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Abstract

As the counterparts of the vertebrate adrenergitsmitters, octopamine and tyramine are important
physiological regulators in invertebrates. They tomnand modulate many physiological and
behavioral functions in insects. In this study, m@orted the pharmacological properties of a new
a2-adrenergic-like octopamine receptor (CG18208nfiarosophila melanogaster, named DmOet2R.
This new receptor gene encodes two transcbhiptlternative splicing. The long isoform Dm@2R-L
differs from the short isoform DmQ@R-S by the presence of an additional 29 aminosagithin the
third intracellular loop. When heterologously exgged in mammalian cell lines, both receptors were
activated by octopamine, tyramine, epinephrine antepinephrine, resulting in the inhibition of
CcAMP production in a dose-dependent manner. Thg form is more sensitive to the above ligands
than the short form. The adrenergic agonists nagimez tolazoline and clonidine can stimulate
DmOcti2R as full agonists. Surprisingly, serotonin andosminergic agonists can also activate
DmOcu2R. Several tested adrenergic antagonists andosémoantagonists blocked the action of
octopamine or serotonin on Dm@2R. The data presented here reported an adrerigics
protein-coupled receptor activated by serotoninggesting that the neurotransmission and

neuromodulation in the nervous system could be rooneplex than previously thought.

Keywords

octopamine, tyramine, serotonin, cCAMP, pharmacalagyenergic receptor, GPCR

Abbreviations
OA, Octopamine; TA, Tyramine; 5-HT, serotonin; DBgpamine; GPCR, G protein-coupled receptor;
[cAMP];: intracellular cyclic adenosine monophosphatel|§@a®];: intracellular calcium level; HEK

293 : human embryonic kidney 293; CHO-K1: Chineamster ovary K1.
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Introduction

Neurotransmitters and neuromodulators like epinephfalso called adrenaline), norepinephrine (also
called noradrenaline), dopamine (DA) and serotdbitdT) are important neuroactive molecules to
control and regulate many aspects of behaviorspluydiology in vertebrates. DA and 5-HT are also
importantneuroactive substances in invertebrates. Howeygnephrine and norepinephrine have no
known physiological relevance in protostomes aralrtioles are considered to be fulfilled by their
invertebrate counterparts, octopamine (OA) andntyma (TA) (Roeder, 2005). Norepinephrine,
epinephrine, OA, TA and DA are all derived fromdsine and their chemical structures are similar
(Blenau and Baumann, 2001). 5-HT is derived frogpptophan and structurally quite different from
other monoamine neurotransmitters.

Biogenic amines mainly exert their effects througrprotein-coupled receptors (GPCRs). Based on
the structural and signaling similarities to versgb adrenergic receptors, insect octopamine rersept
are grouped into three classesadrenergic-like receptors (@R, also known as OAMB or OA1l),
B-adrenergic-like receptors (OctBR, also known as2DAnd octopamine/tyramine or tyramine
receptors (Oct-TyrR or TAR1) (Evans and Maqueif)3). Activation of OaiR primarily leads to the
elevation of [C&]; when expressed in cell lines (Balfanz et al., 30@5total of three receptor genes
have been characterized frddnosophila encoding B-type adrenergic-like receptors. Actbrabf this
group of receptors, DmOCtR1R, DmOctR2R and DmOct@BRads to increased intracellular cAMP
levels (Balfanz et al., 2005; Maqueira et al., 20@®th OcttR and Oct3R show high specificity to OA
over other biogenic amines such as TA and DA. TART can be stimulated by both TA and OA to
reduce forskolin-stimulated cAMP levels. Based be pharmacological properties of CG7431 from
Drosophila melanogaster (Cazzamali et al., 2005) and an orthologous recejoton Bombyx mori
(Huang et al., 2009), a new class of tyramine rewep(TAR2) was added to the classification
(Farooqui, 2012). The group of TAR2 is specificallstivated by TA to increase [€h (Huang et al.,
2009) or exclusively causes an increase in [CANIRéim et al., 2017). Bayliss al. revealed that the
receptor encoded by ge$16766 is activated by a number of biogenic amines, idiclg TA, OA
and DA. It is not only coupled to intracellular Ceobilization, but also reduces forskolin-stimulated
cAMP level upon activation (Bayliss et al., 20183ence, CG16766 represents a new group of

tyramine receptors which is designated the tyrar@ineceptors (TAR3).
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Recently, a novel octopamine recept@s@A3) was cloned from the rice stem boré&hilo
suppressalis (Wu et al., 2014). In this study, we isolated tr¢hologous gene ofsOA3 from D.
melanogaster (CG18208), namedDmOcta2R. The DmOcta2R gene gives rise to two transcripts by
alternative splicing @mOcta2R-L and DmOcta2R-S). In stably transfected human embryonic kidney
293 (HEK 293) cells or Chinese hamster ovary K1 QK1) cells, activation of either DmQ@2R-L
or DmOCcti2R-S resulted in inhibition of forskolin-stimulatedMP synthesis. In addition to OA and

TA, 5-HT also activates DmO«2R in a dose dependent manner.

M ethods

Chemicals

(x)-Octopamine hydrochloride (OA), tyramine hydrtmide (TA), dopamine hydrochloride (DA),
epinephrine hydrochloride (E), norepinephrine hgtitoride (NE), serotonin hydrochloride (5-HT),
5-carboxamidotryptamine maleate salt (5-CT), 5-megtryptamine (5-MT), a-methylserotonin

maleate saltom-5-HT), 8-Hydroxy-DPAT hydrobromide (8-OH-DPAT)isliride, yohimbine (YH),

epinastine (EP); chlorpromazine (CH); phentolamifi®); Methiothepin mesylate salt (MT),
Ketanserin (+)-tartrate salt (KS), G418 disulphsda#, forskolin, 3-isobutyl-1-methylxanthine (IBMX)
were all obtained from Sigma-Aldrich (St Louis, MOSA). Tolazoline hydrochloride, clonidine
hydrochloride, naphazoline hydrochloride were pasgid from Selleck Chemicals (Houston, TX,

USA).

I nsects

Flies were reared at 2& and ambient humidity under a 12:12 h light: dalnktoperiod using standard

cornmeal medium.

Cloning of CG18208

Total RNA was isolated from mixed whole bodies oélenand female flies using Trizol reagent
(Invitrogen, Carlsbad, CA, USA). Single-strand cDM#&nthesized from RNA using a ReverTra

Ace-o-kit (Toyobo, Osaka, Japan) was used as a temfdateCRs. Primers were designed based on
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the sequence data €iG18208 published in FlyBase_(http://www.flybase.org). Tfeeward primer

CG18208-compF, located upstream of the putativé ctalon and the reverse primer CG18208-compR,
located downstream of the putative stop codon, wseel to amplify the full-length coding sequence of
the CG18208 cDNA. The PCR program started with matleation step for 30 sec at 48, followed

by 38 repeats of the following cycle: one steptirsec at 98C, one step for 30 sec at 8D, one step

for 1 min at 72°C, and a final extension of 10 min at %2 using Phusioh High-Fidelity DNA
Polymerase (New England BiolLabs, Ipswich, MA, USRELR products were separated to check the
size by electrophoresis on a 1.0% agarose gelptihéed PCR product was cloned into pGEM-T easy
vector (Promega, Madison, WI, USA) and then segeensing a 3730 XL DNA analyzer (Applied

Biosystems, Carlsbad, CA, USA).

Multiple sequence alignment and phylogenetic analysis

The primary structure of the protein was deducedhfthe cDNA sequence and used for phylogenetic
analysis. Sequences used for the alignments wentifiéd by BLAST programs from the NCBI
(http://blast.ncbi.nim.nih.gov/Blast.cgi). Multiplsequence alignments of the complete amino acid
sequences were performed with ClustalW2 (http://velivac.uk/Tools/msa/clustalw2/). The results
were displayed by BioEdit. The transmembrane setgnewere predicted by TMHMM 2.0
(http://www.cbs.dtu.dk/servicess TMHMM-2.0/). The ydbgenetic tree and molecular evolutionary
analyses were performed using MEGA 5.05 softwarth wie neighbor joining method, using the

divergentDrosophila FMRFamide receptor (DmFR) as out-group.

Construction of expression plasmids

An expression plasmid containing the Kozak consersaquence (Kozak, 1987) was constructed by
PCR with specific primers CG18208nd 111 and CG18208¢hol. The PCR product was digested with
Hind I1l and Xhol. The digested DNA fragments were purified usingRPClean-Up Kit (Axygen,
Union City, CA, USA) and then subcloned into hematigin epitope-Tagged (HA-Tagged) pcDNA

3.0 vector (Invitrogen) yielding pcCG18208. Thereaot insertion was confirmed by DNA sequencing.
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Cdll culture, transfection, and creation of stable cell lines

Human Embryonic Kidney 293 (HEK 293) cells and @&si@ hamster ovary K1 (CHO-K1) cells were
obtained from the Cell Bank of Type Culture Coliestof Chinese Academy of Sciences (Shanghai,
China). HEK 293 cells and CHO-K1 cells were grown Dulbecco’s modified Eagle’s medium
(D-MEM) (Gibco BRL, Gaithersburg, MD, USA) and Deltco’'s modified Eagle medium Nutrient
Mixture F-12 (1:1) (DMEM/F-12) (Gibco BRL, Gaithdngrg, MD, USA) respectively. Both cell lines
were supplemented with 10% fetal bovine serum (GBRL) at 37°C and 5% COAfter transfection

of the pcCG18208 plasmid into the cells using Lgoddmine 2000 (Invitrogen), the antibiotic G418
(0.8 mg/mL) was added to the medium to select &lsahat constitutively expressed the receptor.
After 2 weeks of G418 selection, G418-resistanbiigls were trypsinized in cloning cylinders and
transferred to 12-well plastic plates for expansiéour to six individual cell lines were analyzext f
determination of the receptor mRNA expression byPRR and localization of the protein by
immunofluorescence ((Fig. S1). Cells were growr_Labh-TeR" || Chambered Coverglass (Nunc) and
fixed for 20 min in 4% paraformaldehyde. Fixed seallere incubated in phosphate buffer containing 5%
normal goat serum for 2 hours at 28, followed by incubation for overnight with anti-Hi&g mouse
monoclonal antibodies (dilution 1:500, Abcam) at% Samples were rinsed with PBS and incubated
with goat anti-mouse secondary antibodies labeli#h RITC (dilution 1:500, Abcam) for 2 hours at
25 °‘C . After several rinses with PBS, the nucleus waainetl with 1 n g/ml 4’
-6-diamidino-2-phenylindole (DAPI) (Sigma). Imagesre recorded using a Zeiss LSM 800 confocal
microscope (Carl Zeiss SAS, Germany).The clondllicel that most efficiently expressed pcCG18208

was chosen for this study.

cAMP deter mination

cAMP levels were measured as previously descrikgce( al., 2017). Cells were plated into 12-well
tissue culture plates (Nunc, Roskilde, Denmarld density of 1x1Dcells per well and incubated at
37°C with 5% CQ in a humidified incubator. The cells were preinatgd in Dulbecco’s
phosphate-buffered saline (DPBS; Gibco-Invitrogeotaining 100 uM phosphodiesterase inhibitor
IBMX for 20 min at room temperature. After the preibation, a 50 ul aliquot of D-PBS containing

various concentrations of reagents was added. Thare was then incubated for 20 min at room
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temperature. The reaction was stopped by aspirétiegolution and then adding 250 ul ice-cold cell
lysis buffer immediately to lysis the cells. Thdl dgsate was scraped into 1.5 ml Eppendorf tulzes f
collections and stored at —70°C until use. The tBmluwas centrifugated and [cAMP]n the
supernatant was determined using a CAMP ELISARED Systems, Minne-apolis, MN) according to

the manufacturer’s instructions.

Ca® mobilization

Cd" levels were measured as previously described (ledral., 2012). Briefly, DmOa2R-S- or
DmOcu2R-L- expressing HEK 293 cells were seeded on theerslip with Dulbecco’s modified
Eagle’s medium and incubated for overnight at 3% CQ. After incubation, the cells were
subsequently washed twice with a bathing solutis?(mM NacCl, 5.4 mM KCI, 5.5 mM glucose, 1.8
mM CaCl, 0.8 mM MgC}, and 10 mM HEPES, pH 7.4). Then, the cells weaelédl with Fura2-AM
(Dojindo Laboratories, Kumamoto, Japan) using 0@%mophor EL (Sigma—Aldrich) for 30 min. The
coverslip was transferred to a microscopic chamtbat was constantly perfused with a bathing
solution at approximately 2 mL/min. The fluoresoemt 510 nm by excitation at 340 or 380 nm with a
xenon lamp was measured with individual cells using=asy Ratio Pro calcium imaging system (PTI,
Birmingham, NJ, USA). Recordings were taken fromledst 10 cells per field of view. Each

experiment was repeated three times or more.

Tissue distribution of CG18208 expression by qRT-PCR

Male and female adults of mixed age were disseitterd different parts including heads, thoraxes,
abdomens (without wings and legs), wings and l&gtal RNA of the dissected tissues were isolated
with Trizol reagent (Invitrogen) according to maactiurer’s instructions. Residual genomic DNA was
removed by RQ1 RNase-Free DNase (Promega). QuanitRNA was measured by using a Nanodrop
2000 spectrophotomete (Thermo Scientific Inc., BramGermany). RNA (1ug) was reverse
transcribed to cDNA with the Rever Tra Ace qPCR KT (Toyobo, Osaka, Japan). Real-time
guantitative PCR (qPCR) with gene-specific primésipplementary Table S1) were performed to
investigate relative expression in selected tissiés RPL 11 gene was used as a reference gene

(Collin et al., 2013). Relative expression of C&Q8 was normalized to the reference gene using the
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2**¢T method (Livak and Schmittgen, 2001).

Results

Cloning and sequence analysis of DmOcta2R

The amplification of the full length cDNA obmOcta2R (CG18208) resulted in two fragments,
DmOcta2R-S and DmOcta2R-L that originate from alternative splicing of thengeDmOcta2R-S
contains an open reading frame (ORF) of 2, 013dafing for a protein of 670 amino acid residues,
with a calculated molecular weight of 72.1 kDa. TOBRF of DmOcta2R-L consists of 2, 100 bp and
codes for a protein of 699 amino-acid residuedh witalculated molecular weight of 75.3 kDa (Fig. 1
DmOcw2R-L differs from DmOai2R-S by the presence of an additional 29 aminosawithin the
third intracellular loop (Fig. 1). The amino acigigsience of DmOGRR consists of seven hydrophobic
transmembrane domains (TM1-TM7) (Fig. 1B) connedigdintra- and extracellular loops. Some
conserved motifs that are essential for ligand ibipéind signal transduction are found in both theyl
and short isoforms of DMQeZR. The eight consensus motifs for potential N-gbydation (N-x-[S/T])
located in the N-terminus (Fig. 1B) (Swarz and Aélill). Four consensus sites for phosphorylation
by protein kinase C (PKC) ([S/T]-x-[R/K]) are fourwdthin the first and the third intracellular loop
(T1a2 Suas Swon, Taze) (Woodgett et al., 1986). The aspartic acid resigduTM3 (D**) which might
bind to the protonated amino group of the ligandiédl conserved in DmOe@eRR. At the C-terminus of
TM3, the D1-R-Y (D**R**%3%Y) motif is required for G protein coupling (Moro a&t, 1993). Serine
residues $gos2 in TM5 (425§ can improve ligand-binding by forming hydrogennts. The
conserved sequence afzsfX-X-X-W g40-X-Pg4o found in the TM6 of DmOe2R is a common feature
among many non-peptide receptors. The second pdlanifie residue (9 after the motif is a unique
feature of aminergic receptors.

Amino acid sequence comparisons between DaBtand other OA receptors v melanogaster
showed 66% similarity between Dm@2R and DmOAL, 56% between Dm@2R and DmOCctR1R.
Unlike DmOA1, DmOat2R and DmOCctR31R have a long N-terminal and a stewond extracellular
loop between TM4 and TM5 (Fig. 1B). Compared witm@A1 and DmOCctR1R, DmQ«2R have a
shorter C-terminal. A phylogenetic analysis of inebrate biogenic-amine receptors with human

catecholamine receptors revealed that Dm@Rt clustered with its orthologues Am@2R, CsOA3
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and TcOat2R assembled in a distinct clade, which is close¢h® clade of humamn2-adrenergic

receptors and insect TARL (Fig. 2).

Functional characterization of DmOcta2R

Biogenic amines specificity

To investigate the intracellular signalling pathwactivated by the cloned Dm@2R-L/S receptors,
we generated stable HEK 293 cell lines expressitigpreDmOcti2R-L or DmOc#2R-S. The ligand
specificity of the DmOe2R receptor was tested by the application of varibiogenic amines
including octopamine (OA), tyramine (TA), dopamif{®A) and serotonin (5-HT) at a final
concentration of 1@M. The results show that the four biogenic aminad ho significant effects on
cAMP production in both receptor-expressing cefigy( 3A and B). However, except DA, all other
biogenic amines reduced forskolin-stimulated cAMPevels in DmOai2R-S- and
DmOcu2R-L-expressing cells (Fig. 3A and B). Such effeeis not found in non-transfected control
cells (Supplementary Fig. S2). The effects of OA, and 5-HT were concentration-dependent and
saturable, resulting in a sigmoidal dose—responseec(Fig. 3C and D). Half-maximal reduction of
cAMP production (EG) in DmOcti2R-L-expressing cells was achieved at OA conceatrabf
1.18x10" M (log EGy = -9.93+0.061, mean + SEM), TA concentration ¢f8%10° M (log EG =
-8.4620.079), 5-HT concentration of 1.04%1M (log EGy =-5.98+0.017). OA and TA was=8800-
and 300-fold more potent than 5-HT in inhibitionfofskolin-stimulated cAMP level. The Egvalue

of DmOcui2R-S-expressing cells was achieved at OA concémradf 1.38x10 M (log EGy
=-8.86+0.11), TA concentration of 1.08xAM (log EG, =-6.97+0.033), 5-HT concentration of
4.93x10° M (log EG;p =-5.31+0.19). Thus, OA is much more potent anit@dious than TA and 5-HT
to activate DmOet2R.

DA can significantly increase forskolin-induced cRMlevels in both non-transfected and
DmOcu2R-expressing cells (Supplementary Fig. S2), prighdbe to the activation of endogenous
dopamine receptors in HEK 293 cells. Meanwhile, HER3 cells express endogendisdrenergic
receptors (Gerhardt et al., 1997). To test theceié dopamine, norepinephrine and epinephrine on
DmOcti2R, we generated stable CHO-K1 cell lines expressither the long form or the short form

of DmOcu2R. Neither form of DmOeoRR can be activated by DA (Fig. 4A). The effects of
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octopamine, epinephrine and norepinephrine on DBl -expressing CHO-K1 cells were
concentration-dependent and saturable, with,E@lues of 4.8%10"° M (log EG;, = -8.31%0.175),
1.70x10’ (log EG;, =-6.77+0.290) and 2.06xTqlog EG;, =-6.69+0.290) respectively (Fig. 4B) (Table
1). Such effect was not found in non-transfected cometls (Supplementary Fig. S3). The &@alue
of DmOcb2R-S-expressing CHO-K1 cells was achieved at O&entration of 1.45x1®M (log EG;,
=-7.84+0.134). However, both norepinephrine anchgpirine displayed poor agonistic activity at
DmOcu2R-S receptor (Fig. 4C). The results indicate @atis much more potent and efficacious than
epinephrine and norepinephrine to activate Dm@Rt When heterologously expressed in HEK 293
cells or CHO-K1 cells, the long form is more semsito the ligands than the short form.

We also examined the effects of OA, TA, DA andB-on intracellular CH level in DmOct2R-L-
and DmOct2R-S- expressing cells. The results show that none oftéseed amines were able to
generate intracellular Garesponse (supplemental Fig. S4). Application oéremine triphosphate

(ATP) served as a positive control to demonsttade the C&" detection system worked properly.

Action of agonists and antagonists on modulation of intracellular cAMP levels

To characterize the pharmacological profile of DmQ®&, we examined the effects of various
potential agonists on DmQ@R-L-expressing cells. As show in Fig. 5A, the adrgic agonists
naphazoline, tolazoline and clonidine decreased sk@din-stimulated cAMP levels in
DmOcti2R-L-expressing cells. The EBf£values for naphazoline, tolazoline and clonidinerev
4.49x10" M (log EGy =-11.35+0.057), 1.3x18 M (log EG;, =-9.89+0.027) and 7.28x1HM (log
ECso =-10.14+0.067) respectively. Lisuride, a dopamamel a partial agonist for several serotonin
receptors, exhibited high potency on Dm@R-L, with an EG, of 1.05x10"° M (log EGy
=-9.98+0.079). We also tested the serotonin receggionists including 5-methoxytryptamine (5-MT),
a-methylserotonin dm5-HT), 8-Hydroxy-DPAT (8-OH-DPAT), 5-carboxamidgptamine (5-CT) and
AS 19 on DmOai2R-L-expressing cells. The BQvalues for 5-MT,am5-HT and 8-OH-DPAT were
1.29x10° M (log EGy =-5.89+0.038), 9.20x10M (log EGy =-6.04+0.032) and 1.01xTOM (log
ECso =-6.70+0.034) respectively. However, both 5-CT &l 19 displayed poor agonistic activity.
Control experiments indicated that none of the etbstagonists were able to decrease

forskolin-stimulated cAMP levels in non-transfectedd-type HEK 293 cells (data not shown). Our
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data indicated that both adrenergic agonists arudaeergic agonists can stimulate Dm&RR.
Furthermore, the effects of putative antagon@isOA or 5-HT induced attenuation of cAMP
synthesis were assayed. Potential antagonists tested by simultaneously applying OA (300 pM) or
5-HT (1 uM) and a high dose of antagonist (1 or 10 uM) on DmOcti2R-L- expressing cells. The
effects of OA could be strongly blocked by the getmine receptor blocker epinastine (EP). The
typical adrenergic antagonist phentolamine (PAd ahibited OA-induced effects, significantly (Fig.
6A). Thea2-adrenergic antagonist yohimbine (YH), which asows affinity for serotonin receptors,
displayed strong inhibition of OA-induced responsEise broad-spectrum antagonist chlorpromazine
(CH) inhibited OA effects significantly (Fig. 6AHowever, SCH 23390, a dopaminergic antagonists,
displayed no detectable blocking effect on the ptare (data not shown). Methiothepin (MT), a
non-selective antagonists of mammalian 5-HT reaspdod ketanserin (KS), a selective antagonist of
mammalian 5-H7 were able to block the 5-HT effect (Fig. 6B). ha&gtingly, epinastine, phentolamine,
yohimbine and chlorpromazine were all able to amtéme 5-HT induced attenuation of cAMP
synthesis (Fig. 6C). Furthermore, the serotonieptar antagonist methiothepin and ketanserin ithibi
the OA-induced effects, significantly (Fig. 6D).|Aksted antagonists had no significant effect on

[cAMP]; in non-transfected cells (data not shown).

Tissue-specific expression of DmOcta2R

To compare the mRNA expression levels of the twafoisns, DmOcta2R-L and DmOcta2R-S
gquantitative real-time PCR was performed with cDNltained from different body parts of adult
males and females. It should be noBdOcta2R amplified with the primers contained two isoforms,
which coexpressed in a ratio strongly favoring ttveg isoform, DmOcte2R-L (Fig. 7). Male flies
express much higher mRNA levels BmOcta?2R and DmOcta2R-L than femalesDmOcta2R and

DmOcta2R-L are mainly expressed in the heads, thoraxes gsdleadult flies (Fig. 7).

Discussion

In this study, we cloned and functionally charaztt an orphan ger@G18208 from the fruit fly,
Drosophila melanogaster. Structural and pharmacological studies as welplagogenetic analysis

demonstrated that this gene encodesaadrenergic-like octopamine receptor, which we @t
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DmOcu2R. Alternative splicing 0f£CG18208 generated two protein isoforms which share thecglpi
seven transmembrane architecture of GPCRs. Adivati DmOct2R by OA, TA, epinephrine or
norepinephrine led to a substantial decrease skdédin-induced cAMP synthesis. Surprisingly, 5-HT
also attenuated the forskolin-induced productiotAfP in DmOcti2R-expressing cellDA had no
significant effect on DmOGeRR. To date, octopamine receptors have been clanddcharacterized
from several invertebrate species, all of themaatévated by both OA and TA and some of them are
also stimulated by DA (Li et al., 2016; Wu et &014). OA, TA and DA are monoamines synthesized
from the same precursor, the amino acid tyrosineefler, 2005) and their structures are similar.
However, the chemical structure of 5-HT is quitéfedent from other biogenic amines. To our
knowledge, there is no known adrenergic GPCR wiltigh be activated by 5-HT at the range of
physiological concentrations.

DmOcti2R exhibits unique pharmacological properties whigh distinct from the other two
classes of octopamine receptors. For tested symtlgpnists, naphazoline is more potent than
clonidine and tolazoline is the least potent. Seriot receptor agonists also activate DmQ& with
less potency except lisuride, which showed comparattivity with adrenergic agonists. Epinastine is
found to be a highly selective antagonist for ingmtopamine receptors in nervous tissue homogsnate
(Roeder et al., 1998), however, it is not effectiveother cloned octopamine receptors (Huang gt al.
2010; Wu et al., 2012). In our antagonist assagsastine blocked the actions of OA or 5-HT on
DmOcu2R-expressing cells, suggesting that it may be iipdor Octa2R family. Chlorpromazine
seems to be a general octopamine receptor antagsince it is also effective on two silkworm
octopamine receptors, BmMOAR1 and BmOAR2 (Chen .e2800; Huang et al., 2010; Ohtani et al.,
2006). Two a2-adrenergic blockers phentolamine and yohimbintagamize DmOG2R activity,
indicating the potential pharmacological similartigtweena2-adrenergic receptors and DmERR.
The inhibition effect of serotonergic antagonistgtiiothepin and ketaserin on OA/5-HT-induced
CAMP decreases in DmQx@R-expressing cells further prove that Dm@2&R shares pharmacological
properties with serotonin receptors.

Bauknecht and Jekely recently revealed that thieotogjous genes of Q@R from the marine
annelid Platynereis dumerilii and a hemichordate deuterostofeecoglossus kowalevskii are more
sensitive to norepinephrine than octopamine, hef@E#2R was considered as an adrenerngfc

receptor and is absent in most insects (Bauknethtlekely, 2016). However, our results indicate tha
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Oct2R of Drosophlia is more sensitive to octopamine than norepinephiile also found that all the
arthropods with a sequenced genome that we inegstigcontain OaR2R-type receptors (Table 2). In
other protostomes, such as the Priapulida, Nematadzelida and Mollusca also contadtin2R-type
receptor, suggesting that the presence ofiZRtreceptor is a general phenomenon in protostomia
phyla. Actually, these so-called adrenergic anda2 receptors (Bauknecht and Jekely, 2016) may
function as octopamine receptors in vivo, becaussoptomescontain substantial amounts of
octopamine, but only traces of norepinephrine gidephrine (Pfliger and Stevenson, 2005). We also
found the homologous genes of @&R in cnidarians by BLAST analyses, but they doaloster with
orthologues in protostomes (Supplementary Fig. BAthout the pharmacological data, whether these
receptors are adrenergic-like remains uncertaie GRCR family is believed to have evolved about
1.2 billion years ago (Peroutka and Howell, 19®Brotonin receptors appear to be among the oldest
receptors within the rhodopsin-like family (Rémpler al., 2007). It has been speculated that the
primordial serotonin receptor of the rhodopsin-GP@Rily may have first appeared more than
700-750 million years ago, a time that likely predathe evolution of muscarinic, dopaminergic, and
adrenergic receptor systems (Peroutka and How#34)L Since DmO@2R is responsive to serotonin,
we suppose that Q@R could be one of the oldest adrenergic-like remspevolved from serotonin
receptors.

Different biogenic amines may have opposite or Isimnodulatory effects on animal behaviors.
TA and OA have opposite effects on the locomotibDmsophila larvae (Saraswati et al., 2004). OA
and 5-HT have opposite effects on antipredator \iehan the orb-weaving spided, arinioides
cornutus (Jones et al., 2011). Brosophila, dispensable, redundant, complementary, and catiper
roles of OA, DA and 5-HT were found in modulatingstihct behaviors (Chen et al., 2013). Since
DmOcw2R is stimulated by three kinds of biogenic amindBe neurotransmission and

neuromodulation in the nervous system may be momgptex than previously thought.
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Figuresand legends

Fig. 1. Sequence analysis of the two isoforms of DmOcte2R. (A) Cartoon illustration of the two
transcripts from th&mOcta2R. The longer transcript contains three exons andshugter transcript
have a truncated exon 3, originating from the uSarpalternative splice donor sitélternatively
splicedlocation was indicated by black box and the nudlosequences surrounding the spliced sites
were shown (B) Comparison of deduced amino acid sequences of AIAQ DmOCtR1R,
DmOcti2R-L and DmOai2R-S receptors. The last residue in each line dsicated at the right.
Identical residues in all sequences are shown ate Wdtters against black, whereas conservatively
substituted residues are shaded. Dashes indicpgethjat were introduced to maximize homologies.
The predicted seven transmembrane regions areabedidy TM1- 7. Potential N-glycosylation sites
(@) and potential phosphorylation sitek ) for protein kinase C are labeled. The aspartid ezsidue
(D**) and the serine residues®(4 S*9 that are predicted to be involved in agonist bigdare
labeled with filled triangles and quadrilateralspectively. The second phenylalaning &fter the
FxxxWxP motif in TM6 is a unique feature of aminiergeceptors (£°9. The red box indicates the

amino acid residues originating from alternativicapg of theDmOcta2R gene.

Fig. 2. Phylogenetic analysis of DmOcte2R-S/L and other selected invertebrate biogenic amine
receptors with human catecholamine receptors. Neighbor joining trees were constructed using
MEGA 5.05 software with 1000-fold bootstrap re-séingp The numbers at the nodes of the branches
represent the level of bootstrap support for eaendh. Drosophila melanogaster FMRF (DmFR)
amide receptor was used as outgroup. For accessiohers to the used sequences, see Supplementary

Table S2.

Fig. 3. Effects of biogenic amines on intracellular cAMP levelsin DmOcte2R-L-expressing (A, C)

and DmOcta2R-S-expressing (B, D) HEK 293 cells. For A andB, concentration of the reagents used
were 10uM. The amount of cAMP is given as the percentagehefvalue obtained with 1M
forskolin (= 100%). Data are expressed as the mieHEM of at least three independent experiments,
each performed in triplicate. Asterisks indicatduea significantly different from the forskolin

treatment value using one-way ANOVA followed by Dett’s multiple comparison test (*p < 0.05,
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*p < 0.01, **p < 0.001). Abbreviations: FK: forgkin; OA, octopamine; TA, Tyramine; DA,

Dopamine.

Fig. 4. Effects of dopamine, octopamine (OA), norepinephrine (NE) and epinephrine (E) on
intracellular cAMP levels in DmOcta2R-expressing CHO-K 1 cells. (A) Effects of dopamine on the
long isoform (DmOai2R-L) and short isoform (DmO«2R-S) of DmOai2R. @)
Concentration-response curves of OA, NE and E orradellular cAMP levels in
DmOcu2R-L-expressing CHO-K1 cellsC} Concentration-response curves of OA, NE and E on
intracellular cAMP levels in DmO@eRR-S-expressing CHO-K1 cells. The amount of cAMBiv&n as
the percentage of the value obtained withulDforskolin (= 100%). Data are expressed as thenmea

SEM of two independent experiments, each perforimédplicate.

Fig. 5. Effects of various agonists on forskolin-stimulated intracellular cAMP levels in
DmOcta2R-L-expressing cells. (A) Concentration-response curves of several adrene¥geptor
agonists on [cAMR] (B) Concentration-response curves of several serotmgnptor agonists on
[cAMP];. The amount of cAMP is given as the percentagd@ivalue obtained with 1M forskolin

(= 100%). Data are expressed as the mean + BEMI least three independent experiments, each
performed in triplicate. Abbreviations: 5-MT, 5-rhekytryptamine;am-5-HT, a-methylserotonin;

8-OH-DPAT, 8-Hydroxy-DPAT hydrobromide.

Fig. 6. Effects of several antagonists on the long isoform of DmOcte2R. (A) Effects of
adrenergic-receptor antagonists on OA attenuatidarskolin-stimulated intracellular cAMP levels in
DmOct2R-L-expressing HEK 293 cell{B) Effects of serotonin receptor antagonists on 5-HT
attenuation of forskolin-stimulated intracellulaAMP levels in DmOai2R-L -expressing HEK 293
cells. C) Effects of adrenergic-receptor antagonists onTo-ditenuation of forskolin-stimulated
intracellular cAMP levels in DmO@eRR-L-expressing HEK 293 cellDJ Effects of serotonin receptor
antagonists on OA-mediated attenuation of forsketimulated intracellular cCAMP levels. The amount
of CAMP is given as the percentage of the valueiobt with 10uM forskolin (= 100%). Data
represent means + SEM of at least three indeperelqrériments performed in triplicate. Asterisks

indicate values significantly different from thentml value using one-way ANOVA followed by
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Dunnett’'s multiple comparison test (*p < 0.05, #p0.01, ***p < 0.001). Abbreviations: FK: forskolin

OA, octopamine; EP: epinastine; Cldhlorpromazine; PA, phentolamine; YH: yohimbineH:

serotonin; MT:methiothepin; KS: ketanserin.

Fig. 7. mRNA expression levels of the DmOcta2R gene in different body parts of adult flies. The

tissues were pooled for each mRNA isolation. Dapresent means

experiments performed in triplicate.

+

SEM of two independent



Table 2 Representatives of adrenergic-likereceptorsidentified in protostomia phyla.

Group/Species  OctelR/OAL OctpR/OA2 ol-adrenergic Octa2R TAR1 TAR2 TAR3
name (genelprotein (gene/protein ID) la2-adrenergic/lOA3  (genelprotein ID)  (gene/protein ID) (gene/
ID) (gene/protein ID) protein ID)
Arthropoda
Drosophila CG3856 Octp1R: CG6919 CG18208 CG7485 CG7431 CG16766
melanogaster Octp2R: CG6989
Octp3R: CG31351
Tribolium XP_008198470 Octp1R: XP_015838945 XP_015839170 NP_001164311 XP_015838738
castaneum Octf2R: NP_001280501
Octp3R: NP_001280505
Apis mellifera NP_001011565 OctplR: CCO13922 XP_001122075 NP_524419 NP_650652
Octf2R: CC0O13923
Octpf3R: CC0O13924
Octp4R: CC0O13925
Acyrthosiphon XP_016658387 Octp1R: XP_001947781 XP_003247818 XP_001944003 XP_008188216
pisum Octpf2R: XP_001944827
Octp3R: XP_001948521
Bombyx mori NP_001091748 OctplR: XP_004922133 XP_012551639 NP_001037504 NP_001164649
Octp2R: NP_001171666
Pediculus XP_002429940 Octp1R: XP_002422997 XP_002430048 XP_002426131 XP_002429476
humanus Octp2R: XP_002430734

Daphnia pulex
Ixodes scapularis
Priapulida

EFX88331
XP_002408812

Octp3R:

XP_002431813

EFX87996
XP_002411135

XP_002399655

EFX76926
XP_002400445

XP_002415939



Priapulus
caudatus
Nematoda
Caenorhabditis
elegans
Annelida
Platynereis
dumerilii
Mollusca
Lottia gigantea
Cnidaria
Exaiptasia pallida
Acropora
digitifera

XP_014675454

ser-3

(NP_491954)

APC23183

XP_009058244

XP_014671143

APC23841

XP_009052442

XP_014662992

APC23842

XP_009050255

XP_014681069 XP_014672793

OCTR-1 ser-2
(NP_001024568) (NP_001024339)
APC23843 AKQ63052

XP_009067029

KXJ16327 (2 )
XP_015757865

(*)

XP_014678717

Tyra-2
(NP_001033537)

APC23184




Table 1 cAMP formation in cells expressing DmO@2R-L or DmOcta2R-S induced by

various agonists in a concentration-dependent manne

Agonist DmOcte2R-L DmOcta2R-S
ECso (M) Log ECso ECso (M) Log ECso
(meantSEM) (mean+SEM)
HEK 293 cells
OA 1.18x10" -9.93+0.061 1.38x10° -8.86+0.11
TA 3.48x10° -8.46+0.079 1.08x10 -6.97+0.033
5-HT 1.04x10 -5.98+0.017 4.93x10° -5.31+0.19
tolazoline 1.3x10° -9.89+0.027 ND
clonidine 7.28x18" -10.14+0.067 ND
naphazoline 4.49x16 -11.35+0.057 ND
lisuride 1.05x18° -9.98+0.079 ND
5-MT 1.29x10° -5.89+0.038 ND
am-5-HT 9.20x1d -6.04+0.032 ND
8-OH-DPAT 1.01x10d -6.70+0.034 ND
5-CT - - ND
AS 19 - - ND
CHO-K1 cells
OA 4.89x 100 -8.31+0.175 1.45¢10°® -7.84+0.134
Norepinephrine  2.06X 10" -6.69+0.290 - -
Epinephrine 1.70X 10" -6.77+0.290 - -
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A DmOcta2R (CG18208 )
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Highlights

1. An orphan gene CG18208 from the fruit fly, Drosophila melanogaster was characterized.

2. CG18208 encodes two transcripts by aternative splicing to generate DmOcta?R-L and
DmOcta2R-S.

3. Octopamine, tyramine and serotonin can activate DmOcta2R to inhibit cAMP production.

4. Adrenergic and serotoninergic agonists and antagonists are effective on DmOcto2R.



