpression
of the G-protein-coupled neuropeptide receptor gene reduced
the susceptibility of T. cinnabarinus to scopoletin.?® These findings
indicate that the transcript levels of target genes can be knocked
down using RNAi and that the increase in transcript levels of tar-
get genes is a possible insecticidal mechanism. Similarly, our
results from RNAi and toxicity tests indicated the involvement of
CaM in the toxicity of curcumin towards T. cinnabarinus. In this
study, the activity of PDE activation by CaM was significantly
reduced and susceptibility to curcumin was decreased when
TcCaM was downregulated via RNAi in LCso and LCzq assays, indi-
cating that RNAi-mediated overexpression of the CaM gene
decreases the susceptibility of T. cinnabarinus to curcumin. Taken
together, these results further suggest that the acaricidal activity
of curcumin aganist T. cinnabarinus is mediated by overexpres-
sion of CaM.

In the current study, CaM was overexpressed in Escherichia coli
and purified, and the properties of the recombinant CaM were
characterized. The activity of PDE activation by recombinant
CaM protein was approximately 2.6-fold greater than that of the
crude extracts from mites (Table S3). In general, the enzymatic
activities of recombinant proteins are higher compared with
those of the natural crude enzyme isolated from organisms due
to their higher purity and specificity. However, recombinant
CaM did not possess significantly higher enzymatic activity than
that of the natural protein from T. cinnabarinus, indicating a possi-
ble post-transcriptional modification lacking in the Escherichia coli
system.®” In contrast to the Escherichia coli system, the baculovirus
expression system is appropriate in terms of post-transcriptional
modification.® Thus, altering the expression system might be a
good strategy to obtain recombinant CaM with increased activity,
and a baculovirus expression system was used for the CaM gene
expression in this study. Indeed, the activity of PDE activation by
CaM protein obtained from the baculovirus expression system
was increased by more than 3.7-fold compared to that of the
crude extract from T. cinnabarinus (Fig. 5).

CaM itself does not display any catalytic activity.*® However, the
activation of many target enzymes, including PDE, Ca**-Mg’
*-ATPase, myosin kinase, phosphatase, phospholipase A,, NAD
kinase, NAD oxidoreductase, was mediated by CaM in vivo.?® Thus,
we used PDE and Ca®"-Mg?*-ATPase to evaluate the curcumin-
mediated CaM protein activity, respectively. In this study, the

ECso of curcumin for PDE and Ca**-Mg?*-ATPase activation by
CaM were 234.2 pmol L and 136.1 pmol L™, respectively, indicat-
ing the mechanism by which CaM activates its target protein may
be different. However, the LCsq value of curcumin against mites
and CaM-expressing Sf9 cells were 8.2 pmol L™ and 0.76 pmol
L™, respectively, which were markedly lower than that of PDE
(28.6- and 308.2-fold, respectively) and Ca**-Mg>"-ATPase (16.6-
and 8.1-fold, respectively)-mediated curcumin agonistic effect
on recombinant CaM (234.2 pmol L™ and 179.1 pmol L™, respec-
tively), respectively, suggesting that the indirect agonistic effect
of curcumin on CaM mediated by the target enzyme may not rep-
resent the actual activation of curcumin on CaM, which may lead
to differences in the agonistic effect of curcumin on CaM in vivo
and in vitro. In short, the CaM activation by target enzyme medi-
ated curcumin may not explain the toxic effect of curcumin on
Sf9 cells/mites.

CaM regulates the activity of its target enzymes through the
change of its conformation.”® It was reported that the inactivation
of CaM by TFP may be due to the change of the tertiary structure
of CaM from an elongated dumb-bell, with exposed hydrophobic
surfaces, to a compact globular form which can no longer interact
with its target enzymes.”’ Thus, the direct interaction between
curcumin and CaM was evaluated by studying the change in the
fluorescence intensity of D-CaM caused by curcumin. In this study,
the ECsq value of curcumin-induced D-CaM fluorescence response
in vitro is about 0.3 umol L™, which is similar to curcumin against
CaM-expressing Sf9 cells (0.76 pmol L") in vivo, indicating that the
conformational change of CaM induced by curcumin may repre-
sent the agonistic effect of curcumin on CaM in vivo and in vitro.
Does a single polypeptide sequence encode a single protein con-
formation? The case of CaM, a central coordinator for many pro-
teins that are influenced by calcium dynamics, clearly indicates
that the conformation of a protein changes depending on its envi-
ronment. Various CaM binding partners dictate the 3D structure of
CaM mainly by changing the orientation of the two CaM globular
lobes.”® Furthermore, high-resolution crystallographic studies
revealed significant rearrangement of EF-hand helices within
each CaM lobe to adjust its conformation for optimal binding with
a target.”? Meanwhile, curcumin induced intracellular [Ca**]i over-
load of 5f9 cells was confirmed in our study. Hence, the conforma-
tional change of CaM induced by curcumin may induce
interactions between sites on the target proteins and sites on
CaM that change conformation in response to calcium signaling.
In summary, the acaricidal activity of curcumin may be due to
the disruption of intracellular Ca** homeostasis mediated by
curcumin-induced CaM conformation changes.

Molecular docking and homology modeling of target proteins
are novel and effective approaches to characterize conforma-
tional protein-ligand interaction patterns.* *' On the basis of its
identity with the main sequence of the target protein TcCaM,
the crystal structure of the bovine brain Ca**/calmodulin complex
(PDB ID code: 1PRW) was retrieved from Protein Data Bank (PDB,
available online: https://www.rcsb.org/structure/TPRW) and used
as the template for homology modeling. The complex is a slender
dumbbell-shaped molecule with two structurally analogous glob-
ular domains, termed EF-hands, and two flexible hydrophobic
binding pockets typical of the CaM protein,”® confirming that
the CaM protein indeed has the structural capacity to interact with
and bind curcumin. Binding and activation of the recombinant
CaM protein by curcumin were also confirmed by our experi-
ments. In our docking results, the critical residues of the C-lobe
globular domain in the binding pocket of the CaM protein, such
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as GLU131, MET141, ALA145, VAL161, and PHE109, interact with
curcumin via hydrogen bonding and hydrophobic interactions,
showing that the C-lobe globular domain of the active site is
favorable for interactions with curcumin. Similar results were
obtained from the crystal structure data of CaM-drug complexes,
revealing that the C-lobe globular domain is a unique site for
binding of the anti-CaM drug TFP.”* However, melittin, a
26-residue peptide antagonist of CaM, has been reported to inter-
act with both the C- and N-lobe domains.”® These results demon-
strate that the C- and N-lobe globular domains of the CaM binding
sites are responsible for the functions of different drugs; activa-
tion of the recombinant CaM protein by curcumin may have
occurred through the C-lobe globular domain in the CaM
active site.

5 CONCLUSION

In summary, this study offers basic information on the sequence,
phylogeny, and expression pattern of the CaM gene in T. cinna-
barinus. The detection of specific expression patterns demon-
strated that curcumin exposure significantly upregulated TcCaM
expression. The inhibition of CaM function by the anti-CaM drug
TFP and RNAI against the CaM gene decreased the sensitivity of
T. cinnabarinus to curcumin. Moreover, the TFP pre-treated Sf9
cells were resistant to curcumin-mediated increase in [Ca®*]i
levels, and the [Ca**]i levels in CaM-expressing Sf9 cells induced
by curcumin were higher than those in GFP-expressing cells. More
importantly, our results showed that the recombinant CaM pro-
tein can be directly activated by curcumin via inducing its confor-
mational changes. These results demonstrate that the mode of
action of curcumin against mites may be via activating CaM func-
tion, and thereby disrupting intracellular Ca®* homeostasis in T.
cinnabarinus. This study promotes our understanding of the
molecular mechanism of curcumin against mites and clarifies
strategies that might be used to control pest mites.
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