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ABSTRACT: Flubendiamide is a benzenedicarboxamide derivative that shows selective insecticidal activity
against lepidopterous insects. The specific modulatory effects of flubendiamide on ryanodine binding in insect
muscle microsomal membranes suggest that the ryanodine receptor (RyR) Ca2+ release channel is a primary
target of flubendiamide. However, the molecular mechanisms underlying the species-specific action of
flubendiamide are unclear. We have cloned cDNA encoding a novel RyR from the lepidopterous silkworm
RyR (sRyR) and tested the sensitivity to flubendiamide of the recombinant sRyR in HEK293 cells. Confocal
localization studies and Ca2+ imaging techniques revealed that sRyRs form Ca2+ release channels in the
endoplasmic reticulum. Importantly, flubendiamide induced release of Ca2+ through the sRyR, but not
through the rabbit RyR isoforms. Photoaffinity labeling of sRyR deletion mutants using a photoreactive
derivative revealed that flubendiamide is mainly incorporated into the transmembrane domain (amino acids
4111-5084) of the sRyR. The rabbit cardiac muscle isoform RyR2 (rRyR2) and the RyR mutant carrying a
replacement of the transmembrane domain (residues 4084-5084) with its counterpart sequence from rRyR2
(residues 3936-4968) were not labeled by the photoreactive compound. This replacement in the sRyR
significantly impaired the responses to flubendiamide but only marginally reduced the sensitivity to caffeine, a
general RyR activator. Furthermore, deletion of the N-terminal sequence (residues 183-290) abolished the
responses of the sRyR to flubendiamide but not the sensitivity to caffeine. Our results suggest that the
transmembrane domain plays an important role in the formation of an action site for flubendiamide, while the
N-terminus is a structural requirement for flubendiamide-induced activation of the sRyR.

The ryanodine receptor (RyR)1 is a large tetrameric channel
that coordinates release of Ca2+ from the sarco/endoplasmic
reticulum (SR/ER) to directly regulate Ca2+-dependent cellular
processes (1). The RyR consists of ∼5000 amino acids with a
membrane-spanning domain at the C-terminal end and a hydro-
philic domain at the N-terminal end. The C-terminal hydropho-
bic domain, which was predicted to contain 4-12
transmembrane segments, encompassing approximately one-
fifth of the protein size, forms the pore of the Ca2+ release
channel, while the large N-terminal cytoplasmic domain termed
the “foot structure” spans the junctional gap between the
transverse tubules and SR membranes (2, 3). It has been
proposed that the specific interaction between the cytoplasmic
and transmembrane domains is an important mechanism in the
intrinsic modulation of the RyR (4). Interestingly, defects in the

intra-RyR interaction are likely to be responsible for aberrant
Ca2+ release in RyR-linked pathology (5-8).

There are three isoforms of RyR proteins in mammals (9-11).
RyR1 is the dominant isoform in skeletal muscle. RyR2 is found
in high levels in cardiac muscle. RyR3 is expressed in many
tissues, including the diaphragm and brain. They are similar in
primary structure (∼66% identical sequences), except for three
regions with high degrees of variability (12). RyRs serve critical
roles, including excitation-contraction (EC) coupling in muscle
cells. In skeletal muscle, the primary control of RyR1 occurs via
an interaction with plasmalemmal dihydropyridine receptors
(DHPRs), which function as voltage sensors for EC coupling
and as L-type Ca2+ channels (13). In addition to “receiving” the
EC coupling signal from the DHPR, RyR1 also “transmits” a
retrograde signal that enhances the Ca2+ channel activity of the
DHPR (14). Unlike RyR1, RyR2 can support Ca2+ entry-
induced Ca2+ release, but neither mediates skeletal-type EC
coupling or transmits the retrograde signal that enhances the
Ca2+ channel activity of the skeletal DHPR (15).

The physiological importance of the RyR in insect muscle
implies that basic understanding of EC coupling, which has been
postulated from evidence presented in comprehensive investiga-
tions (16), is broadly deducible in the animal kingdom, including
Class Insecta. The Drosophila melanogaster RyR or the Caenor-
habditis elegans RyR is distinct equally from the mammalian
subtypes in terms of primary structure (17), suggesting evolu-
tionary divergence from one invertebrate subtype to the three
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functionally distinguishable vertebrate subtypes. The Drosophila
RyR shares only 44-46% amino acid identity with the mamma-
lian isoforms of the RyR (18). The regions with a high degree of
structural divergence among the mammalian and insect isoforms
of the RyR may serve as potential targets for potent insecticides
that interact specifically with the insect but not mammalian
isoforms. In muscle cells from different insect species, abundant
receptor sites that are directly linked to the pore region of the
Ca2+ release channel are present for ryanodine (19-22), a plant
alkaloid that was originally used as an insecticide. However,
ryanodine is also toxic to mammals and exerts a muscle-
paralyzing effect in humans (18). Despite exploration of synthetic
derivatives of the alkaloid and extensive structure-activity
studies, ryanodol is the only widely recognized commercial
product that targets RyRs via this approach (20, 23). Rational
design of a potent compound with high species specificity
requires an extensive understanding of the function and regula-
tion of the RyR present in insect cells and extensive structural
information.

Recently, two classes of benzenedicarboxamides have emerged
as novel insecticides that target insect RyRs: the phthalic
diamides, including flubendiamide, and the anthranilic diamides,
including chloranthraniliprole. These diamides have potent in-
secticidal activity; phthalic and anthranilic diamides were re-
ported to elicit intracellular Ca2+ release in isolated Heliothis
neurons (24, 25) and in Periplaneta americana neurons (26),
respectively. Binding studies on microsomal membranes from
insect muscles suggest that flubendiamide and chlorantranili-
prole interact with a site distinct from the ryanodine binding site
on the insect RyR complex (25, 26). Characteristic symptoms
such as body contraction, feeding cessation, and paralysis caused
by flubendiamide are similar to those caused by chlorantranili-
prole. The action of flubendiamide is highly specific, with
selective toxicity in restricted insect taxa, including Lepidop-
tera (24). This is in contrast to chlorantraniliprole, which induces
Ca2+ responses not only in lepidopterous insects but also in
mammals at concentrations exceeding 10 μM (27). Thus, fluben-
diamide, in addition to chlorantraniliprole, is a new experimental
tool for exploring the physiological effects of RyR activity, even
though the exact binding sites for flubendiamide or chlorantra-
niliprole have not yet been identified. Furthermore, themolecular
mechanisms underlying the differences in species selectivity
between flubendiamide and chlorantraniliprole are not yet under-
stood.

To study the species-specific agonist activity of flubendiamide,
we isolated cDNA encoding the RyR from the lepidopterous
silkworm (sRyR) and established the functional expression of the
recombinant sRyR to characterize the site of action of fluben-
diamide. The results suggest that flubendiamide induces release
of Ca2+ through the sRyR by acting on the transmembrane
domain, and the flubendiamide response of sRyR requires the
N-terminal cytoplasmic domain. Our findings provide important
information for understanding the species-selective effects of
RyR activators.

EXPERIMENTAL PROCEDURES

Materials. Caffeine was obtained from Wako, ryanodine
from alomone laboratories, fura-2 AM ester from Dojindo, and
Mag-fura-2 AM ester from Biotium. Flubendiamide and N-(4-
chloro-2-methyl-6-{[(1-methylethyl)amino]carbonyl}phenyl)-1-(3-
chloro-2-pyridinyl)-3-(trifluoromethyl)-1H-pyrazole-5-carbox-

amide (DP-23) were synthesized as previously reported (24, 28).
A flubendiamide-based trifunctional photoaffinity probe
(flubendiamide-PP) was synthesized. For details, see Scheme 1
of the Supporting Information.
cDNA Cloning and Construction of Expression Vectors.

The genomic DNA sequence encoding the sRyR was identified
by a computer search of homologues of the cDNA sequence
encoding the Drosophila RyR (GenBank accession number
D17389) through a silkworm genomic DNA shotgun sequence
using KAIKOBLAST (29). RT-PCR and cDNA library screen-
ing were used to amplify the entire coding sequence of the sRyR
cDNA from silkwormRNA isolated frommuscle, using forward
and reverse primers designed on the basis of the genomic DNA
sequence of the sRyR. Consequently, six overlapping cDNA
fragments were obtained and sequenced. The entire coding
sequence of sRyR is registered as GenBank accession number
DJ085056. sRyR cDNA was subcloned into the pCI-neo vector
(Promega). In the deletion mutants Δ183-290, Δ183-1065,
Δ183-2233, and Δ183-4110, nucleotides 547-870, 547-3195,
547-6699, and 547-12330 of the sRyR cDNA, respectively,
were deleted. The wild-type (WT) sRyR, Δ183-290,
Δ183-1065, Δ183-2233, and Δ183-4110 were fused at the N-
terminus with EGFP using PCR techniques. The cDNAs encod-
ing rabbit RyR1 (rRyR1) and rabbit RyR2 (rRyR2) were cloned
into eukaryotic expression vectors pRRS11 and pHRRS1,
respectively (9, 10). The 14.8 kb XhoI (vector)-XhoI (vector)
fragment of pNRR42 carrying the entire protein coding sequence
of rabbit RyR3 (rRyR3) (11) was subcloned into the pCI-neo
vector. In construct s-r2, the cytosolic region of the sRyR (amino
acids 1-4083) was substituted in-frame for the corresponding
rRyR2 sequence (amino acids 1-3935). The cDNA encoding s-r2
was subcloned into pCI-neo vector and pEGFP vector (Clontech).
Cell Culture and cDNA Expression in HEK293 Cells.

HEK293 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum, 30
units/mL penicillin, and 30 μg/mL streptomycin (30). Transfec-
tion of cDNA plasmids was conducted using SuperFect Trans-
fection Reagent according to the manufacturer’s instructions
(Qiagen). The cells were subjected to Western blotting, confocal
imaging, measurement of changes in intracellular Ca2+ concen-
tration ([Ca2+]i) or luminal Ca2+ concentration, and photoaffi-
nity labeling 32-52 h after transfection.
Western Blotting. Forty-eight hours after transfection,

HEK293 cells were solubilized in RIPA buffer (pH 8.0) contain-
ing 0.1% sodium dodecyl sulfate, 0.5% sodiumdeoxycholate, 1%
Nonided P40, 150 mM NaCl, 50 mM Tris-HCl, 1 mM PMSF,
and 10 μg/mL leupeptin and then centrifuged at 17400g for 20
min. The cell lysates were fractionated via 5% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
electrotransferred onto a nitrocellulose membrane (Pall Corp.) or
a polyvinylidene fluoride membrane (Pall Corp.). The blots were
incubated with an anti-EGFP antibody (Clontech) and stained
using the SuperSignal system (Thermo Fisher).
Confocal Imaging. Thirty-two hours after transfection,

HEK293 cells were plated onto poly-L-lysine-coated glass base
dishes (IWAKI). Four to six hours after the cells had been plated
on the coverslips, fluorescence images were acquired with a
confocal laser scanning microscope (Olympus FV500) using the
488 nm line of an argon laser for excitation and a 505 to 525 nm
band-pass filter for emission (EGFP) or the 543 nm line of a
HeNe laser for excitation and a 560 nm long-pass filter for
emission (DsRed monomer). The specimens were viewed at high
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magnification using plan oil objectives (60�, 1.40 numerical
aperture, Olympus).
Measurement of Changes in [Ca2+]i. The fura-2 fluores-

cence was measured in HEPES-buffered saline (HBS) containing
107mMNaCl, 6mMKCl, 1.2mMMgSO4, 2mMCaCl2, 1.2mM
KH2PO4, 11.5mMglucose, and 20mMHEPES (pH 7.4, adjusted
with NaOH) in HEK293 cells. The 340 nm:380 nm ratio images
were converted toCa2+ concentrations by in vivo calibration using
5 μM ionomycin (Calbiochem) (30). All the reagents dissolved in
water or dimethyl sulfoxide (DMSO) were diluted to their final
concentrations in HBS or Ca2+-free HBS containing 107 mM
NaCl, 6 mM KCl, 1.2 mM MgSO4, 0.5 mM EGTA, 1.2 mM
KH2PO4, 11.5mMglucose, and 20mMHEPES (pH 7.4, adjusted
with NaOH) and applied to the cells by perfusion. EC50 values
were determined by using KaleidaGraph (Synergy Software).
Measurement of Changes in the Luminal Ca2+ Concen-

tration. Cells were attached to poly-L-lysine-coated coverslips
and loadedwithMag-fura-2 by incubation inDMEMcontaining
10 μM Mag-fura-2 AM ester and 10% fetal bovine serum,
30 units/mL penicillin, and 30 μg/mL streptomycin at 37 �C.
The Mag-fura-2-loaded cells were then permeabilized by being
incubated in 100 μM β-escin (Sigma) for 2-5 min in an internal
solution containing 19mMNaCl, 125mMKCl, 10mMHEPES,
1.4 mM MgCl2, 0.66 mM CaCl2, and 1 mM EGTA (pH 7.3,
adjusted with KOH) to wash out Mag-fura-2 in the cytoplasm,
which enabled measurement of the Ca2+ concentration within
the organelles (31). The specific β-escin exposure time was
empirically determined in each experiment by monitoring the
loss ofMag-fura-2 fluorescence from cytoplasmand nucleus (32).
The ratio of fluorescence intensities by excitations at 340 and
380 nm of 10-14 cells within a frame was normalized so that
1 and 0 corresponded to the values just before the test application
of flubendiamide and after the depletion of the store following
application of 100 μM flubendiamide, respectively. The initial
20 s period for the normalized time coursewas fittedwith a single-
exponential function, e-rt. The rate constant, r (s-1), thus
estimated was used as an index of the RyR activity.
Photoaffinity Labeling. EGFP-sRyR (WT)-, EGFP-sRyR

(Δ183-290)-, EGFP-sRyR (Δ183-1065)-, EGFP-sRyR
(Δ183-2233)-, EGFP-sRyR (Δ183-4110)-, EGFP-s-r2-, or
rRyR2-expressing HEK293 cells (∼6 � 106) were treated with
flubendiamide-PP (100 or 30 μM) and Pluronic F-127 (0.1%)
(Sigma) in HBS, and photolabeling was conducted by UV light
irradiation (365 nm) at room temperature (22-25 �C) for 1 h.
The cells were collected and washed three times with PBS at
7700g for 10 s at 4 �C and then lysed by a freeze-thaw cycle in
RIPA buffer (pH 8.0) containing 0.1% SDS, 0.5% sodium
deoxycholate, 1% Nonided P40, 150 mM NaCl, 50 mM Tris-
HCl, 0.1 mM PMSF, 0.50 μg/mL leupeptin, 0.50 μg/mL apro-
tinin, 0.60 μg/mL pepstatin A, 0.75 mM benzamizine, 2.0 μM
calpain I inhibitor, and 2.0 μM calpeptin. Flubendiamide-PP-
bound proteins were pulled down from the cell lysates with a
70 μL bed volume of Immobilized NeutrAvidin Protein Plus
(Pierce) at 4 �C for 4-12 h. The beads were washed with RIPA
buffer, and proteins were eluted in SDS sample buffer. The
proteins were analyzed by 5% SDS-PAGE andWestern blotting
with an anti-EGFP antibody or anti-RyR2 antibody (Affinity
BioReagents).
Statistical Analysis. All data are expressed as means ( the

standard error of the mean (SEM). The data were accumulated
under each condition from at least three independent experi-
ments. The P values are the results of Student’s t tests.

RESULTS

cDNA Cloning of the Silkworm Ryanodine Receptor.
The genomic DNA sequence encoding the lepidopterous silk-
worm (Bombyx mori) RyR was identified by a computer search
of homologues of the Drosophila cDNA sequence through the
silkworm genomicDNA shotgun sequence. RT-PCR and cDNA
library screening were used to amplify the entire coding sequence
of the novel sRyR cDNA from silkworm RNA isolated from
muscle. The entire protein of 5084 amino acids was deduced from
the sRyR cDNA sequence. The amino acid phylogram shows
that the invertebrate RyRs are grouped separately from the
vertebrate isoforms (Figure 1A). The sRyR is highly identical

FIGURE 1: Functional expression of the sRyR in HEK293 cells. (A)
Amino acid phylogram of RyRs constructed using ClustalW version
1.83. (B) Western blotting (WB) of recombinant expression of the
EGFP-sRyR inHEK293 cell lysates using an anti-EGFP antibody. (C)
Confocal imaging of the EGFP-sRyR and DsRed monomer ER
recombinantly expressed in a HEK293 cell. The scale bar is 5 μm. (D)
Caffeine-induced [Ca2+]i increases in sRyR(O)-, rRyR2(9)-, or control
vector (�)-transfected HEK293 cells. Average time courses of Ca2+

responses induced by 10mM caffeine (left). Concentration dependence
of maximum [Ca2+]i increases (Δ[Ca

2+]i) induced by caffeine (right)
(n=11-43). (E) Ryanodine-induced [Ca2+]i increases in sRyR (O)- or
rRyR2 (9)-expressing cells or in control vector (�)-transfected cells.
Average time courses of Ca2+ responses (left) and maximum [Ca2+]i
increases (right) induced by 20 μM ryanodine (n= 49-116).
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with the Drosophila RyR (79%) but less identical with rabbit
(Oryctolagus cuniculus) RyRs (45-47%).
Functional Expression and ER Localization of the sRyR

in HEK293 Cells. The sRyR was heterologously expressed in
HEK293 cells for investigation of the direct action of flubendia-
mide, because HEK293 cells should provide a simpler environ-
ment for comparing functional properties and dynamics of Ca2+

release of different isoforms of RyRs expressed under the same
cellular context, in a manner independent of the variable number
of muscle-specific accessory proteins. In fact, HEK293 cells do
not endogenously express the accessory proteins or other phy-
siological modulators of RyRs such as triadin, calsequestrin, and
L-type Ca2+ channels (33-36). Western blotting using the
construct tagged at the N-terminal end with EGFP confirmed
the expression of the sRyR in HEK293 cells (Figure 1B). Con-
focal image analysis of the EGFP-sRyR revealed subcellular
localization comparable with that of the DsRed monomer ER,
which selectively targets the ER (Figure 1C) (37, 38).

To examine the functional expression of sRyR, we conducted
fluorescence imaging of [Ca2+]i using the Ca

2+ indicator fura-2.
Caffeine induced [Ca2+]i increases in HEK293 cells transfected
with rRyR2 (Figure 1D), rRyR1, or rRyR3 (Figure 1 of the
Supporting Information), as previously reported (39, 40). The
rRyR2 response was dose-dependent with an EC50 value of 2.7(
0.1 mM. Caffeine also dose-dependently induced [Ca2+]i in-
creases with an EC50 value of 2.2 ( 0.3 mM in HEK293 cells
transfectedwith the sRyR, indicating functional expression of the
sRyR in HEK293 cells. HEK293 cells transfected with the

control vector also showed [Ca2+]i increases in response to
caffeine only at high concentrations. Expression of endogenous
RyRs has been reported in HEK293 cells (41, 42). RT-PCR
analysis showed endogenous expression of RyR1 and RyR2 in
HEK293 cells (Figure 2 of the Supporting Information), in
accordance with a previous report (41). Endogenous RyRs
may be involved in [Ca2+]i increases induced by high concentra-
tions of caffeine. Ryanodine (20 μM) also induced [Ca2+]i
increases in HEK293 cells expressing the sRyR or rRyR2
(Figure 1E). In agreement with our observation, it has been
previously reported that the addition of ryanodine caused a slow
release of Ca2+ in HEK293 cells expressing RyR2 (43).
Flubendiamide Selectively Induces Release of Ca2+

through the sRyR. Application of flubendiamide induced
[Ca2+]i increases in a 2 mM Ca2+-containing external solution
in a dose-dependent manner, with an EC50 value of 17( 4 nM in
sRyR-expressing HEK293 cells, but failed to induce [Ca2+]i
increases in rRyR2-, rRyR1-, or rRyR3-expressing HEK293
cells, even at a higher concentration (30 μM) (Figure 2A,B).
The EC50 value is comparable to the previously reportedKd value
(4.7 nM) for binding of flubendiamide to Heliothis microsomal
membranes (25). Flubendiamide also induced [Ca2+]i increases
in a 0.5 mM EGTA-containing Ca2+-free external solution with
a similar EC50 value (∼20 nM) in sRyR-expressing cells
(Figure 2C), indicating that flubendiamide induces release of
Ca2+ via the sRyR from intracellular Ca2+ stores. Ryanodine
alone at 1 μM failed to induce sRyR-mediated [Ca2+]i increases,
while preapplication and subsequent coapplication of 1 μM

FIGURE 2: Flubendiamide selectively induces [Ca2+]i increases in sRyR-expressingHEK293cells. (A) [Ca2+]i increases inducedby flubendiamide
in HEK293 cells transfected with the sRyR (O), but not in HEK293 cells transfected with rRyR2 (9) or the control vector (�) in a 2 mMCa2+-
containing external solution. Average time courses of Ca2+ responses induced by 300 nM flubendiamide (left). Concentration dependence of
maximum flubendiamide-induced [Ca2+]i increases (right) (n = 23-106). (B) [Ca2+]i increases induced by flubendiamide in HEK293 cells
transfected with the sRyR (O), but not in HEK293 cells transfected with rRyR1 (2), rRyR3 ([), or the control vector (�) in a 2 mM Ca2+-
containing external solution. Average time courses of Ca2+ responses (left) and maximum [Ca2+]i increases (right) induced by 30 μM
flubendiamide (n = 11-20). (C) [Ca2+]i increases induced by flubendiamide in HEK293 cells transfected with the sRyR (O), but not in
HEK293 cells transfected with the control vector (�) in a Ca2+-free, 0.5 mMEGTA-containing external solution. Average time courses of Ca2+

responses induced by 300 nM flubendiamide (left). Concentration dependence ofmaximum flubendiamide-induced [Ca2+]i increases (right) (n=
25-82). (D) Cooperative activation of the sRyR by ryanodine and flubendiamide. After 1 μM ryanodine (b) or 0.01%DMSO (O) is applied to
sRyR-transfected HEK293 cells for 4 min, 300 nM flubendiamide is added to the extracellular solution. Average time courses of Ca2+ responses
(left). DMSO is used to dissolve ryanodine. Maximum [Ca2+]i increases induced by ryanodine or DMSO prior to the addition of flubendiamide
(middle). Maximum [Ca2+]i increases induced by flubendiamide with ryanodine or DMSO (right) (n= 31 or 60, respectively).
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ryanodine enhanced flubendiamide-induced [Ca2+]i increases
(Figure 2D). This is consistent with the idea that the sRyR
responsible for the flubendiamide-induced [Ca2+]i increases is, in
fact, ryanodine-sensitive, further suggesting that flubendiamide
and ryanodine cooperatively activate the sRyR.

We examined roles of calmodulin (CaM) and FK506-binding
protein 12 (FKBP12), which modulate RyR channels (44), to
determine the involvement of endogenous CaM and FKBP12
present inHEK293 cells (45, 46).W7, a CaM inhibitor previously
reported to reduce the amplitude of the caffeine-induced Ca2+

release (47, 48), inhibited caffeine- or flubendiamide-induced
[Ca2+]i increases in sRyR-transfected HEK293 cells (Figure 3A,
B of the Supporting Information), suggesting positive regulation
of sRyR by CaM. However, flubendiamide is unlikely to act
primarily through CaM, since RyR2, which is susceptible to
regulation by CaM (49), does not respond to flubendiamide,
when recombinantly expressed inHEK293 cells (Figure 2A). The
FKBP12-binding motif carrying the valine-proline dipeptide
epitope [amino acids 2450-2468 (ALRIRAILRSLVPLDD-
LVG)] identified in RyR1 (50, 51) is conserved in the sRyR
[amino acids 2519-2537 (SLRARAILRSLVPLEDLQG)].
FK506, which dissociates FKBP12 from RyR1 and RyR3
proteins to enhance caffeine-induced Ca2+ release via RyR1
and RyR3 (52-55), enhanced caffeine-induced [Ca2+]i increases
but failed to affect flubendiamide-induced [Ca2+]i increases
(Figure 3C,D of the Supporting Informaton), indicating that
FKBP acts on the sRyR but does not influence the activation of
the sRyR by flubendiamide.

Masaki et al. reported that flubendiamide stimulates the Ca2+

pump activity of sarco/endoplasmic reticulum Ca2+-ATPase
(SERCA) in a muscle membrane preparation from Spodoptera
litura more extensively than the classical RyR modulators rya-
nodine and caffeine (56). Therefore, we tested whether flubendia-
mide also stimulates uptake of Ca2+ by SERCA that suppresses
[Ca2+]i increases. The cells were first exposed to 10 μM cyclo-
piazonic acid (CPA), a reversible inhibitor of SERCA, to deplete
the Ca2+ stores in the absence of external Ca2+ (Figure 4 of the
Supporting Informaton). The increase in [Ca2+]i elicited by the
subsequent addition of Ca2+ and washout of CPA was signifi-
cantly smaller in silkworm SERCA (sSERCA)-expressing
HEK293 cells than in control cells, but flubendiamide failed to
affect this reduction, which is indicative of uptake of Ca2+ by
SERCA. These results suggest that flubendiamide acts on the
sRyR to induce Ca2+ release.

Direct assessment of Ca2+ release via the sRyR bymonitoring
the Ca2+ concentration in the lumen of Ca2+ stores using Mag-
fura-2 (31, 32) revealed that caffeine significantly reduced the
luminal level of Ca2+ in sRyR- or rRyR2-expressing cells
compared with control cells (Figure 3A), and flubendiamide
significantly reduced the luminal level of Ca2+ in sRyR-expres-
sing cells compared with rRyR2-expressing cells or control cells
(Figure 3B) in a dose-dependent manner (Figure 3B,C). The
dose-response curve of flubendiamide obtained in the luminal
Ca2+ monitoring experiment showed an EC50 of ∼400 nM,
which is moderately higher than that obtained by cytoplasmic
Ca2+monitoring. The quantitative differencemay arise from the
use of Mag-fura-2 with a different sensitivity to Ca2+ or a
difference in cellular configuration, whichmay affect the involve-
ment of accessory components, or low concentrations of molec-
ular factors necessary for the activation of the sRyR (see
Discussion for further details). Interestingly, comparison with
the store capacity determined using ionomycin, which fully

depletes internal Ca2+ stores, revealed that release of Ca2+

induced by caffeine or flubendiamide at a concentration capable
of inducing maximal responses (10 mM or 100 nM, respectively)
(Figures 1D and 2A) was only from a fraction of stored Ca2+

(Figure 5 of the Supporting Informaton). This may also con-
tribute to the discrepancy (see Discussion for further details).
Thus, the sRyR channel is very likely to carry an action site for
flubendiamide.
Direct Action of Flubendiamide on the sRyR. Photoaffi-

nity labeling is a powerful tool for identifying target proteins of
biologically active molecules. Multifunctional photoaffinity
probes with a ligand moiety and a biotin tag have been used
for cross-linking studies of ligand-receptor complexes (57-59).
We conducted photoaffinity labeling using a flubendiamide-
based trifunctional photoaffinity probe, flubendiamide-PP,

FIGURE 3: Flubendiamide induces release of Ca2+ through the
sRyR. (A and B) The ER luminal Ca2+ concentration is increased
with activation of the Ca2+ pump in the presence of MgATP and is
decreased upon application of caffeine (A) or flubendiamide (B). The
ratio (R) between intensities of the fluorescence at 340 and 380 nm
excitation is divided by the initial ratio (R0) to yield R/R0. (A)
Average time courses (left) and maximum decreases (right) of R/R0

induced by 10 mM caffeine in HEK293 cells transfected with sRyR
(O), rRyR2 (9), or the control vector (�) (n= 11-34). (B) Average
time courses of R/R0 induced by 1 μM flubendiamide in HEK293
cells transfected with sRyR (O), rRyR2 (9), or the control vector (�)
(left). Concentration dependence of maximum decreases induced by
flubendiamide (right) (n=12-37). (C)Concentrationdependenceof
release of Ca2+ through the sRyR induced by flubendiamide.
Average time courses of normalized R/R0 induced by 10 μM fluben-
diamide (b) or in the absence of flubendiamide (O) in HEK293 cells
transfected with the sRyR (left) (see Experimental Procedures for
normalization of R/R0). Release rates were obtained by fitting the
initial part of the Ca2+ decay signal to a single exponential (right)
(n= 10-14).
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which carries a biotin tag, a photoreactive group for subsequent
covalent labeling, and a flubendiamide moiety, which targets the
RyR (Figure 4A). Importantly, flubendiamide-PP retained the
capacity to activate sRyR-mediated Ca2+ release (Figure 4B). In
cells expressing the EGFP-sRyR (575 kDa) after photoirradia-
tion in the presence of flubendiamide-PP,Western blotting using
anti-EGFP antibodies revealed a band with a molecular mass
greater than that of the 240 kDamarker, which corresponds well
with the band in whole cell lysates from EGFP-sRyR-expressing
cells (Figure 4C,D). The incorporation of flubendiamide-PP into

this protein bandwas abolished by preincubation and subsequent
co-incubation with flubendiamide in photoirradiation. Thus,
flubendiamide is most likely incorporated directly into the sRyR.
The Transmembrane Domain of the sRyR Is Essential

for Flubendiamide Binding. As indicated in Figure 5A, the
well-known RyR domains, such as RyR, Spla and RyR
(SPRY) (60), RyR and inositol 1,4,5-trisphosphate receptor
(IP3R) homology (RIH), RIH-associated (RIH assoc), and
protein mannosyltransferase, IP3R, and RyR (MIR) (61, 62)
are conserved in the sRyR. To identify regions in the sRyR that
are essential for flubendiamide binding, we constructed four
EGFP-fused deletion mutants of the sRyR, EGFP-sRyR
(Δ183-290), EGFP-sRyR (Δ183-1065), EGFP-sRyR
(Δ183-2233), and EGFP-sRyR (Δ183-4110). Δ183-4110 is a
homologue of the RyR1 mutant, which lacks the amino acid
residues from position 183 to 4006 but forms a functional Ca2+

release channel in the lipid bilayer membrane (3). sRyR mutants
Δ183-290, Δ183-1065, and Δ183-2233 have deletions in
the regions that correspond to the first 305, 1072, and 2150
N-terminal amino acids, respectively, of mouse RyR2, following
the first 182 N-terminal residues of the sRyR. Mutants
Δ183-290, Δ183-2233, and Δ183-4110 were present in the
ER, like EGFP-sRyR (WT) in HEK293 cells, whereas mutant
Δ183-1065 not only was present in ER but also exhibited
cytoplasmic localization (Figure 6 of the Supporting In-
formation). Western blotting revealed that the deletion mutants
were expressed at levels comparable to that of WT (Figure 5B,
left, bottom panel). For mutant Δ183-1065, we observed a
pronounced high-molecularmass protein band, corresponding to
the calculated molecular mass, and a lower-molecular mass band
(Figure 5B, left, arrowhead), which may represent a degradation
product of Δ183-1065. All of the deletion mutant proteins were
photoaffinity-labeled by incubation with flubendiamide-PP
(Figure 5B, left, top panel). In Δ183-1065, the lower-molecular
mass band was found after photoirradiation in the absence
of flubendiamide-PP, which is most likely due to nonspecific
binding of avidin. Importantly, the incorporation of flubendia-
mide-PP into Δ183-4110 was abolished by preincubation and
subsequent co-incubation with flubendiamide in photoirradia-
tion (Figure 5B, right). These results suggest that the direct
binding site for flubendiamide is formed by the transmembrane
domain and/or the first 182-amino acid N-terminal sequence in
the sRyR.

To confirm the indispensability of the transmembrane se-
quence of sRyR for flubendiamide binding, the sRyR mutant,
s-r2, carrying a replacement of the transmembrane domain
(amino acids 4084-5084) with its counterpart sequence from
rRyR2 (amino acids 3936-4968) was constructed (Figure 5A).
s-r2 and rRyR2 failed to exhibit photoaffinity labeling with
flubendiamide-PP in contrast to sRyR (WT) (Figure 5C). These
results suggest that the transmembrane domain is necessary but
the first 182-amino acid N-terminal sequence alone is not
sufficient for the formation of the flubendiamide binding site in
the sRyR.
The Cytoplasmic Region (amino acids 183-290) Is

Required for the Intact Sensitivity of sRyR to Flubendia-
mide. The functional effects of these mutations on the fluben-
diamide sensitivity of the sRyR channel were assessed by
measuring theCa2+ responses inHEK293 cells. It was previously
reported that the first 305 N-terminal amino acids are not
essential for caffeine-induced activation of RyR2, but deletion
of the first 1072 or 2150 N-terminal amino acids abolishes

FIGURE 4: Photoaffinity labeling of the sRyR with flubendiamide-
PP. (A) Chemical structures of flubendiamide (left) and flubendia-
mide-PP (right). (B) [Ca2+]i increases induced by 100 μM flubendia-
mide-PP in HEK293 cells transfected with sRyR (b), but not in
HEK293 cells transfected with the control vector (�). For flubendia-
mide-PP being loaded into cells, 0.1% Pluronic F127 that can
permeabilize cells is added. F127 alone fails to induce [Ca2+]i
increases in HEK293 cells transfected with the sRyR (O). Average
time courses ofCa2+ responses (left) andmaximum [Ca2+]i increases
(right) induced by flubendiamide-PP (n = 29-49). (C) Schematic
representation of the photoaffinity labeling method using flubendia-
mide-PP. The photoreaction forms a covalent bond between the
ligand and target proteins, and biotin allows collections of
labeled proteins using biotin-avidin binding. (D) Flubendiamide-
PP directly binds the sRyR. After photochemical cross-linking with
100 μM flubendiamide-PP, EGFP-sRyR proteins are detected with
an anti-EGFP antibody by WB in avidin pulled-down samples. The
photochemical flubendiamide-PP cross-linking of the sRyR is inhib-
ited by a 10 min preincubation and subsequent co-incubation with
flubendiamide (30 or 300 μM).
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caffeine-induced activation of RyR2 in HEK293 cells (51). In
fact, Δ183-1065, Δ183-2233, and Δ183-4110 significantly
reduced the level of caffeine- and flubendiamide-induced Ca2+

release in HEK293 cells (Figure 6 A,B), suggesting that these
deletions impair channel function. Interestingly, Δ183-290
showed [Ca2+]i responses to caffeine (10 mM) but not to
flubendiamide (30 μM) (Figure 6A,B). This result suggests the

N-terminal sequence of residues 183-290 is a structural require-
ment for flubendiamide-induced activation in the sRyR.
The Transmembrane Domain Is Required for Intact

Sensitivity of the sRyR to Flubendiamide. s-r2 showed
significant Ca2+ release in response to caffeine comparable to
that observed for the sRyR (Figure 6C), whereas it showed very
little Ca2+ release in response to flubendiamide at 100 μM only

FIGURE 5: Transmembrane domain of sRyR that is sufficient for flubendiamide binding. (A)WT, deletionmutants of the sRyR, rRyR2, and s-r2
are depictedwith deleted residues at the left. Domains homologous toRyR, SPRY,RIH,RIHassoc,MIR, and transmembrane region 4-6 of the
RyR1 family (TM4-6) are indicated at the top for the sRyR. (B) Flubendiamide-PP is directly incorporated into the transmembrane domain of
the sRyR. In the left panel, EGFP-sRyR (WT)-, EGFP-sRyR (Δ183-290)-, EGFP-sRyR (Δ183-1065)-, EGFP-sRyR (Δ183-2233)-, orEGFP-
sRyR (Δ183-4110)-expressing HEK293 cells were treated with flubendiamide-PP. After being photochemically cross-linked with 30 μM
flubendiamide-PP, EGFP-sRyR proteins were detected with an anti-EGFP antibody by WB in avidin pulled-down samples and lysates. In the
right panel, the photochemical cross-linking with 30 μM flubendiamide-PP of EGFP-sRyR (Δ183-4110) is inhibited by a 10 min preincubation
and subsequent co-incubation with flubendiamide (30 μM). (C) Photoaffinity labeling fails to incorporate flubendiamide-PP, which efficiently
labels the sRyR, in s-r2 as well as rRyR2. After being photochemically cross-linked, EGFP-sRyR (WT), EGFP-s-r2, or rRyR2 proteins were
subjected to WB with an anti-EGFP antibody or anti-RyR2 antibody in avidin pulled-down samples.
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(Figure 6D), suggesting that the Ca2+ release channel activity is
intact but its sensitivity to flubendiamide is disrupted in s-r2. We
tested DP-23 (28) (see the chemical structure in Figure 7 of the
Supporting Information), whose structural analogue chlorantra-
niliprole is known to exhibit∼300-fold greater selectivity toward
the insect RyR, relative to the mammalian RyR (27). The DP-23-
induced Ca2+ release activity of the sRyR was significantly
higher than that of s-r2 and rRyR2 (Figure 6E), indicating that
the second class of benzenedicarboxamide agonists, anthranilic
diamides, also requires the transmembrane domain of the sRyR
for intact activation. Interestingly, in contrast to flubendiamide,
DP-23 induced significantly greater Ca2+ responses at concen-
trations of 0.01-30 μM in s-r2-expressing cells in comparison
with those in rRyR2-expressing cells. This suggests that the
transmembrane amino acid residues specific for the sRyR are
more critical for flubendiamide sensitivity thanDP-23 sensitivity,
leading to the idea that the relative importance of the sRyR
transmembrane domain is increased due to the selectivity of
activators for the sRyR.

DISCUSSION

This study has demonstrated the structural basis for the
sensitivity of sRyR channel activation to flubendiamide, a

benzenedicarboxamide derivative. Flubendiamide is incorpo-
rated into the transmembrane domain (amino acids
4111-5084) of the sRyR (Figure 5B,C). s-r2, the sRyR construct
comprised of the cytoplasmic foot domain (amino acids 1-4083)
attached to the rRyR2 transmembrane domain (amino acids
3936-4968), fails to incorporate flubendiamide-PP and does not
respond to flubendiamide, although it retains nearly intact
sensitivity to caffeine (Figures 5C and 6C,D). Mutant
Δ183-290, which lacks the N-terminal sequence (amino acids
183-290), has a binding site for flubendiamide-PP but does not
respond to flubendiamide despite retaining sensitivity to caffeine
(Figures 5B and 6A,B). Therefore, the sRyR also requires the
N-terminus for flubendiamide sensitivity.

Flubendiamide induced [Ca2+]i increases in the presence or
absence of extracellular Ca2+ in sRyR-expressing cells
(Figure 2A,C) but failed to induce [Ca2+]i increases in rRyR1-,
rRyR2-, or rRyR3-expressing cells (Figure 2A,B), which is
consistent with the previously reported selective insecticidal
activity of flubendiamide against lepidopterous pests (24). The
dose-response curve of flubendiamide obtained in the luminal
Ca2+ monitoring experiment is not completely consistent with
that of [Ca2+]i monitoring (Figures 2A and 3B). The difference
between the two monitoring systems may arise from the loss of

FIGURE 6: Sensitivity of the sRyR to flubendiamide that is abolished by the deletion of cytoplasmic sequence (residues 183-290) or the
replacement of the transmembrane region with the counterpart of rRyR2. (A) Caffeine-induced [Ca2+]i increases in HEK293 cells expressing
deletion mutants of the EGFP-sRyR. Average time courses of Ca2+ responses (left) and maximum [Ca2+]i increases (right) induced by 10 mM
caffeine (n = 54-84). (B) Flubendiamide fails to induce responses of deletion mutants of the EGFP-sRyR. Average time courses of Ca2+

responses (left) andmaximum [Ca2+]i increases (right) inducedby30μMflubendiamide (n=11-36). (C)Caffeine induces nearly intact responses
of s-r2 inHEK293 cells.Representative time courses ofCa2+ responses induced by 30mMcaffeine (left). Concentrationdependence ofmaximum
[Ca2+]i increases induced by caffeine (n = 16-35) (right). (D) Flubendiamide response impaired in s-r2. Representative time courses of Ca2+

responses induced by 10 μM flubendiamide (left). Concentration dependence of maximum [Ca2+]i increases induced by flubendiamide (n =
12-48) (right). (E) s-r2 shows a partially suppressed response toDP-23. Representative time courses of Ca2+ responses induced by 10 μMDP-23
(left). Concentration dependence of maximum [Ca2+]i increases induced by DP-23 (right).
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key effectors important for the activation of the sRyR by the
permeabilization procedure in luminal Ca2+ monitoring. In fact,
RyR channels are complex structuresmodulated by regulatory or
associated proteins such as CaM and FKBP (44). The inhibition
of endogenous CaM by W7 (47, 48) suppressed caffeine- or
flubendiamide-induced [Ca2+]i increases in sRyR-transfected
HEK293 cells (Figure 3A,B of the Supporting Information),
suggesting that CaM positively regulates the sRyR. FK506
enhanced caffeine-induced [Ca2+]i increases but failed to affect
flubendiamide-induced [Ca2+]i increases (Figure 3C,D of the
Supporting Information), indicating that FKBP does not influ-
ence the activation of the sRyR by flubendiamide. These results
support the idea that the discrepancy may arise from the loss of
CaM from cytoplasm in luminal Ca2+ monitoring. With regard
to roles played by muscle-specific accessory proteins, it may be
interesting to compare the function of the expressed sRyR in
dyspedic myotubes (14, 63-65), which express full sets of these
proteins, with that in HEK293 cells. It is also possible that the
discrepancy may arise from the difference in Ca2+ sensitivity of
Mag-fura-2 and fura-2. The Kd values of Mag-fura-2 and fura-2
for Ca2+ binding are 53 and 0.22 μM, respectively (66, 67),
suggesting that upon limited release of Ca2+ by flubendiamide at
low concentrations, the submicromolar decrease in the luminal
Ca2+ concentration cannot be detected using Mag-fura-2,
whereas the submicromolar increases in [Ca2+]i are detected
using fura-2. Interestingly, our experiment comparing Ca2+

release with the store capacity (Figure 5 of the Supporting
Information) reveals that only a fraction of the Mag-fura-2-
containing subcellular area is responsive to flubendiamide,
suggesting that Mag-fura-2 can be present also in internal
Ca2+ stores or organelles resistant to β-escin permeabilization
and insensitive to flubendiamide. This raises an additional basis
for the idea that we cannot detect small decreases in Ca2+

concentration elicited by low concentrations of flubendiamide
in Ca2+ stores, for the case in which flubendiamide induces
changes in Ca2+ concentrations around the saturated levels of
the dynamic range of the Mag-fura-2 sensor.

The photoaffinity labeling compound flubendiamide-PP was
incorporated into the WT sRyR and deletion mutant
Δ183-4110, but not into rRyR2 or s-r2 (Figure 5B,C). s-r2
exhibited nearly intact responses to caffeine but only marginal
responses to flubendiamide (Figure 6C,D), suggesting that bind-
ing to the transmembrane domain (amino acids 4111-5084) is
critical for the intact response to flubendiamide in the sRyR. This
is supported by the finding that s-r2 exhibited a sensitivity toDP-
23 that was significantly lower than that of the sRyR (Figure 6E).
Furthermore, N-terminal deletion mutant Δ183-290 exhibited
responses to caffeine but not to flubendiamide, although it carries
the binding site for flubendiamide (Figures 5B and 6A,B),
indicating that amino acid residues 183-290 are essential for
flubendiamide sensitivity in the sRyR. The N-terminal sequence
of residues 183-290 is similar in primary structure to part of
the IP3/ryanodine receptor domain (amino acids 12-201 in the
sRyR), which corresponds to the ligand binding region of the
IP3R (68), and also overlaps with the MIR domain (amino acids
212-393 in the sRyR), which may have a ligand transferase
function (61, 62). Collectively, these findings indicate that the
N-terminal sequence plays an important role in sRyR activation
in response to flubendiamide binding. Interestingly, it has been
previously reported that the RyR1 construct RyR-C, which lacks
amino acids 183-4006, forms a cation-selective channel that
shares some of the channel properties of WT RyR1, including

activation by cytoplasmic Ca2+ and regulation by ryanodine (3).
However, unlikeWTRyR1, which exhibits a linear current-vol-
tage relationship and is inactivated at millimolar concentrations
of Ca2+, the channels formed byRyR-C display aberrant inward
rectification and fail to close at high cytoplasmic Ca2+ concen-
trations (3). These results suggest that the C-terminal region of
RyR1 contains structures sufficient to form a functional Ca2+

release channel, but the N-terminal region of RyR1 also affects
ion conduction and calcium-dependent regulation of the Ca2+

release channel (3).
In malignant hyperthermia (MH)-susceptible patients, three

mutation clusters have been identified in the RyR1 gene: the N-
terminal region (amino acids 35-614), the central region (amino
acids 2129-2458), and the C-terminal region (amino acids
3916-4942). Central core disease (CCD) has been linked to
mutations in the RyR1 gene in the same regions of the RyR1
proteins asMH (69). Furthermore,missensemutations in cardiac
RyR2 have been linked with catecholaminergic polymorphic
ventricular tachycardia and a form of arrhythmogenic right
ventricular dysplasia (70). Analogous to the MH/CCD muta-
tions inRyR1, theRyR2mutations cluster in three regions: in the
N-terminus (amino acids 176-420), the central region (amino
acids 2246-2504), and the C-terminal region (amino acids
3778-4950) which carries the transmembrane pore region (70,
71). These genetic findings also support the importance of the
N-terminal region and the C-terminal transmembrane domain
for the normal function of RyRs. Intriguingly, in the sRyR,
counterparts of the N-terminal and C-terminal regions of RyR1
and RyR2 overlap with the regions critical for flubendiamide
sensitivity. Therefore, flubendiamide may exert agonistic effects
on the sRyR through the N-terminal and C-terminal regions that
are critical for the physiological function of the sRyR, by contrast
with caffeine, which does not require the N-terminal region to
activate the sRyR.

RyRs require an interaction between the cytoplasmic domain
and the transmembrane domain to conduct Ca2+ (4, 72).
Activation of the RyR channel is associated with conformational
reorganization of the cytoplasmic N-terminal structure and
rotation of the C-terminal transmembrane assembly (6, 73, 74).
George et al. proposed that amino acid residues 3722-4610 of
the human RyR2 C-terminus (corresponding to amino acids
3870-4733 of sRyR) constitute an interacting domain that is
involved in Ca2+ channel regulation, and that this interacting
domain mediates the intramolecular but not intermolecular
protein-protein interactions of RyR2 subunits in the intact
tetramer (4). Our data strongly suggest that flubendiamide is
incorporated into the transmembrane sequence of the sRyR
(amino acids 4111-5084), which may contain the interacting
domain. Callaway et al. proposed that ryanodine binds with high
affinity to the proposed pore region in the C-terminal transmem-
brane domain of RyR1 (amino acids 4475-5037, corresponding
to amino acids 4575-5084 of sRyR) (22). Furthermore, Ebbin-
ghaus-Kintscher et al. reported that ryanodine does not interfere
with flubendiamide binding (25). Taken together, these reports
suggest that flubendiamide interacts with a binding site that is
distinct from the ryanodine binding site localized in the pore of
the RyR and acts cooperatively with ryanodine to activate the
sRyR. Flubendiamide may regulate the conformational coupling
between the cytoplasmic domain and the transmembrane domain
by binding to the interacting domain. It is of interest to compare
the effect of benzenedicarboxamide compounds on the sRyR
with that of imperatoxin A, which activates mammalian RyRs at
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nanomolar concentrations (75-77). To clarify the mechanisms
by which flubendiamide binding promotes channel activation, a
more detailed determination of the binding site and structural
analysis using single-particle analysis with cryo-electron micro-
scopy are needed.

SUPPORTING INFORMATION AVAILABLE

Supplemental experimental procedures, supplemental refer-
ences, synthetic schemes of flubendiamide-PP and Figures 1-7.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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