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Amino acid residues involved in the interaction with the intrinsic 
agonist (R)-octopamine in the f3 -adrenergic-like octopamine 

receptor from the silkworm Bombyx mori 
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t Depar!mel1l «(Life Science and Bio!ecilllo(og.L Facul!y olLife and Environmental Science. 

Shimane Universit); Matsue. Shimane 690- 8504, Japan 
'j" ;' Graduate School olScience and Technology. Kumamoto University, 

Kumamoto 860- 8555. Japan 

(Received June 19,2011 ; Accepted July 22,20 II) 

Octopamine (OA) is a biogenic amine that controls a variety of important physiological processes and behaviors 

of invertebrates. To identify the amino acid residues interacting with (R)-OA in a ,8-adrenergic-Iike OA receptor 

from the silkworm BOlllbyx mari (BmOAR2), the wild-type receptor and seven mutant receptors with an amino 

acid substitution at a potential orthosteric site were expressed in HEK-293 cells and examined for their ability to 

elevate intracellular cAMP levels ([cAMP];) in response to (R)-OA. The S206A mutant receptor retained the abil

ity to increase [cAMP]; after (R)-OA treatment. In contrast, the other six mutant receptors (0 I I SA, S202A, 

Y300F, Y300N, Y300L, and Y300A) lacked the ability to elevate [cAMP];. These results indicate that Asp 115, 
Ser202, and Tyr300 participate in (R)-OA binding and the activation of BmOAR2. I-Iomology modeling studies 

suggest that Ser202 and Tyr300 interact with the phenolic 01-1 group of (R)-OA , whereas Asp 115 interacts with 

the ,8-01-1 group and the NH2 group of (R)-OA. © Pesticide Science Society of Japan 

Keywords: cAMP, G protein-coupled receptor, octopal11ine, orthosteric site, site-directed mutagenesis, site of 

action of insecticides. 

Introduction 

Octopamine (OA; Fig. I) is synthesized from the amino acid 

tyrosine and is one of the major biogenic amines present in 

invertebrates. l 
3) OA is responsible for hormone release, neu

romuscular transmission, fat and carbohydrate metabolism, 

and other important physiological processes and behaviors 3
.4) 

The role of the phenolamine OA in invertebrates is analogous 

to that of the catecholamine adrenaline (Fig. I) or noradrena

line in vertebrates in some aspects. The actions of OA are me

diated by interactions with seven-transmembrane G protein

coupled receptors (GPCRs), which induce the production or 

release of intracellular second messengers such as cAMP and 

Ca2+ via the activation of discrete G proteins and linked effec

tors. 5
) A new classi.flcation system for Drosop!Jjfa OA recep

tors (OARs) was proposed on the basis of their similarities in 

structural and signaling properties to vertebrate adrenoceptors 

(ARs)6) Using this classification system, OARs fall into three 

classes as follows: (I) a:-adrenergic-like OARs, which elevate 

intracellular Ca2~ and eAMP concentrations in response to 

OA; (2) ,8-adrenergic-like OARs, which are selectively cou

pled to intracellular cAMP accumulation after activation; and 

(3) OA/tyramine (TA) (or tyraminergic) receptors, which are 

activated by TA and OA to reduce cAMP levels and to gener

ate Ca2+ signals. Because OARs are prevalent in invertebrates, 
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Fig. 1. Structures of (R)-OA, adrenaline. the OAR-targeted insecti
cide chlordimeform, and the BmOAR2 antagonist chlorpromazine. 



474 X. Chen et at. jourl/al of Pesticide Science 

Table 1. Substituted amino acids of BmOAR2 and sequences of oligonucleotides used for site-directed mutagenesis 

Amino acid of 

WP) 

Aspl15 

Ser202 

Ser206 

Tyr300 

Tyr300 

Tyr300 

Tyr300 

Substituted 

amino acid 

Ala 

Ala 

Ala 

Phe 

Asn 

Leu 

Ala 

TMb) 
Forward primer sequence 

(5't03')') 

3 CGATCTTTGGAACTCATCAGCCGTCTACTTTAC 

5 CCATACGCAGTGATCGCAAGTTCTATATCATTC 

5 GTTCTATAGCATTCTGGATACCCTGTACG 

6 CATTTTTTCTGTTTTTCGTCTCGACTTCTTTG 

6 CATTTTTTCTGTTTAACGTCTCGACTTCTTTG 

6 CATTTTTTCTGTTTTTAGTCTCGACTTCTTTG 

6 CATTTTTTCTGTTTGCCGTCTCGACTTCTTTG 

a) WT, wild type. b) TM, transmembrane segment. c) Codons for substituted amino acids are underlined. 

insect OARs were exploited as a rational target for insecti
cides such as chlordimeform (Fig. 1), which is converted to a 
potent OAR agonist after N-demethylation.7

) 

Recently, we cloned a cDNA (DDB] accession No. 
AB470228) encoding a ,8-adrenergic-like OAR (BmOAR2) 
from the nerve tissues of silkworm (Bombyx mori) larvae8 ) 

We generated a human embryonic kidney (HEK)-293 cell line 
that stably expressed BmOAR2. Upon activation with OA, 
BmOAR2 elicited a concentration-dependent increase in in
tracellular cAMP levels ([cAMPl), but not Ca2+ levels. Chlor
promazine (Fig. 1) significantly attenuated the OA-induced 
increase in [cAMP1. By extrapolating the results of previous 
studies concerning vertebrate biogenic amine GPCRs, we 
postulated that the binding site for the agonist and the com
petitive antagonists, i.e., the orthosteric site, in insect GPCRs 
was located in a crevice between transmembrane segments 
(TMs). In the present study, we identified several important 
amino acid residues that were involved in the binding of the 
intrinsic agonist (R)-OA and the subsequent activation of 
BmOAR2. In addition, we provided an OA-binding site model 
that was derived from the recently elucidated active-state 
crystal structure of the human ,82-adrenoceptor (,82AR). 

Materials and Methods 

1. Site-directed mutagenesis ofBmOAR2 

The BmOAR2 open reading frame (ORF) was amplified using 
the polymerase chain reaction (PCR) with KOD-Plus-poly
merase (Toyobo), a forward primer with a Kpni site, 
BmOAR2-F2 (5'-TTGGTACCACCATGGATCGAG-3'), and 
a reverse primer with a XhoI site, BmOAR2-R5 (5' -AACTC
GAGTACTCAAAGCGAC-3'). The double-stranded PCR 
product was attached with A at the 3' -ends and then sub
cloned into the TA cloning vector pTA2 (Toyobo) to generate 
the pTA-BmOAR2 plasmid. Point mutations were introduced 
into the BmOAR2 gene by PCR using a QuikChange site-di
rected mutagenesis kit (Stratagene) and pTA-BmOAR2 as a 
template. Oligonucleotide primers were designed according to 
the instructions of the mutagenesis kit. The forward primers 

are listed in Table 1. Each mutation was verified by DNA se
quencing using an AB) PRISM@ 3100 genetic analyzer (Ap
plied Biosystems). The Kpn IlXhoI-digested fragment from the 
pTA-mutanCBmOAR2 plasmid was subcloned into the corre
sponding site of the pcDNA3-FLAG vector to produce 
pcDNA3-FLAG/mutanCBmOAR2. The pcDNA3-FLAG vec
tor was constructed to add a FLAG tag (DYKDDDDK) to the 
N-terminus of BmOAR2 by introducing a Kozak sequence9

) 

and a FLAG tag sequence into the HindIII IKpnI site of the 
mammalian expression vector pcDNA3 (Invitrogen).8) Each 

pcDNA3-FLAG/mutanCBmOAR2 construct was verified by 
DNA sequencing. 

2. Stable transfection of'wild-type and mutant BmOAR2 

cDNAs into HEK-293 cells 

HEK-293 cells were grown at 37°C and 5% CO2 in Dul
becco's modified Eagle'S medium (D-MEM) (Invitrogen) 
supplemented with 10% fetal bovine serum (FBS) (Invitro
gen). Cells (2 X 105 cells) were plated on 35 mm-diameter 
dishes one day before transfection. The plated cells were 
transfected with pcDNA3-FLAG/wild-type_BmOAR2 or 
mutanCBmOAR2 (2 fl·g each) with Lipofectamine™ (4 flL; 2 

mg/mL; Invitrogen) in Opti-MEM J': I reduced serum medium 
(1 mL; Invitrogen). After incubation for 5 hr at 37°C, the 
medium was replaced with medium containing FBS. After 
one day, the cells, which were reseeded at low density, were 
cultured in the presence of the antibiotic G418 (Sigma
Aldrich) at 1.0 mg/mL for 2- 3 weeks. G418-resistant colonies 
were trypsinized in cloning cylinders and transferred to 24-
well plastic plates for cell expansion. These individual clonal 
cell lines were analyzed for stable expression and localization 
of the receptor using RT-PCR, immunofluorescence analysis, 
and radioligand binding assays. 

3. Immunofluorescence imaging of clonal HEK-293 cells 

transfected vt'ith ,;vild-type and mutant BmOAR2 cDNAs 

Individual clonal cells, which were grown on round coverslips 
(Warner Instruments' 12 mm in diameter), were washed twice 
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with phosphate-buffered saline (PBS) and fixed with 4% 

formaldehyde in PBS for 20 min at room temperature. After 

being washed with PBS containing 0.1 % Tween 20 (PBST), 

the cells were blocked with PBST containing 10% FBS for 

30 min. The cells on the coverslips were then incubated with 

I : 1000 anti-FLAG monoclonal antibody (Sigma-Aldrich), di

luted with PBST containing 10% FBS for I hr, washed three 

times with PBST, incubated with I: 1000 Alexa Fluor 488 

goat anti-mouse IgG (Molecular Probes) for 1 hr, and washed 

three times with PBST. The coverslips were mounted with 

mounting medium (H 1200) (Vector Laboratories), and the 

cells were observed under an Olympus BX51 microscope 

equipped with a OP70 digital camera. 

4. fHjChlorpromazine binding to the membranes of 
HEK-293 cells trans./ected with wild-type and mutant 
BmOAR2 cDNAs 

Stably transfected clonal HEK-293 cells were harvested in 

ice-cold 50 mM Tris-HCI containing 120 mM NaCI (pH 7.4) 

and centrifuged at 25,000 g for 20 min. The cell pellets were 

homogenized in the buffer using a glass-Teflon homogenizer 

(20 strokes) and centrifuged at 25,000 y for 20 min. The re

sulting pellets were gently suspended in the buffer using a 

glass-Teflon homogenizer. The protein concentration was de

termined using the method described by Bradford lO
) and 

bovine serum albumin as the standard. A 50-~L aliquot of the 

buffer was added to test tubes for the determination of total 

binding. A 50-pL aliquot of unlabeled chlorpromazine (RBI 

Research Biochemicals; final conc., 10 pM) in the buffer was 

added to different test tubes to measure nonspecific binding. 

The buffer (50 pL) containing [3H]chlorpromazine (Vitrax; 

574GBq/mmol ; final conc. , 10nM) and the buffer (150pL) 

containing cell membranes (40,LJ.g of protein) were added to 
all tubes. After vortexing, the reaction mixtures were incu

bated for 90 min at 25 D C to allow the samples to reach bind

ing equilibrium. Reactions were terminated by rapid filtration 

of the samples under reduced pressure through Whatman 
GF/B filters, which were presoaked in 0.3% polyethylenill1inc, 

using a Brandel M-24 cell harvester. The filters were rapidly 

washed with three 2-mL aliquots of cold buffer, and thc 

bound radioactivity was determined using a Packard Tri-Carb 

2100TR liquid scintillation counter. Specific binding of 

[3H]chlorpromazine to wild-type and lllutant receptors was 

determined by subtracting nonspecific binding from total 
binding. Each experiment was performed in duplicate and re

peated at least three times. 

5. Determination of [cAMP}; in HEK-293 cells trans-
lee ted with wild-type and mutant BmOAR2 cDNAs 

Stably transfected clonal HEK-293 cells (2 X 105 cells) sus

pended in 10% FBS/O-MEM were plated on 35-mm-diall1eter 

dishes. After 17-21 hr, attached cells were washed once with 

Oulbecco's phosphate-buffered saline (O-PBS) (I mL; Invit

rogen) and preincubated in 0-PBS (1.8 mL) containing 
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100,LJ.M 3-isobutyl-I-methylxanthine (IBMX) for 20 min at 

37°C. After preincubation, 200-,LJ.L aliquots of O-PBS con
taining various concentrations of (R)-OA II) were added to the 

dishes, and the cultures were incubated for 20 min at 37°C. 

The reactions were stopped by aspirating the media and 

adding ice-cold acidic ethanol (l MHCl:ethanol = l : 100; 

300 pL). Cells in the ethanol solution were collected and son

icated using a Tomy UO-20 I ultrasonic disruptor (output I, 5 

sec X5). After the sample had been left to stand for 5 min at 

room temperature, debris was removed by centrifugation at 

14,000 fJ for 5 min. The supernatant was evaporated to dryness 
using an Eyela CVE-l00 centrifugal evaporator for I hr at 

45°C. The residue was suspended in 120 pL of 50 mM Tris

HCI buffer (pH 7.4) containing 4 mM EOTA and centrifuged 

at 14,000 g for 5 min. The supernatant was separated into two 
portions to determine the quantity of cAMP in duplicate. The 

cAMP levels were determined on the basis of the competition 

between unlabeled cAMP and a fixed quantity (I pmol1200 

,LJ.L) of eH]cAMP (American Radiolabeled Chemicals; 740 

GBq/mmol) for binding to protein kinase A (Sigma-Aldrich), 
which has high specificity and affinity for cAMP. 12) Radioac

tivity was measured using a Packard Tri-Carb 21 OOTR liquid 

scintillat ion counter. Each experiment was rcpeated at least 

three times. 

6. Homology modeling of BmOAR2 and docking studies 
with (R}-OA 

The homology model of BIl10AR2 was generated using the 

crystal structure of the human f32AR in the active state (POB 

ID 3POG) and MOE 2010.10 software (Chemical Computing 

Group). The alignment of the two protein sequences was de

termined using CLUSTAL W to generate the multiple se

quence alignment of BmOAR2, the human f32AR , and five 

proteins (EMBL-EBl accession No. E2BJQ9, E2AS88, 

EOVX90, Q9VCZ3, and E l1IT6) with high sequence similari

ties to BmOAR2. Geometry optimization was performed 

using the AMBER99 force field. The structure of (R)-OA was 

built using the MOE molecular builder, and the most stable 

conformation was obtained by a conformational search. The 

(R)-OA molecule was initially placed in thc putative binding 

site using the data from site-directed mutagenesis to ensure 

that the NH2 and the phenolic OH groups of (R)-OA were 

close to the potential interac ting amino acid residues 0115 3 32 

and S202542, respectively (superscripts denote the Balles

teros-Weinstein index number of amino acids; i.e., TM num

ber followed by the position number relative to a reference 

conserved amino acid residue I3)). This receptor-ligand com

plex was minimized using the MMFF94x force field and by 

fixing the receptor atoms in place. The OA-interacting atoms 

were then permitted to move while the other receptor atoms 

remained fixed. Finally, the resulting complex was minimized 

by allowing the receptor atoms within the distance of 4 .5 A 
from (R)-OA-interacting atoms to move while the other atoms 

remained fixed to produce the final docking model. 
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Results 

1. Stable expression of wild-type and mutant BmOAR2 in 
HEK-293 cells 

To define the function of BmOAR2, we generated HEK-293 
cell lines stably expressing the wild-type and seven mutant re
ceptors. The sequence information of human ARs and insect 
OA/TA receptors was used to predict potential (R)-OA-inter

acting amino acids in BmOAR2. Four conserved amino acids 
were mutated in the present study (Fig. 2). The pcDNA3-
FLAG plasmids inserted with ORFs encoding the wild-type 
and mutant receptors were transfected into HEK-293 cells. 
Clonal cell lines obtained after culturing in the presence of 
the antibiotic G418 for 2-3-weeks were screened using RT
PCR (data not shown). Immunofluorescence analysis using an 
anti-FLAG antibody was performed to examine the localiza
tion of BmOAR2 in the selected cells. The cell lines trans
fected with the wild-type and mutant BmOAR2 plasmids 
showed intense fluorescence on the surface of the plasma 
membrane (Fig. 3a). Mock (empty vector)-transfected cells 
showed no fluorescence (data not shown). 

2. Determination of BmOAR2 expression levels by f' H] 
chlorpromazine binding experiments 

We next performed [3H]chlorpromazine binding experiments 
to examine the expression levels of the receptors. Chlorpro
mazine is a BmOAR2 antagonist.S

) The specific-to-total bind
ing ratios (mean:±:S.E.) were as follows: wild type, O.SO:±: 
0.06; D IIS 332 A, 0.S4:±:0.02; S202542 A, 0.S4:±:0.02; S206546 A, 
0.43:±:0.02; Y300655 F, 0.42:±:0.06; Y300655N, 0.37:±:0.01; 
Y300655 L, 0.41 :±:0.06; and Y300655 A, 0.36:±:0.03. There was 
no significant difference in the ratio between the wild type 
and each mutant (p>O.OS by unpaired t-test). The ratio of the 

specific binding of eH]chlorpromazine to the membranes of 
mock-transfected HEK-293 cells (0.16:±:0.03) was signifi
cantly lower than that of cell lines transfected with cDNAs for 
the wild-type receptor (Fig. 3b). These findings indicate that 
mutant receptors are expressed in cells at levels that are not 
significantly different from those of the wild-type receptor. 

TM3 
BmOAR1 98 VWLAVOVWMCT 
BmOAR2 llO LWNSSDVYFTS 
DmOct132 228 LWNSLDVYFST 
O:2AAR 108 IYLALDVLFCT 
132AR 108 FWTSIDVLCVT 
BmTAR1 129 MWLTCDIMCCT 

* 
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3. Effects of (R)-OA on [cAMPi; in cell lines expressing 
wild-type or mutant BmOAR2 

To identify OA-interacting amino acid residues of BmOAR2, 
we performed functional analysis of cell lines expressing 
wild-type or mutant receptors by determining the changes in 
[cAMPl. The intrinsic agonist (R)-OA was employed in the 
present study. The R-enantiomer, which accounted for approx
imately 9S% of OA in various insect species, was over 200-
fold more potent than the S-enantiomer in stimulating OA
sensitive adenyl ate cyclase to produce cAMP in homogenates 
of the brain of the American cockroachI4

.
15) In our previous 

cAMP assays, (R)-OA was found to be approximately 100-
fold more potent than (S)-OA in BmOAR28 ) (R)-OA at con
centrations above 0.1 nM elicited a concentration-dependent 

increase in [cAMPl with an EC50 value of approximately 1.0 
nM in the wild-type cell line, and [cAMP]; reached a maxi
mum of approximately 100 pmol/dish at 10 nM (R)-OA (Fig. 

4). (R)-OA-induced cAMP elevations were lowered at concen
trations above I pM. No elevation in [cAMPl in response to 
(R)-OA was observed in mock-transfected HEK-293 cells 
(data not shown). These findings indicate that BmOAR2 acti
vation with (R)-OA is coupled to a significant activation of 
adenyl ate cyclase, probably via Gs protein. In sharp contrast 
to the wild-type receptor, six mutant receptors (D IIS332 A, 
S202542 A, Y300655F, Y300655N, Y300655L, and Y300655 A) 
did not show any significant change in [cAMPl after the ap
plication of (R)-OA (Fig. 4). The S206546 A mutant showed 
lower efficacy and potency than the wild-type receptor. The 
maximum cAMP level was approximately 22 pmol/dish, and 
the EC50 value was approximately II nM using (R)-OA con
centration ranges below 100 nM. 

4. Docking of (R)-OA into the putative binding site of a 
BmOAR2 homology model 

A BmOAR2 homology model was constructed using the recently 

solved crystal structure of the f32AR in an active state as a tem
plate. (R)-OA was docked into the potential binding site of the 
homology model. Ser202542 in TMS and Tyr300655 in TM6 were 
predicted to form a hydrogen bond with the phenolic OH group 

TM5 TM6 
195 VVYSALGSFYI 407 PFFSVYVVRAF 
199 AVISSSISFWI 295 PFFLFYVSTSL 
319 AVISSSISFWI 426 PFFLWYTLSMT 
197 VISSCIGSFFA 389 PFFFTYTLT--
200 AIASSIVSFYV 288 PFFIVNIVHVI 
215 VIFSSSGSFYI 421 PFFVIYLVIPF 

* ** *** 
Fig. 2. Alignment of amino acid residues in TM3, TM5, and TM6 of biogenic amine GPCRs. The residue numbers are indicated on the left of 

each sequence. Identical residues among all six receptors are denoted with asterisks , and the amino acids at the mutation sites are shown in bold. 

BmOARL B. llIori a-adrenergic-like octopamine receptor (ODBl: AB255163); BmOAR2, B. l110ri j'3-adrenergic-like octopamine receptor 

(DOBl: AB470228); OmOctj'32, D. llIelanogaster j'3-adrenergic-like octopamine receptor (GenBank: Al880689); a 2AAR, human azA-adrenocep

tor (EMBL: P08913); j'32AR, human j'32-adrenoceptor (EMBL: P07550); and BmTARI , B. llIori type-I tyramine receptor (ODBJ: AB 162828). 
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of (R)-OA, and Asp 115332 in TM3 might form a hydrogen bond 
with the NH2 group of (R)-OA (Fig. 5). Asp 1153

.
32 may interact 

not only with the NH2 group but also with the ,B-OH group. By 
contrast, Ser2065A6 appeared to be distantly located from any of 

these functional groups of(R)-OA. 

Discussion 

We performed site-directed mutagenesis experiments to iden

tify amino acid residues that participated in (R)-OA-binding 

followed by the activation of BmOAR2. Eight plasmid vectors 

inserted with ORFs encoding the BmOAR2 wild type and 

mutants were constructed and transfected into HEK-293 cells 

for stable expression. Immunofluorescence imaging showed 

the clear expression of the receptors on the plasma membrane 

of HEK-293 cells (Fig. 3a). We further examined receptor ex

pression levels as the magnitudes of ligand binding and sig

naling responses are affected by the expression levels of re

ceptors on the membrane . To determine the receptor expres

sion levels, we first tested CH]yohimbine binding to cell 

membranes, which was successfully used for the same pur

pose in the studies of the Drosophila OA/TA receptor ex

pressed in CHO-K 1 cells and the B. l1lori a-adrenergic-like 

OAR (BmOARI) expressed in HEK-293 cells I6
.
17>; however, 

no specific binding was detected in cell lines expressing 

BmOAR2. In our previous study,S) the effects of six potential 

antagonists on an (R)-OA-induced increase in [cAMP]; in 

BmOAR2-expressing HEK-293 cells were examined to char

acterize the pharmacological properties of this receptor. Of 

the tested antagonists, only chlorpromazine significantly re

duced (R)-OA-induced elevation of [cAMP];; therefore, we 

D115A 

IS206AI S202A 

.~ /Y300F 

'1::::;;;;;;;;~~t:_-oo4I...-_ ...... ~rriiii3iiiiO;;;;OL~la=;;=o ... : ~~~~~ 
20 

o 
-10 -9 -8 -7 -6 -5 

log[(R)-OA (M)] 

Fig. 4. Concentration-response relationships of (R)-OA-stimulated cAMP production in HEK-293 cells stably expressing wild-type and mu

tant BmOAR2. Data are the means:'::S.E. (n=3 or 4). Basal cAMP levels (control) (pmol/dish) were 9.97:'::0.94 for the wild type, O.70±0.19 for 

D lISA. OJ9±0.30 for S202A, 4.63 ± 1.16 for S206A, O.32±0.39 for Y300F, 0.77±O.18 for Y300N, 0.80:'::0.80 for Y300L, and - 0.09:'::0.31 

for Y300A. 
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Fig. 5. Docking of (R)-OA to a potential binding site of BmOAR2 using the homology model. (a) Side view of the (R)-OA/BmOAR2 complex. 

(R)-OA is shown in cyan. (b) Extracellular view of the binding site. (R)-OA is shown in cyan. Asp 115332 , Ser2025.42, S206546, and Tyr3006.55 are 

shown in green, yellow, ye llow, and magenta, respectively. (c) Diagram of the putative interaction of (R)-OA with amino acids in BmOAR2. Dot

ted outline surrounding (R)-OA denotes the proximity contour, which shows the distance to the active site interior, and dotted arrows in green in

dicate a hydrogen bond donor and acceptor. Arene-H interaction is shown as a green dotted line with a phenyliH symbol. Polar, greasy, and ac idic 

am ino acids are highlighted in magenta, green, and magenta with a red circle, respective ly. Shadowed circles indicate receptor contact. 

examined eH]chlorpromazine binding to the membranes of 
cells expressing wild-type BmOAR2, and demonstrated a sig
nificantly higher percentage of specific vs. total binding 
(=50%) compared with that of mock-transfected HEK-293 
cells (= 16%) in the current study. In contrast, there were no 
significant differences in the specific binding percentages be
tween wild-type and mutant BmOAR2 (Fig. 3b), indicating 
that these receptors are expressed at comparable levels. We at
tributed the lack of mutation-mediated effects on the binding 
of [3H]chlorpromazine to possible additional interactions be-

tween the phenothiazine ring of chlorpromazine and a hy
drophobic/aromatic pocket of BmOAR2. Similar interactions 
are observed in the histamine HI receptor. 18

) 

The dissociated carboxyl group of Asp 113332 located in 
TM3 of {3AR is involved in an electrostatic interaction with 
the ammonio group of agonists and antagonists. 19) Site-di

rected mutagenesis studies of the human a 2AAR, the human 
dopamine D2 receptor, the B. l110ri type-I TA receptor 
(BmTARI), and the B. mori a-adrenergic-like OAR 
(BmOARI) have revealed that their corresponding Asp 
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residues play roles similar to that of j3ARn .2o-22) Because the 

Asp residue of 3.32 is also conserved in BmOAR2 (Fig. 2), 

we generated the 0 IIS 3
.
32 A mutant receptor to examine 

whether Asp l1S332 was involved in the interaction with (R)

OA. After the application of (R)-OA in the range from 100 

pM to \O.u M, the 0 IIS 332 A mutant receptor did not show 

significant changes in [cAMPl (Fig. 4). This finding indicates 

that Asp IlS332 is an important residue for both (R)-OA bind

ing and receptor activation. 

In the case of f32AR, both Ser203542 and Ser2045.43 interact 

with the m-OH group of catecholamine agonists , and 
Ser207546 interacts with the p-OH group23-25) Ser1985.42 but 

not Ser202546 of BmOARI is involved in the interaction with 

the p-OH group of (R)-OA. 17
) In BmTAR 1, both Ser218542 

and Ser 2225.46 residues are important for the interaction with 

the p-OH group of TA 22); therefore, we mutated the equivalent 

Ser residues to investigate their interaction with BmOAR2. 

Thc S202542 A mutant of BmOAR2 lacked the ability to in

crease [cAMPl in response to (R)-OA (Fig. 4). In the 

S2065.46 A mutant, however, the ability to respond to (R)-OA 
was retained, although it was diminished in terms of both effi

cacy and potency. The efficacy and potency of (R)-OA in this 

mutant were one-fifth and one-tenth of those of the wild-type 

receptor, respectively. These findings indicate that Ser2065.46 

is not as critical as Ser2025.42, which is essential, and that the 

contribution of Ser2065.46 to (R)-OA-binding is small. 

To explain the activation process of BmOARI, another B. 
mori OAR, we previously hypothesized that two active con

formational states occurred through the movement of critical 

TMs as follows: (I) a semi-active state, which induced the ac

tivation of Gq protein to generate the Ca2
+ signal, and (2) a 

fully active state, which activated Gs and Gq proteins to gener

ate cAMP and Ca2
+ signals, respectively. In this hypothesis, 

the binding of (R)-OA to BmOAR I is initiated by electrostatic 

interaction between the dissociated carboxyl group of 

Asp I 03 332 and the protonated amino group of (R)-OA. In ad

dition to this interaction, a hydrogen bond is formed by the in

teraction between the phenolic OH group of (R)-OA and the 

OH group of Serl985.42 These two interactions result in the 

achievement of the semi-active state of BmOARI 26) This se

quential binding process induces the rapid movement of TM3 

and TMS and is probably similar to that proposed in f32AR.27) 

Following this process, the slow interaction of Asn2936
.
55 

with the f3-0H group of catecholamine agonists results in the 
final slow activation state in the case of f32AR2S.29) In the case 

of BmOAR1, Tyr412655 at the equivalent position is proposed 

to play this role, i. e., to interact with the f3-0H group of (R)
OA26); therefore, we mutated Tyr300655 , which is an equiva

lent amino acid in BmOAR2, to Phe, ASH, Leu, and Ala to ex

amine whether Tyr300655 played a role similar to that of 

Tyr4l2655 of BmOAR \. The Y300655F and Y300655N mu

tants were created to investigate whether the Phe and Asn 

residues, which have the ability to produce 7C-7C interactions 

and hydrogen bonding, respectively, can be substituted for the 
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Tyr300655 residue, which has both abilities. The other two 

mutants were generated as the side chains of the mutated 

amino acids do not have such abilities, but distinct steric and 

hydrophobic properties. Eventually, all of the mutants failed 

to elicit (R)-OA-stimulated cAMP elevation (Fig. 4), indicat

ing that Tyr4l26.55 was irreplaceable for the activation of 

BmOAR2. 

In recent years, significant progress has been made in X-ray 

crystallography to resolve the structures of membrane pro

teins such as GPCRs and channels; however, most of the re

solved structures of GPCRs were in the inactive state. Al

though crystallization of active-state GPCRs has been ham

pcred due to their indigenous flexibility in the absence of a G 

protein, the crystal structure of an agonist-bound, active-state 

f32AR has been recently obtained as a complex with an ago

nist and an antibody fragment that behaves as a functional G

protein surrogate30) Using this structure as a template, we 

created a BmOAR2 homology model (Fig. Sa). In this model, 

Asp IIS 3 31
, together with Thr 119330, interacted with the NH2 

group of (R)-OA , and Ser2025A2 interacted with the phenolic 

p-OH group. Asp 1153.32 also participated in forming a hydro

gen bond with the f3-0H group of (R)-OA, indicating that this 

amino acid recognized the stereochemistry of the f3-position 

of (R)-OA (Fig. Sb). Ser206546 did not directly interact with 

(R)-OA but formed a hydrogen bond with Serl203J 7 located 

near Asp IIS332 The S2065.46 A mutation may weaken the 

TM3/TMS interaction, thereby giving rise to a debased recep

tor. In our initial hypothesis, Tyr3000.55 was postulated to in

teract with the ,B-OH group of (R)-OA; however, the homol

ogy model showed that Tyr300655 was not responsible for in

teracting with the f3-0H group of (R)-OA but, together with 

Ser202542, interacted with the phenolic p-OH group of (R)
OA. It is also notable that the amino acid residues with a hy

drophobic/aromatic side chain in TM3 , TMS, TM6, and TM7 

surrounded the (R)-OA molecule (Fig. Sc). In general, these 

results are similar to those observed in the crystal structures 
of the agonist-bound f31 and f32ARs30.31) 

In conclusion, the current work provided a functional char

acterization of the wild type and mutants of a f3-adrenergic

like OAR. Together with the functional data, the homology 

model of BmOAR2 revealed important amino acid residues 

that interacted with the intrinsic agonist (R)-OA. These find

ings will be helpful in designing novel pest control chemicals. 
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報文

内因性アゴニスト (R)ーオクトパミンとの相互作用に関わる

カイコ由来 βアドレナリン様オクトパミンレセプターのア

ミノ酸残基

|凍 11義， 太LU広人，佐々木健介，尾添寓美代，尾添嘉久

CR)ーオクト バ ミン COA) との相互作別に関わるカイコ山

来 s-アドレナリン様オクトパ ミンレセプターのアミノ駿残

恭を同定するために，オルトステリック部位と予測される

部位に lアミノ酸置換をもっ 7変災体を作製してトlEK-293

1:1本農薬学会誌 36(4)，495-496 (2011) 
DOI: 10.1584なpestics.WII-43

細胞に発現させ，CR)ーOAとの反応により細胞内 cAMPレ

ベルを[二昇させる市性を測定した.そのが;采， S206A変異

体は活性を保持していたが，その他の変具体 CDl15A，

S202A， Y300F， Y300N， Y300L， Y300A) は活性を示さなかっ

た. この結果とホモロジーモデリング/ ドッキングシュミ

レーションの結果から， Ser202とTyr300は CR)ーOAのフェ

ノール性ヒドロキシル2まと利111:作用し， Aspl15はs-ヒドロ

キシル恭及びfWJ鎖アミノ基と相互作月]することが惟祭され

た
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