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G-protein-coupled receptors (GPCRs), seven-transmembrane proteins, are one of
the largest families of transmembrane receptors in metazoa. More than 800 GPCRs are
encoded in the human genome. Upon ligand binding, GPCRs activate specific Ga proteins,
which in turn regulate various downstream intracellular signaling. The Ga proteins are
classified into four subtypes, Ga,, Gay,, Gag11, and Gay,s, and they induce subtype specific
downstream signals, such as second messenger regulation (intracellular cyclic adenosine
monophosphate (CAMP) concentration and calcium ion (Ca**) concentration) and activation
of signaling molecules (G protein RhoA and ERK kinase activation). In general, many types
of GPCRs are co-expressed on a single cell, and, therefore, the different GPCR signals in a
single cell should once be integrated into a limited number of Ga proteins and their specific
downstream signals. These integrated signals need to maintain the information from different
GPCR to produce different phenotypes corresponding to the activated GPCR. However, it
remains elusive how the limited number of Ga subtypes and their downstream signals
encode sufficient information from different GPCRs. In other words, how do cells recognize
which GPCRs are activated by the limited number of Ga proteins? To overcome this issue, |
hypothesized that the information of GPCR activation is encoded by temporal dynamics of
downstream signalings. In this study, | developed the imaging system to monitor the
dynamics of GPCR downstream signals and examined whether the activation of different
GPCR subtypes exhibit distinct signal dynamics to each other as an initial step to verify my
hypothesis.

First, | looked for fluorescence biosensors to quantify the dynamics of GPCR
downstream signals. | evaluated four biosensors for an intracellular cAMP level, Ca?* level,

RhoA activity, and ERK activity as a proxy for Ga protein activity. | confirmed that these



biosensors sufficed to monitor these signaling molecules at the single cell level. Next, to
simultaneously quantify and compare the dynamics of four downstream signals, |
established two stable cell lines; one expressed cAMP sensor and Ca?* sensor, while the
other expressed RhoA sensor and ERK sensor. By co-culturing these two cell lines, four
signaling dynamics were simultaneously observed in a single experiment.

By using this experimental system, | quantified the dynamics of downstream signals
in living cells expressing each of five dopamine receptors. The increase in intracellular cAMP
level was observed in cells expressing DRD1 or DRDS5, but not DRD2, DRD3, and DRD4. In
addition, only cells expressing DRD2 showed ERK activation. Furthermore, | quantified the
downstream signals in cells expressing each of twelve serotonin receptors. Among
Ga,,-coupled serotonin receptors, only cells expressing HTR1B showed Ca?* response. The
extent of Ca** response in cells expressing Ga,-coupled serotonin receptors varied among
the subtypes. Interestingly, cAMP level and ERK activity showed the different dynamics
among Gag-coupled serotonin receptors. To compare signaling dynamics evoked by five
dopamine receptors and twelve serotonin receptors, | performed unbiased clustering
analysis, which classified the patterns of dynamics. The patterns of dynamics were at least
classified into two or three clusters, suggesting that the dynamics of downstream signaling
have more information than simple ON and OFF states. Surprisingly, although cAMP
signaling was strongly correlated with Ga, coupling GPCRs, the other signaling dynamics
were not necessarily correlated with Ga protein coupling to GPCRs.

Next, | developed a measurement system for Ga;,,-coupled GPCR activity, because
cAMP decrease by Ga;,-coupled GPCR activation could not be detected in the above
system due to the low basal cAMP level. The pretreatment of isoproterenol (ISO), a selective
agonist of Ga,-coupled adrenergic receptors, increased basal cAMP levels, followed by the
activation of Ga;,-coupled GPCRs to measure the decrease in CAMP levels. Interestingly,

the dynamics of decrease in CAMP level showed the heterogeneity among Ga,,-coupled



receptor subtypes. Finally, | analyzed the correlation between two downstream signals
(cAMP and Ca?*, cAMP and ERK, and RhoA and ERK) in a single cell. These data clarified
the cellular heterogeneity of GPCR downstream signaling, showing diverse signaling
dynamics.

In conclusion, | found that the temporal dynamics of GPCR downstream signals differ
among GPCR subtypes even though they couple to the same Ga protein or receive the
same ligand. These results indicate the possibility of “dynamical encoding of GPCR
signaling”, that is, information about which GPCRs are activated is encoded in the temporal

dynamics of downstream intracellular signaling and the combinations.
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1.1, RBFICKHMASFERD R

e OB, EMERIHRLGARNCOERICSHLTEGHICSDFEIETERESEH
FL.ERFDHZERHRT 5. CORITHENHGIRSEVEZITI LT, MRS HODORIHZE R
L. ZDEHREZETILFIZTDE—RATYTELTEETHY. Z<DBHE. MRITILENE
HEDHMBNERERHTIZLBEREZFALTND, CNOoZEROERETBOTEHTH
Y. BIZEHLBMDEREDTEEHIEFTERALGZERISEEL TS 7, #BlLL
DIRIILF—RENBLTEHEMADREKTEHMNS=2—BRTFRY (neuropeptide Y. NPY) 72
EDMHBERTFRAHE Sh B (Pedragosa-Badia et al., 2013), #E#E TIE., HibSht=
NPYZENPYZBRAAZITERY . B D BMETTHES £ S (Gropp et al., 2005), KIZ. B LR
HZRIKIZE->TBAWVEZEZ(THS(Buck and Axel, 1991), ChIZ&k>TEMERDIT. Fh
EEANLSBFICIEOREMBICKEIOIREZRANKRYEZZ(TIY., THLVOIFE
WSKRE TEYLZOINEWE DM EHIW3 S (Chandrashekar et al., 2006), S5 DKM E
VERSN-EYOMENLRIBA. B OB TOHELBRDODBERT T FILELED, ZTLT
IERFER G E DBYD D RENNTS T FIVERY ., TLY O RBRRGELEHLIE THREM
[ZIE B3I HRE & 5 % 5 (Suzuki et al., 2010), CD K32, MDD TENIZIE. FBEAERENLL-
ARVIEEHWICRITIETHESN LD H D LRAD ELIE. MRELICRETS
REVINGETHY. NI RDHRAGEFERFBRELTRITID, SEBIFHRELDIEFIEZ
BRTHY. ECRE. ENGEOYEBHLGRERFE M FILEYOIF Y RTFRENSTE
PRLEFEITH DN TS (Alexander et al., 2011), #HIZEAKXRATER SN SIEZHEF (X
VA VE (ligand) EFEIEN . RBARERBSLTESHRERR IS LTRRROBELLEZFE
EEE

BAVINOVBEDZB/RICIE, /A FrRILEZ K (ion channel-linked receptor) &R 3

% B Z 254K (enzyme-linked receptor) . G2 /3% & # 1% B = 54K (G-protein-coupled
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https://paperpile.com/c/ylQkWF/ve65
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receptor, GPCR) IZH$EEN S (B1) , 1AV FrRIILEZBRAFVAUREEDORIEIZKY.,
FrRILEBBRL BEDAAUEERMICERSE DRIV /INVETHS, BREEEEZERK
DREHELT, 2RIEAFOL X F—+F (receptor tyrosine kinase, RTK) A3 %154 % (Jain et
al., 2018), RTKIZ. #iaSA DUF U FEERAMY BEBF AV ZLTHEBERNOFOD Y
Fr—ERACUTHERESN ., EEBREFZE% (epidermal growth factor receptor. EGFR)
BENHS, VHUETHS LK B KERETF (epidermal growth factor, EGF) D#E&IZ&kYF5—
CEENERLEZEGFRIZ. BBUVBIEICE - TELOFOL U EEZ)UERIET S, FOL Y
U BIESNIZEGFRIE, BHAV /NI EGD2EMERE FICYZIL—hL., 51, Grb2(<
RasGEFDSOSHEE T 5, FERELTSOSIE. nRIBERFEHIALFIVNIBEFF—H(
mitogen-activated protein kinase, MAPK) 2z &L L . MR ELG EZHI{E9 5 (Marshall,
1995),

—ATGPCRIZ. UAVFHEEETSIHBEARAVE MBER DGRV /INIEREERA(U D
bHH7TEREBEDZEARTH S, GPCRAMRENANSDI)AUREZITIRSE, HARND S
ToURILFFRREEIVINIE (GRUNVE) EFRILEE D, GRVNVER . JT/VV=
1) > B (guanosine triphosphate, GTP) £71=1&4 7 /3> Z1) & (guanosine diphosphate.
GDP) L DFEEREIZE > TEMDON/OFFEFEIL TLVS, SEHILIKREDGPCRIZL, #% 75
GRUNVEIZ{EAL. GDPZGTPAEREY B, CHIZKYFEHIESN-GRU/VEIL, &5
[CTROBRRGHBEADFITERT LTI FILVIGELRITV. BEFREGELREL.
GPCROD#REZ F1E T 5, GPCROEHIL ZIK(CH =Y ENF/ LIZH N TIEB00FEFEE B X
HGPCREEZFMNI—FINTHEY. RRKDZERI /B T73)—THS(Bjarnadottir et
al., 2006; Fredriksson et al., 2003; UniProt Consortium, 2021), &5(Z, IRED EEFIS TH
AShTWAEERDESLZINDIEENGPCREZMICL TS LEEHLNTEY . GPCRH%
BEDRAIFEIELCERBRNTOXRICEZETHDHEEZ NS (Santos et al., 2017),
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1. RBAROEEL T FIVIEE

AAF RN BZEERIE VA VRS EIZE > TFr RO ETAA U D ERY A A O
NECD, BRABHEZIBFRIVAVFOHEEICL>TFALUFF—EOEIVALAZUF
FT—E. FALURRTFEA—ELREDBRERZFELT. MRRROENIVNIET VB
FTEHIETUT FIVREEITI. GAV /N E R & E Z K (G-protein-coupled receptor,
GPCR) &\ VA VR EZ(TMALTREERLZEIL. FED=Z2ERCIV N\ VBN EE. ]

HALENBDIETU T FILRENBIFEI SN D,



1.2. GPCRTRIYTFIVIGE

GPCRAN & T HGA /Y& (L. 3FBED Y T1=vk(Ga. GB. Gy) hh>iY ., [ZEBHEGEY
NOBEFEND VA VFREEICKYEMIELI=GPCRIZT 7= XL A F R XA F(
guanine nucleotide exchange factor, GEF) EL THEBEL . ZEARGAV/XVBEDGaY T 1=y
R EHEIREDOGDPIE AR AL FHIREDCTPHEARICERT 5, ChIZKYEEILSNT
GaY T aAZyhE. GRYIERERLN BT AL TZERDIREEMEE . SSICTRAESTFIL
ZIRET S, Gad /N VEE. MRS EDELLH4BEDY T 773 — (G, Goyow Gayrie
GUypa) [IZKAIEN , ENEFNNEFEMNL TR Y FIILEHFHD (K2) (Downes and Gautam,

1999; Gilman, 1987; Sah et al., 2003),

)i GPCR

@ @ « 5, G, —*

2. GaZV INJBEDY T I73)—
ATBFEDGaRV N EH T I7731)—(Ga,. Gay,. Gag1s GUuz3) &R Y o Ffz. AR T4
BHEO TR Y T IL (CAMP, Ca?*, RhoA, ERK) EDEE %R Y, Ga M NcAMPEE% £

HEtE 5. Gay,[dHiaNCAMPREZ B SE . F-ERKEMZ LR EE 5, Gayy (. AR
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Ca*BEX LREE. £F-ERKEFMILT B, Gayysld. RNOAZFEMEIL T 5, M1IZE . cAMPIZ
PKA% . Ca?' [XPKCHEMIL T D% E . SHIZTHRAEST FILIEET 5,

Ga AU\ EIL. MRRIC/BET 57 T=I)LB V75—t (adenylate cyclase. AC) &% 1k
L. #BEROY1%5") vy AMP (cyclic adenosine monophosphate. cAMP) ;EEZ#1E ¥ 5,
Goa AV IRVBERL TRV T T LERE DDAV N—IZIF. BEZBEDL T FILEEE N
TG B INIENHNTINSD, — A, GoyP /N EIFACEHNFHIL . #ilBNCAMPIRE%
RO HEEEEFD WELEIZIFIDDACT AV T4+—L (ADCY1~ADCY9) BEILNTHY.
Go AV INIBIEETDACT AV I+ —LEFHILT HH. Gay, I /NI EIXTD55ADCY,
ADCY3. ADCY5, ADCY6. ADCY8% 19 5 (Wei Yuan, 2007), #if2 N TE £ S f=cAMP
(%, FOF 14> FF—+EA(protein kinase A, PKA) 2 EDCAMPIE B R AV E DRV NV E%
EMET AL THAEHEEERT . IR (EEERMAETIX. VL AT UHRTFR1(
glucagon-like peptide-1. GLP-1)ZA R EF HCLP- 12 BAIEMEIL T HIET. cAMPIE
ENELCTPKAZFMIEL. A1V RV D E R ER M FTHh B (Dyachok et al., 2006), F1=.
PKAIZMAPK#Z IR (ZH WL TRafiE M ZEE T 5 &M FHESN TL H(Hafner et al., 1994),

Gog 2 I\ B LHE N DR R 7K 78—+ CB (phospholipase CR. PLCR) Z&EMIEL . RX
T7FTILA /o h—IL =) U EE (phosphatidylinositol bisphosphate, PIP,) 227 LS ) O—
JU (diacylglycerol, DAG) &4 /< b—)L =) > B (inositol triphosphate. IP;) 1257 f29 %
(Preininger and Hamm, 2004), 2055, IP,AA/MNEAREIZEKBLTVWSIP,ZRAKICHES

%, IP,ZBIRIETHILY I L (Ca™) FrRILDRENZRS. IPESICKY/MMEKRDCa* ZHlfa
BRIZHKET 5, SHICIP,ZEKIECa? &2 THEMRILT 510, IPZREMNSRHESN
Ca*[ZB DIP,ZBAEFEMHLL CEHMACaZ M NS, Ml Ca? RED L F &AM
5L MENANDCa?REP/MEEADCa»BRYAAHMNEL., MENCa>BRETEED
IKEEIZR B (Berridge et al., 2000), 1=, Ca?*[7OT /4> F+—+EC(PKC) & EHILT 5,
PKCIZ¥k R A /RO BIZHERAL. 2D 12 ELTRafDEMEIE A& Y (Carroll and May, 1994),

ZhIZ&Y#RaSL S 5+ ILERAETFF—= (extracellular signal-regulated kinase, ERK) AViE 14
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https://paperpile.com/c/ylQkWF/WG4x
https://paperpile.com/c/ylQkWF/4h2x
https://paperpile.com/c/ylQkWF/DeDE

£F %, Gayysld. RNoT 7= XULF FRRMEAF (RhoGEF) ZEMHEL B FEGH /N
& DRhoAZTEHILT D, iEHEIEEINT-RhoAIL, EHIZTHRDRhoFF—+ (ROCK) ~D >
GFINERY  RRLRT7 A N— DR 2B 5 LT L 3 (Ridley and Hall, 1992), &
t=. Gy B NV E T RITAE T HRap1GAPHMAPKIZEAL . ERKZFHL T 5 A HmE
SN TLV5(Mochizuki et al., 1999),

ZERGAVIRVBELUNDGPCRTRIU T FILDITHA—ELT. BFLAF (B-arrestin)
*>RGS (regulator of G-protein signaling) h'#% %, B7 L AF &, #EHIEGPCRY J FILEK
9 5&%ENEHD, FFGPCRIZKD TRV FILIZKYGPCRAF+—+ (G-protein-coupled
receptor kinase. GRK) A\ ;EMH1E T %, ;&ML L=GRKIZGPCRO M A JL—T £ 1= (XCKif
%) &1t 9 % (Gurevich and Gurevich, 2019), BZLRAFUILZ D VB L ER G FEREL T
GPCRIZHEAL. TUFHAh— REFET H, R EL T, GPCRAMRRNICERYAEN, &
TFHIVBENENENS, PTFLAFUEEZERGCHV /N VBEEIFIIALI-V T FILIEERERT
HY. ZERCGRAVNVEFEFIBTLAFUDHEFMHALSIEDIAURNATFTAR)AUR) M
LDOMRE DM ->TLVS(Wang et al., 2018), —A T. RGSI&. GPCRIZ K> TiE ML L-Ga%
DINDBETEMEIE ST BHCTPaseiE 1L #2739 E (GTPase activating protein, GAP) &L T
{& < (Siderovski and Willard, 2005), iEZL3E T, 20 EDRGSHAV NI E AR ESNTHY
(Tesmer, 2009), CIbIEENENGCaZ U /NI BEDIEFHEZRFOTVNDIENTEEIN TS
(Masuho et al., 2020),

EHDHRRGHEBACHREICGPCRIIRTL., REDZEZSHTHHIN. ZERGCHIVNVEE
NLTCTFHRAVITFIVEEEITIA. SHICGPCREFDLDEMABE NICHYAH . £=Gorr
NOBEFFEMILTEILETU T FLEFLTHEVSIRIIGPCROFFOMHEELLTHBELTL
%o
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1.3. ZHLEGPCRY I 24T

GPCRIZRILY AU FER#T HCGPCRY TS TE#H DB ENZ L, T, TNETNDGPCR
FEBAMNICEEZRTICaFV/NIEHSTI73)—%# D, Thldprimary coupling(—R#£4#%) &
FEIEh, —REBTIEEWGaZVNYEH T 773 —LD H & [Xsecondary coupling (= R
%) EME (XN B (Inoue et al., 2019; Isberg et al., 2016), CNETHDAEIZLY . ZLDGPCRAM
EDGaRVNIBEH T I7I)—ERBIRLTVSM DAL TE, D EIF, GPCRIE
DHEBEERFEL. F-HBRT LGV /N VBEYTI73) —TGPCREHD T HLEATREICL
fzo Bl Z £, F—/3=> (dopamine. DA) 2 BIKIL51EFE DY T 24/ 7 (DRD1~DRD5) %55,
DRD1: & U'DRD5A Ga % & . DRD2, DRD3, DRDAM G, & B L THFEIN TS
(Missale et al., 1998), GPCRY T2 A T D ILGPCRIZKH>TKRELEKY , ALV LREZH
71K (Ca? sensing receptor, CASR) M & 3(Z. 13238 D A D GPCR(Brown et al., 1993)%&%
X, £Ok=> (5-hydroxytryptamine, 5-HT) 2BED K32 H T2 TDEHM10FEEE B R
%GPCR%,#8 % (Hoyer et al., 1994; Kroeze et al., 2002), &2, GPCRY I 244 TR TlX. %
NENRCUAUREREL. M ORLGaAV NI BEEHBRLENL, FNEFNELIRBRE
TIBELNHD. HIAIE. DARBKITMAKTEICEAE T HIEAREENTLNSH . £DH
THLDRD2DEFE|LFEHAENRED1DTHAZEMN DM >THY(Martel and Gatti McArthur,
2020; Seeman et al., 1976; Simpson and Kellendonk, 2017), IR#E+{DRD2D &% AE I 5%
REG7 > 23 = Xk (selective antagonist) ¥°"DRD2;E 1% T ¥ 54> /A — X 7T =X (inverse
agonist) &L T, 7B E > (clozapine) ¥ X JLE ) K (sulpiride) AVEEIZFI S TLVS(Hwang
et al., 2007; Roberts and Strange, 2005), F£f=. 5-HTZBIKIZ DN THLHTRAERFD —IEE
% 2 (single nucleotide polymorphisms, SNPs) ¥t & K ICBAH > TSI EMNRESIN T
LV5(Suzuki et al., 2003), LWLED S, BER—DGaAV /NI EH T I73)—L £ % T 5
GPCRY JAATHI TR AIRBEEEFEAHAHT ENTELON DOV TILEMIZHSON TV
W RARTIE. A—DGoRAV /N IBYTI73)—L £ &L BL ¥ EELT EHHTGPCRY

TRATDHELT, CODAZRBIRES-HTZA KR EHR-T-,
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1.3.1. F—/\EUZREDOHEE

S HH60FE L ERIICDAIZR DA Y (Carlsson et al., 1957). LIEDAIZ MR EEMEELLTE
Beh, BHEELEDMENFRESN TET-(Missale et al., 1998), DAZ 5 d ZHIAE L. X
RO EICEREREA. hiDER. PRIKE. BRI} TROoNSH(Anden et al., 1964), DAZ
BARLELBNIZHELTHY. DRD1~DRD5FETDS5EENDGPCRY T 41T 12 b h b,
DAZAARY T 24T D55 DRD1ELUDRDSAGaF /B EE KL, MlEKCAMPEE S
T REELDHEZERAEREEFEILNSD, —H T, DRD2, DRD3, DRD4I&Gay A/ \ VB EH &L,
HIEANCAMPREZ B A S D AZERETEEND DAZBARDEEEFZKICHTZY., BBiE
VIER., FEEVORBAMBEE. R, FRERET HHMIMR . FIEBHEELE DREIA
BNTLVD, oI DARBAREEDTRIE. N—F VU ROERERBLEDREEELE
B BIENTREEINTULVS(Carlsson, 2001; Iversen and Iversen, 2007; Missale et al., 1998;
Sibley, 1999; Snyder et al., 1970; Wise, 2004),

D% 2 %K (DRD1$: &L UDRD5) TIX. DRDIREI VR IFEE LEREICEEELEALS—F
T.DRDSREVIRATRIFEFRBFEICELNBNIEARESN TEY, DRD1IEDRD5E(Z
B B&RENHBHEEZ DN TULVS(Sarifiana and Tonegawa, 2016; Sasamori et al., 2022), L
A L.DRD1&£DRDSEDREICHIBEAS T FIUREICEWTEDEITEVNDHLHDMDNT
[FEAL TSN TULVELY,, RIZ, D% % {4 (DRD2. DRD3. DRD4) Tl&. DRD2Z RiES 1=
IDREHERILEVDBEDFBVOTERDESLEFREITIENRESN TS (Kelly et
al., 1997), — A CDRD3XREN Y™ X Tl&. DRD2RIBDTIAD LSILBEDEBEZIZRS
nigWA, SMEDRIBEZRT (Asico et al., 1998), E5IZDRDARIET I ATIL, FE#KE
HBRLTIA/— L (ZILa—L) RINAo~ADEYBNEEERLI=CEN G EYIKFEIZE
BELTWAIENTREENTULVS(Rubinstein et al., 1997), 1=, DA ZBANKELFAED R
HET BN —NIUAREGINRIBEN TS, A KRFEDAEELL T, DRD2OT AT =R

EAFIASNTHEY ., ERICHAE KTFEEE DK TIIDRD2WDRDAND H W ENEEH LLLE
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LML TULVS &SN B (Martel and Gatti McArthur, 2020), LML, RICU AU REEERHEL. H
DEILGaAV /N B EEETHDMZRAEYTA(TORBEN, LEERL>TNDEDHIZD
WTIFBALMCENTELST AL T FILREICBEWTEINSDGPCRY T4 THEICE

DEITEWVDHEZDMNZDWLTIED M2 TULELY,

1.3.2. OO ZBEOHEE

S-HTIZR) TR I7U Mo BRSNS EEERTIVTHY . DARRICHR I EME L L THEE
9%, 5-HTZRHIT 5 AU ZBE G-HTZERK) (XIGPCRE LA FUFrRILEBIZH N
%, GPCRE!D5-HTZ A KL, 5-HT12 B K T5518% (HTR1A, HTR1B. HTR1D. HTR1E.
HTR1F) . 5-HT22 & (A T3%& 48 (HTR2A, HTR2B. HTR2C) MY 78 T %455, i1Z THTR4
.HTR5, HTR6, HTR7ASRIE SN TV, BAIZIZT 52 TOGPCRMHKIRL | (KB AT
ERTE. BREGEDRLGHIRMEEEIZREHL S EE N H(Berger et al., 2009; Pytliak et al.,
2011), Ft=. YT EATD1DDHTRIBIL, DA E Db D #IRIEEME D Db E T HHkke
LHEHENBESNTEY. VAVFDEGSCGPCREILETEHI T FILGEDRAEFH EITIZEDN
RIEEN TLVS(Jin et al., 1992),

SHIT.5-HTRBKIE., FHAERBELEOBEEMNREIN TLVS(Milan et al., 2008; Pytliak et al.,
2011; Yohn et al., 2017), EEKELD L, RILGaR U NI BEH T 773 —L H 1% FTHGPCRY
TAATETHLTH, BLARB[EGER)BNBENLIIETHS, IR IE, PRBERIZENT
LEIZHHLTOWASHTRIZERIE. WEM . F%. BH. R [0 EEBLGCEDLESH
BREZFEFEON. EDRENCEAETIOMNEIHTRIZBERBD Y T IAA(TIZE>TELDIEN
RIEEIN T B (Pytliak et al., 2011), HTR1ZBKIEE TG, AV /N VB EE BT HRTHEL
TWWED ., EDKIITENENDNELGDIHEEZEAHLTODDMNI DD >TULEL, ftIZH,
HTR2BZ B AR B R TIL. E5RE D RJE (dilated cardiomyopathy, DCM) D &SR A
! 5 (Nebigil et al., 2001), — A T. HTRZCZBRRED YO R BB EEFEESIERLIT

EMERESIN TULVS(Tecott et al., 1995), #IZH . Go K& E THAHAHTRAE LUHTR7TIL,
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https://paperpile.com/c/ylQkWF/D360
https://paperpile.com/c/ylQkWF/20hSr+fxa1
https://paperpile.com/c/ylQkWF/20hSr+fxa1
https://paperpile.com/c/ylQkWF/g5x5
https://paperpile.com/c/ylQkWF/LyliR+20hSr+3Q5p
https://paperpile.com/c/ylQkWF/LyliR+20hSr+3Q5p
https://paperpile.com/c/ylQkWF/20hSr
https://paperpile.com/c/ylQkWF/o3WO
https://paperpile.com/c/ylQkWF/Iqcf

HTRANEEREAVCEE ST HENTRINTNS, F= HTR7TIZBREDEENHES

M TL B(King et al., 2008; Monti, 2011), Ch b FBALMWNELGHRBE TH LAY, LEEML
7=GPCREAIL TREGHRI|EZTRT OMN DV TIFEHMITHSA TGN, COLSIZ, BIFD
DAZBAERRIZ, S-HTRBKILGPCRY T A T LITHA DHREERF DO LA RSN T
WA, ALGas U /U EE# KT HGPCRYTEA TR DB E . RMNTDL T FILnER

BIEVLIIR LN,
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https://paperpile.com/c/ylQkWF/iV0n+IpwQ

1.4. HBAHNRH T AGPCRUY FILDIEHRE

LEDOHARITBREOMEBICIE. EHOGPCRNIFRIEL TS, X (X, BB AR TIX
160F2 #5372 & (Amisten et al., 2015; Chen et al., 2013). 8K T &8> & TIX300F25F:8<D
GPCRMHEBL T B EEN TLVSH(Amisten et al., 2013; Rannekleiv et al., 2014), &5(2, B
B2 K%EH 4+ &L T(Buck and Axel, 1991), T SHGPCRITHMIAC &IC1FEE I RIBLTLY
SOOI TGN, —FIEL T, EMRIR B HERE (HEK293#Aa) > b E AR (AtT204/2) 1<
(X, 708 Z B A DANAEMGCPCRAEIRICRETL TSI EATA/OT LAEITICKY RS
TUL 5 (Atwood et al., 2011),

GPCRIFZNZENNELDREIZFDOIEM L. MIESNEDGPCRY T+ ILERREIZK 5
LTWBRIENEZDND, CORIIZ, SHDANZLBOHREEFICERL, F-ZHOH
N(ERBEZEAHT R T—IDBEFERYZA 7 ybT—2 (Bow-Tie) #i& | EFFIEH
% (Polouliakh et al., 2009), GPCR ¥ FILZER VT —0 (X B E M7 Bow-TielEETH D
ZLDFEFEZEFDOCPCROA AL T FILHBFEEFIZHI=20 T NEEBED=ZEKRGCHU /N
BAEEKFY, ZIHh 0B RRBECEBEINSGLITHL, LAL, MIRRICHKE I 58 +1EE
DGPCRMLD LT HILEEHL. GPCREZITORBEEEAHT-HIZCaRr NI EEF
AT 5156, Gaa I\ EDEMEDON/OFFD A THIFIF 5L2 = 16:@8Y L7530  MHTEFEHD
GPCRU YV FIVIZHIE T B EITRHTHLHEEZOND, CDEMND, MKAAGPCRI T L
ZRHTEHILET. TRV FTILOON/OFFUNDIEHEZFALTLADTIEHGELMNEWSRERE

ll_L—Cf:o
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https://paperpile.com/c/ylQkWF/38Zn+1MYf
https://paperpile.com/c/ylQkWF/kl1N+49zW
https://paperpile.com/c/ylQkWF/PWYw
https://paperpile.com/c/ylQkWF/fZOiS
https://paperpile.com/c/ylQkWF/t5Cn

1.5. GPCRYTFILDEAFIHR

MRS T FIVEEICEE T 520\ VEDORIZIE, R T FILRES FOEEDRRER
BEAR(FAFIVRA)ZFALT. EROELDIANEREMBICRFELEST HENSITEAL
{OMERESN TLVS(Purvis and Lahay, 2013), COMHE A4 FIvo T a—T1404 (
dynamic encoding) EFFIEN . ADEBVEEED T A FIVRDENELTHEREFSL(
encoding) L. B4 REEZE 51k (decoding) LTH AT EEMATH D F1FIvITY
A—T40 T DRKRHIEL T, DNABRIGZRAL TEHRIL T HEBINGIEFp530H 5
(Batchelor et al., 2011), p53MEMEIL L. T T IRBEIZ L SDNAEBIE TIXFHILEFFHEIE
ERYRT/INILRIKD A A FIURETRTH ., UVERSHIZ L HDNABIE TIEHKEHTHSD, ZL
T.CDFAFIHADENEHEITERREL . —RHICHREARZELT 50, BT 0%
RET Do It IMERFONF-kBIE, MBEREBRNEITERT HETEBRFRREHE
FTHIENDMOTND, COTEML, NFBEEDIRE) (MR E SHMEZREOEE) AEEF
HEHICEETHAHEETRMLTULVS(Nelson et al., 2004), S5, DA A FIvHTra—
T42T DHIELTERKA % %, ERKIE. £ B #iRa155E R F (epidermal growth factor, EGF) 5
BIK (EGFR) MEMEE . BBIL7EE DMARL XIZIEEL . MRS EHECE T FRIREH #9
%, ERKIZHIfaC £ITFEHALEFEMHALZRYIRLTEY ., SO/ ILRADEE N MR IEIED LR
EICEETHIEMNTEN TS (Aok et al., 2013), D FIEL T, SilEEY—ILEFIALE
ERKD A AR EDAEMH S (Bugaj et al., 2018), COHAETIX., XBIEFYV—ILEZFIA
LTRasHAV I\ VBEEREEDFAIIVT TEMALSE LA EZHEILTEY . ChEAWVWTEEMH
faEE MBS BRI (BRAF G469A) EENENRARTIVS, DR, ENEMESH
MM TIERasEEZFELLTELERKEEAEEHBO LSISEONIFELETHREL. Z0
F=OICT B G HIEIEAR S EERLIz, COKIIT MRATRES T FIVGEDT (T
SHORZEHOTRBEENGIHERZFEEA T HOTND,
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https://paperpile.com/c/ylQkWF/4hZgZ
https://paperpile.com/c/ylQkWF/HMG8j
https://paperpile.com/c/ylQkWF/QqV4S
https://paperpile.com/c/ylQkWF/wouzU
https://paperpile.com/c/ylQkWF/njV7

GPCR 1 GPCR 2 GPCR 3 GPCR 4 GPCR 5 GPCR 6

T g llllut 1114 1T T
\ \ ........... / .......... o e

T2 F)L (CAMP, Ca?*., RhoA/&&)

L ==k
JK M\M ge&wwg
FIRR1 / \ Ko
;EEEFU5

RIARL3 RIRA4

3. ZHDGPCRADVHD=ZEHRGEV /I VEZNLTELSINEZTRI Bow-TieET/LH
12D LT, GPCRIFAT+EFLHEFRLTEY. GPCRIIDVBD=ZEARGCHUIEZEN
LTI FIGEZETI COR. VT FIBREDTAFIVAN TN ENELY, Ml T+
WEAFIVADEBVERHT D ENTENIL, FAIHEHELDGPCRY T FILERATHIE
LREETHAHEZE AN D,

S HIZBEWLT.GPCRU Y FILICE>THIMNCAMPEEMN LR $ 5 (F-IXIETI5) . #ika
NCa”REMNLF T 5. RNOANEMHIL T HLEDEMEISI LTSN TLVSA, GPCR
BCTTRITFTIDFTAFTIVREEBRLIZEVSBEXITEAELL, GPCRT LIZHRA LGS
FIFAFIIORIGEVNDHY . SHITENLDF A FIVRDEAEHLENERLGDIGEE. TDE
WAGPCRZ# A I BB ELDHATREEN $H S (F3) . ZCTABRETIL, GPCREID LT F L
BAFTIHVREAEL, LRI AHETEVNRONENEINEKREILT-. GPRCRTRI T FIL
&L T, cAMP, Ca*', RhoA, ERKD4FEEEA— yMILT=, £ 4FBEDO TR T FTILER
BEICER. LT 2120 SERKAA—DUTRERAL BAENAF LY —IE cAMP
S EZRTET 51=0IZCFP-Epac-YFP% . Ca” la B ZHIE T 5= IZR-GECO1.0%. RhoAE
%83 516 DORA-RhoA% . %L TERKE %8I E T 1= ZERK-KTR-miRFP703%

ETNENERALE (H4) , KARTIK, FERRAA—D VTR TSEREBODARBRY T24(4T
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BLU12BEDS-HTZBR Y ITIATOTRY T FIL MBI LICERThEEL, E5I2F
Nz T FITAFTIVREYSAI—D L= TORR. VT T IWVEFAFIVAN, FALGa%
VNGB YTI7I)—E# BT HCPCREITLELRACEEZHALMN LI, COEN DL, HfEA
A +iEELDCGPCRNLD VT FIVERRT 1= ST FILFAFIVRDENOHEAED

EHEEHREL Tencodingcsn TN AT EEMEZ R LT=,

cpmAepIe

GDP PKN1
@ |
M1 3/! ‘
\%

é CaZ+ :':. Tl
I
/cAMP ! 'O i‘. )
\
FRET

CFP-Epac-YFP R-GECO1.0 ERK-KTR DORA-RhoA

4. ZEAXKGHAVN\IEIZHIGET B TRV I FTILDNAF 2 H—
AHE TIL. cAMP, Ca?, RhoA, ERKD4AFEFED TRV I FTILERE T EN\1A o —EL
T. FNENCFP-Epac-YFP, R-GECO1.0. DORA-RhoA, ERK-KTR-miRFP703(M4t2 5% %

FL7=, FRETIXForster resonance energy transfer D& T#H 5,

20



2. MBERE
21. F3RIF

ARARTHEALLTSAIFERICRE L =, - TIRASIFMERDO=HIZERALI-HIRER
FER2FEHL-. MIEBRCAMPREZAET 50, ZHAEEDRTHRETAL LGN
pCX4neo-CFP-Epac-YFP(Nakamoto et al., 2021)Z AL 1=, #ilaNCa* R EZEAIET 51
& .R-GECO1.0(Zhao et al., 2011)Z Al =z, b5V ARV U ZFIFALTZR-GECO1.0%R & F 17
IR DBILZITO- . BHARETERITER SN =pPBbsr-R-GECO1.0Z Rl =,
pPBbsr-R-GECO1.0lZ. IRES (internal ribosome entry site) -bsr(blasticidin S {4:1&15F) %
& AT2PiggyBack S5 ARV ¥ R T Li(Yusa et al., 2009)DpPBbsr-MCSE#AR Y4 —&L
CMV-R-GECO1.0(#32444. addgene) A bBamHIEEcoRITHIY H L7=R-GECO1.0lt % .
pPBbsr-MCS®MCS (multi cloning site) [ZLigation high Ver.2IZ&2 5445 —a> THAL., &
LN=3DTHS. RhoAFHEZERIET 5= . DORA-RhoA(van Unen et al., 2015)F AL =,
Tol2kSY ARV oL AT Ly (Kawakami and Noda, 2004)% F| AL 1=DORA-RhoAZR & I8 #H i
HOBIIEIT51=8. IRES-bsrE& A Tol2b S5V ZRY LY X T LD pT2Absr-MCS%E AL =,
F9°. pT2Absr-MCSZ4IfREE & D EcoRIENOtI TAIEL 1=, RIZ. LA A HhEDHIRER
T. Yi Wulg L+ K YRH L TIELV/=pTriEX-His-DORA-RhoA(Heemskerk et al., 2016)Z AL L T
DORA-RhoAD Bt F & 1§ 1=, RERIZ. Cho ZHEEDDNAB A DS/ 7 —2av & TN,
pT2Absr-DORA-RhoAZE R L 1=, ERKEMZRIE T 576 . ERK-KTR (kinase translocation
reporter) (Regot et al., 2014)&Z L =, £9 . S£THHE TR FAS N 7-pCSlineo-ERK-KTR-mKO
(monomeric kusabira orange) (Maryu et al., 2016)% . EcoRI&NotI TLEE L TERK-KTR®M
DNAWT B £187=, &IZ. pmIRFP703-N1 (#79988. addgene) 1. LIFTIZ & BFZE = TPCR (S
&Y. NE##HI=Notl, CH ik I=Xbal D #IBEE: K Y 1 % {5 L. pCR4Blunt-TOPO (450031,
ThermoFisher) (CHJ490—=% &N f-pTopo-miRFP703-Notl-XbalZ IR B & TUMIEL T

miRFP7038T & 18 71-. &RIZ. LU F 74 IIL A% FIFLT-ERK-KTR-mIRFP703% 7 F£ IR i i
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https://paperpile.com/c/ylQkWF/JJafe
https://paperpile.com/c/ylQkWF/wA8nY
https://paperpile.com/c/ylQkWF/S83oc
https://paperpile.com/c/ylQkWF/Hoctm
https://paperpile.com/c/ylQkWF/6MigI
https://paperpile.com/c/ylQkWF/F8lND
https://paperpile.com/c/ylQkWF/Qbo4A
https://paperpile.com/c/ylQkWF/NcgLZ

MOBILEIT51-8 . IRES-bleo(zeocinifit 4iE 15 F) &= A T-pCSlibleo-MCSDMCS%.
EcoRI&EXbal TALEL . CDIEFEDDNAM &M —> 3L,
pCSlibleo-ERK-KTR-mIRFP703% &L 1=, &=, KTROMEAT D=8 . M~ —Hh—EL T,
Yo h—ERRHAIZFRBERIEZL 73 EmCherryZ gt & L1=H1-mCherry(Imanishi et al.,
2018)%& AL 1=, £9 . IRES-neo% & T pCSlineo-MCS#FEcoRI&Xbal TAEE L 1=, RIZ. LART
[CHHEETHERINT=pT2Apuro-H1-mCherry% . EcoRI&EXbal TALEEL TDNAKT K £#157=,
CNBH2IEFEDODNABT F%ES544 — 3> L. pCSlineo-H1-mCherryZ{E& L 1=,

NAF 2o —FRBTSRIFUND TS RIFTIE, PiggyBack oV AR U EFIFAT 518,
PiggyBack 5> AR+E —REIHW TS5 XK DpCMV-mPBase(neo-)&EALTz, LEADI AL AN
DA— R DIz, VA IILRIAO—THE TS5 XZFDpCMV-VSV-G-RSV-Rev(Miyoshi et
al.,, 1998)B KU L rADIA LRI —D 0T TS5 XKD pGP(Akagi et al., 2000)ZE AL 7=,
F LUFIAMIARGE—EEL D=8 . pCMV-VSV-G-RSV-RevE L UL U FroAILAINY
r—o 25 TS X2RMpsPAX2 (Didier Tronotd + kU1 1H) (Moffat et al., 2006)ZFfERAL 1=,
Tol2FSVRARY VERALIEEFEADH . TORFSVARE—RFERTFAIFD
pCAGGS-T2TP(Kawakami and Noda, 2004)Z &R L 1=,

GPCREI TS RAIRIZIL. Kroezeb Tk > THIIL SN F-PRESTO-TangoDGPCRS A7 51)—
DT ZAZREFERALT(Kroeze et al., 2015), F£f=. GPCRER TS AIF DR EELL T,
pCAGGS-MCS(Niwa et al., 1991)& L =, A T, GPCRFITMAZ D FBIRZ1T371=8.

puromycinit 48 5 FHE IR TS AR D pCSlipuro-MCSZE{FE AL =,
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https://paperpile.com/c/ylQkWF/YaUlI
https://paperpile.com/c/ylQkWF/YaUlI
https://paperpile.com/c/ylQkWF/EG9Qm
https://paperpile.com/c/ylQkWF/EG9Qm
https://paperpile.com/c/ylQkWF/FecYh
https://paperpile.com/c/ylQkWF/Pyaoo
https://paperpile.com/c/ylQkWF/6MigI
https://paperpile.com/c/ylQkWF/FvdRZ
https://paperpile.com/c/ylQkWF/buIif

R AR CEGFREBRICEALETSRIF

TIRIR4

Ny5—

REELF

ANt

pCX4neo-CFP-Epac
-YFP

pPBbsr-R-GECO1.0

pT2Absr-DORA-Rho
A

pCSllibleo-ERK-KTR
-miRFP703

pCSlineo-H1-mCher
ry

pCMV-mPBase(neo-
)

psPAX2

pCMV-VSV-G-RSV-
Rev

pGP
pCAGGS-T2TP

DRD1-Tango
DRD2-Tango
DRD3-Tango
DRD4-Tango
DRD5-Tango
HTR1A-Tango
HTR1B-Tango
HTR1D-Tango

HTR1E-Tango

pCX4neo (Akagi et
al., 2000)

pPBbsr (Yusa et al.,
2009)

pT2Absr (Kawakami
and Noda, 2004)

pCSlibleo (Aoki et
al., 2017)

pCSlineo (Maryu et
al., 2016)

pCMV

pCMV

pCAGGS (Niwa et
al., 1991)

empty Tango vector
empty Tango vector
empty Tango vector
empty Tango vector
empty Tango vector
empty Tango vector
empty Tango vector
empty Tango vector

empty Tango vector

CFP-Epac-YFP
(Nakamoto et al.,
2021; Ponsioen et
al., 2004)

R-GECO1.0 (Zhao
etal., 2011)

DORA-RhoA (van
Unen et al., 2015)

ERK-KTR-miRFP70
3 (Regot et al.,
2014; Shcherbakova
et al., 2016)

H1-mCherry
(Imanishi et al.,
2018)

PiggyBac
transposase

GAG-Pol. Rev
VSV-G. Rev

GAG-Pol

T2TP

DRD1
DRD2
DRD3
DRDA4
DRD5
HTR1A
HTR1B
HTR1D
HTR1E

neomycin (G418)

blasticidin S

blasticidin S

zeocin

neomycin (G418)
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https://paperpile.com/c/ylQkWF/FecYh
https://paperpile.com/c/ylQkWF/FecYh
https://paperpile.com/c/ylQkWF/JJafe+WMhOi
https://paperpile.com/c/ylQkWF/JJafe+WMhOi
https://paperpile.com/c/ylQkWF/JJafe+WMhOi
https://paperpile.com/c/ylQkWF/S83oc
https://paperpile.com/c/ylQkWF/S83oc
https://paperpile.com/c/ylQkWF/wA8nY
https://paperpile.com/c/ylQkWF/wA8nY
https://paperpile.com/c/ylQkWF/6MigI
https://paperpile.com/c/ylQkWF/6MigI
https://paperpile.com/c/ylQkWF/Hoctm
https://paperpile.com/c/ylQkWF/Hoctm
https://paperpile.com/c/ylQkWF/Y3VIU
https://paperpile.com/c/ylQkWF/Y3VIU
https://paperpile.com/c/ylQkWF/Qbo4A+bUa9w
https://paperpile.com/c/ylQkWF/Qbo4A+bUa9w
https://paperpile.com/c/ylQkWF/Qbo4A+bUa9w
https://paperpile.com/c/ylQkWF/NcgLZ
https://paperpile.com/c/ylQkWF/NcgLZ
https://paperpile.com/c/ylQkWF/YaUlI
https://paperpile.com/c/ylQkWF/YaUlI
https://paperpile.com/c/ylQkWF/buIif
https://paperpile.com/c/ylQkWF/buIif

HTR1F-Tango empty Tango vector HTR1F -
HTR2A-Tango empty Tango vector HTR2A -
HTR2B-Tango empty Tango vector HTR2B -
HTR2C-Tango empty Tango vector HTR2C -
HTR4-Tango empty Tango vector HTR4 -
HTRS5-Tango empty Tango vector HTRS -
HTR6-Tango empty Tango vector HTRG6 -
HTR7-Tango empty Tango vector HTR7 -
pCAGGS-MCS pCAGGS - -
pCSllpuro-MCS pCSllpuro - puromycin
F2. TORSINFERICHEALRE
AE 1258 ShET HmES
BamHI il PR B 3= TakaraBio 1010A
EcoRI il PR B 3= TakaraBio 1040A
Notl HIPREE R TakaraBio 1166A
Sall HIPREE R TakaraBio 1080A
Xbal HIPREE R TakaraBio 1093A
Ligation high Ver.2 ligation mix Toyobo LGK-201
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2.2. HHRREES

M EICRALEARED

HHMERIICEHT 5. AAETIE. RBRZERHZHAERO

WHETE T LVIREL TV zHeLaffifg &Lenti-X 293THER (632180, TakaraBio) D 2F& %8

DHA%KZEZRWN -, CNOOMBEKDEEDT-O . FILAyaLExA—4 )L (Dulbecco's

modified Eagle medium, DMEM) [, < i R ;& (Fetal Bovine Serum, FBS) %#10%#A0L

T-tE#h % FLV =, #BRaERIEZ. 100 mm dish (150466, ThermoFisher) IZi&#1% 10 mLiZAnL .

37CMDCO,RES%RETERL -, MEEMKERK TS0, FHEREL. MITOUBER

(TES ) T2[E100 mm dishZ ko1& . 37°C TSR ML EL =, NUTL U NEE LM

E#10 mLEMA . ERYToUT &Y #IEEE 100 mm dish S RIAL . $IREER S EEEoT-.

HHRE 2R &R ZHLLV00 mm dishi22 mL(1/58) F7=[F1 mL(1/102) AL . E#ZNZ T10

mLICLTEELT-, T-MEKEDO XYY DERLIZIZL. Cell Reservoir Onex{ERAL7T-.

MITS VB RDHRL (100 mLHT=Y)

e PBS:89mL

e 2.5% Trypsin: 10 mL(H#&EE0.25%)

e 2% EDTA:1 mL(Z#REE0.02%)

®3. MAERICEALERE

AE SET HEES
DMEM nacalai tesque 08459-64

FBS Sigma-Aldrich 172012-500ML
PBS tablets TakaraBio T900

2.5% Trypsin ThermoFisher 15090046
EDTA Kanto Chemical 14096-00

Cell Reservoir One nacalai tesque 07485-44
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2.3. At —REHRFEMBROE L

ZERBEMBAKROB IO -OFEALLEREFE, R4EHL-, KR TIE. cAMPEY
HY—LCa?* ¥ —ZREHIR S f=HelLafli i (HeLa/cAMP/Ca®*) &, RhoAtH—&EERKE
Y=Y —h—EREHRB S E-HelLalfifd (HeLa/RhoA/ERK) . €L TcAMPtEUH—¢&
ERKEH—ERTY—N—Z RIS & 1=HeLa#fi 2 (HeLa/cAMP/ERK) 0 5+ 348 55 0 #l i #4 % 1
L1,

HelLa/cAMP/Ca?* D &L D 1= . 35 mm dish (150460, ThermoFisher) T, ATNICHHEET
BILSNT=R-GECO1.0(Ca* Lo H—) REXRBMBERA L=, £ . cAMPEU Y —EZF %
BOLhODAI ARG A—% BT 518 . pCX4neo-CFP-Epac-YFP: pGP:
pCSV-VSV-G-RSV-Rev=2 ug:1 pg: 1 pgd Lt ZEMDDNA% . 10 yL®D Polyethylenimine “MAX”(
PEIMAX. 1 mg/mL)ZFL T, 35 mm dishTiE&E L1-Lenti-X 293THIRRICEEZFEALT-, 385
& ICIEH R BETL 2HEEEL TCAAMPEU Y —BEFEH OLMAVAMILAR Y 2—%
EBLLT=, RIZ, 35 mm dishTIEBEL=Ca? o H—HRIBMBEDIEHhERE. 0.2 ymI (L2 —
(S1302. Kurabo) TAiAL fzLenti-X 293D tE#h E;FE(LEADAMILARIZA—FE L) TR
oL, &#EE10 ug/mLEE 5 KS51ZPolybreneZx il A 1=, 2B # . #A2#%% 100 mm dishIZH# X
L. ZEEE1 mg/mLOGA18THRIAMAREEIRT 5L T, HeLa/cAMP/Ca* & E & L 1=,

HelLa/RhoA/ERK®D {EEL D 1= . pCSlibleo-ERK-KTR-miRFP703: psPAX2:
pCSV-VSV-G-RSV-Rev=2 pg:1 pg: 1 ug® Lt M DNAZ% . 35 mm dishTi&ZE L fzLenti-X
203THIRAIZ. 10 LLOPEIMAX Cif 5 F B A L1z, SR ITHE M AT MAE1TLN . Z D %20 RtE
BELTCERKEV Y —BEFEFOLUFIAIARYZ—% B LT, RIZ, 35 mm dishTHEE
Li=HeLafiRa Dt ERE . 0.2 pmT4IL2—THBLT=Lenti-X 2934ABAD Kt L35 (L2 Fy
AIWARYE—HEL)EHML., HZIEBE10 yg/mLEiE B L S51ZPolybreneZ /L=, 2B #.
%% 100 mm dishIZHEEL . RIZEE 100 pg/mLDzeocin THRIRMEEIRT 5L T,
ERK-KTR-miRFP703 (ERKt > H—) FIRHMaE R L 1=, RIZ. pT2Absr-DORA-RhoA:

pCAGGS-T2TP=800 ng:200 ng(4:1) M tLFEMDDNAZ . 35 mm dishTIEZEL-ERKE Y —
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FITHIAEARIZ, 1 yLD293fectinTIEEFEALT-, B, #fE#%% 100 mm dish[ZHEEL .
blasticidin STHRIFMIEZEEIRT 5L T, ERKEV Y —ERhATEUH— DR EHKIRMIEE
& L1=, &5IZ, pCSlibleo-ERK-KTR-miRFP703& [ U F % T, pCSlineo-H1-mCherryx$#DL
DFDALIWARYZ—FEE LT, 35 mm dishTE&ELIZERKE Y —ERhoAEZVH— DR TE
HINMWADEMEIRE. 0.2 ymT4)LA—TAHiAL T -Lenti-X 293HifA D FH# EF/(LVF oML
ARYE—%#ET)EF ML, BRIEBE1I mg/mMLOGAHSTHRIFMAE ERT HLT. REXRE
(D HelLa/RhoA/ERKZ R L 1=,

¥ &L T-HelLa/cAMP/Ca? 35 & UfHeLa/RhoA/ERK D A k&, /SILYTHAT . P vy
LELIO—C /L ERALEZ, oV e on—C %883 50 RARFRIO——
JETot=. T . MRBEREFZFRLTIO mLH =Y 100D BB REERL-, RIZ. 96
well plate (167008, ThermoFisher) 21z )L&1-Y100 yLD AR E 7 ELT=, 1z /LIZ1H
ARSIV EZHEMEE T THRAL, IBREL-MlakeERIoieTOV T LELIO—
Z151=,

HeLa/cAMP/ERKDEE D 1= . Lk LI=F ik LRE+#kIZ. pCX4neo-CFP-Epac-YFPEZ &L L
FOSAILARGZ—AYDiEH EiEE. pCSlineo-H1-mCherryzZ &L LU F oA IL AN B—
AYDiEH EiEE TNENERLIz, CNSEZBEDOVAMIILANZ—AY g FFZRAL
T.ERKtEVH—HBMAIC LRERLAETRESE -, 2B %, HAAKEZEHLLI100 mm
dishiZH# L. XIEBEE1 mg/mMLOGAH18AY DI THRIFMAEEIEEL -, S5I12, EILY—
A—(TESB)ZHEALT. cAMPEL Y —(YFP) &% Y —h— (RFP) DM A M FIE L1-#ifa

¥k (HeLa/cAMP/ERK) % :E 1R L 1=,
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TILY—2—DFEH
e tz)LY—A—:MA900(Sony)
o V—FT42FFvT:130 ym(LE-C3213, Sony)
e tTJILRFL—F—:5mL tube(352235, Corning)
o L—H—3iR:488 nm(YFP). 561 nm(RFP)
o HMIXTsI)LF—:525/50(YFP). 617/30(RFP)

e FyJTJL—i3>E—X:Automatic Setup Beads(LE-B3001. Sony)

KA. RERBEMBEKOBILIOL-OERAL-AESF

AE ST HEES
Opti-MEM ThermoFisher 31985070
293fectin ThermoFisher 12347019
PEIMAX Polysciences 24765-2
Polybrene nacalai tesque 12996-81
Blasticidin S nacalai tesque 03759-71
Zeocin nacalai tesque 61483-26
G418 nacalai tesque 23985-94
Puromycin nacalai tesque 14861-71
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2.4. GPCREFNEA

NAFT Y —DREFRRMATKRICGPCREGFEEAT L6, £ . 459 Eglass bottom
dish (627870, greiner bio-one) [Z, HeLa/cAMP/Ca* :HeLa/RhoA/ERK=1: 1Dt ETES
T-HRBREREEBELT—MIEEL -, RIZ. 0.25 yLD293fectinz12.5 uLMD Opti-MEMIZHI Z
TS5 MERE LTz (Tube A) . £f=. GPCRIA T3 —D TS RAZK (F1z[EpCAGGS-MCS) (F&1
%S H) %230 ng. puromycinfit 18 {zF% &4 pCSllpuro-MCS%20 ng&. 12.5 uLd
Opti-MEM%;E & L1=(Tube B) , 512, Tube AL Tube BZEELTERTI5HoMRIGEE . R
BRENDEOEMICMA, —BIEEL-, XEIRE2 pyg/mLDpuromycin AY D15 (232 H#L
T2EMEBEL, VRIIILaVEICLIERDEGFORREREZF AT HZL T, GPCRIE
ZFD1/10£ D puromycinfit EBEFEFRIEL. £FL-MEEZGPCRER ML=, &E
(2. MEGERIREEICL CERKEMZ R EIRAEICT 1=, TiLOMA DM ;EF L1238,
18~ 2505 fItE&E L=,

mmnEE O/ (50 mLHT=Y)
e FluoroBrite DMEM(A18967. ThermoFisher) :48.5 mL
e 100x GlutaMAX(35050-061. ThermoFisher) :0.5 mL (FR#%EE1%)

e 5% BSA(01281-84. nacalai tesque) : 1 mL(F#R;EE0.1%)
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HHARA LT RA A=V TICAVSHABMEICE, UTOFHDOLOEFERALT,

2.5, BHAALTTRAA—T25

BHAHMREEDRE

S BE MR - 1X8 1481 IL BB 8% (Olympus)

5145 : Retiga 4000R A EICCD (charge-coupled device) 71435 (Qlmaging)
o [E3:4 x4 binning (1 pixel)
o [Ef&Y4X:512 pixel x 512 pixel

L—+H—3i& : Spectra-X light engine (Lumencor)

*¥IL 2 X :UAPO/340 40x/1.35/ =Xt ¥1L > X (Olympus)

o R4 —)L:0.615 pm/pixel

BB SEBS X T L 1X2-ZDC (Olympus)

1)L A—iR4—JL:MAC5000 (Ludl Electronic Products)
EE)RT— : XY stage (Ludl Electronic Products)

BEF Yo N—T4—F NI MEF v 73— (Tokai Hit)
CO, £ #5 %= 1& : GM-4000 (Tokai Hit)

SEMEEFIH) T+ =7 : MetaMorph (Molecular Devices)

T BERRAA—D VT TR BEREDEREZRARFICHET SO UTDI LE—%

EALE=(RS5),
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RE.BEENRAA—C VI THEALETAILE—

"HIEEVINVE EENXRE &7/ E23— F4A4ua4vss  RINTAILE—
5_
miRFP703 Red 632/22 - FF408/504/581/ FF01-692/LP
(Lumencor) 667/762-Di01 (Semrock)
(Semrock)
R-GECO1.0, - FF01-580/20 20/80 FF01-641/75
mCherry (Semrock) Beamsplitter (Semrock)
(Chroma)
FRET (YFP) Blue 438/24 - XF2034 FF01-542/27
(Lumencor) 455DRLP (Semrock)
(Omega Optical
)
CFP Blue 438/24 - XF2034 FF01-483/32
(Lumencor) 455DRLP (Semrock)

(Omega Optical
)

ZERIAA—DUT T RAEI1DBZIT00EDIEREE T o=, MA~DELIL.
iRFP — RFP — FRET — CFPDIETATLY, T HEfE (X F300 msd D&Lt=, mEFIRHN D5

DEDOFERT, MR (RO ZARML., FN\AF L —DHEAZ257REIERFE L=,

Ftz. Gay £ R E DGPCRIEMIZ & HHIIENCAMPREE DBV #HET 516, HHMLHH
RNCAMPREZ L I(FI KRB TUAVRRIHEIT ORI IA LTTRA A= T %7212, T
EHTIE FT . REMBHSSDERDEFHT, 1ISO(100 nM) THEZL . £ HHka D Mk
HNCAMPEEZ LR &1, 512109 #%.. #1210 uyMDDAZE1=1E5-HT (F1=Idvehicle) & ik

mL. Goy B\ VEDFEHELIZESMNCAMPREDE TEEHELT,
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6. MERZHIFALLERO—&E

Al BE AbVIRE SiET HEES
Forskolin DMSO 50 mM Wako CAF6328
(FSK)

3-Isobutyl-1-met  DMSO 100 mM Wako SPK4223
hylxanthine

(IBMX)

Adenosine H,O 100 mM TCI A0157
triphosphate

(ATP)

Epithelial H,O + BSA(1 10 mg/mL PeproTech AF-100-15-1MG
Growth Factor ~ mg/mL)

(EGF)

Dopamine HCI(10 mM) 1M Sigma-Aldrich H8602
(DA)

Serotonin HCI(10 mM) 50 mM Cayman 14332
(5-HT)

Isoproterenol H,O 100 mM Sigma-Aldrich 16504
(ISO)
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2.6. EEE

RELEL, YHREOERBHTIETICE>TITHNI=, PRESTO-TangoD 7S5 A3R(E,
GPCREEZEFDONXKIHIZFLAGRY HiF LV TEY . #MlZICGPCRER I E 5L, FLAGRY Hiifl
fastIcH KRBTGS, CNZEREBFELBETHILT. MIBRADGPCREBREXBIE T H LN
T&%, PRESTO-Tango 7S5 AZK : pCAGGS-mEGFP (4 E TR ) =230 ng: 20 ng®
DNA®D Lt T THelLafil2(ZE I FH IR L =, pCAGGS-mEGFPIL. GPCREIFE DR LZE1T
ST DREIFRELL TR, RIT, ZRIRES.7%HRILLTILTER (16223-55, nacalai
tesque) T30/ FEIEEL . PBST4EIBEH LT, TD#%. 3%BSAL0.02%TritonX-100 A Y) DPBS
(TavFoJBR) IT150MEIEL, T a2 AORBRELANL-0. FIOHAT
0.2%TritonX-100(35501-02. nacalai tesque) AYMDPBST157 & BMEL . TAYF>
TBRIZ159 R LTz, — XA Dmonoclonal anti-FLAG M2 antibody (F1804.,
Sigma-Aldrich) Z500f§ F ML -7 Ov* Y 3Kk CHIIEE — B4 CTHELTz. TDHRPBST3
[Bl3%Ei%%1TL) . 2R 1A D Goat anti-Mouse IgG (H+L) Highly Cross-Absorbed Secondary
Antibody Alexa Fluor Plus 555(A32727. ThermoFisher) 1,000 &ML -7 0vx 5 8K
TIREZERTHEL . X&RIT.PBSTIE®ESHL. REZV T TRV B H & S BEMIER TR
Ltz LTFICEHZRET 5.

HESBEMREEDRTE
o TAMER: IX83EISL FEMER (Olympus)
e 7145 :Prime sCMOS camera(Teledyne Photometrics)
o HESAXXyF1=vh:CSU-W1(Yokogawa Electric)
o L—H—}R(F 174 —F):OBIS(Coherent)
o KE&:488 nm(100 msecg&t) . 561 nm (500 msecg& L)
o X#L X :UPLXAPO20X NA 0.8 (Olympus)
o IEEHEF v /\—:STXG-IX3WX (Tokai Hit)

o TEMEEHIEY T+ 7 : MetaMorph (Molecular Devices)
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2.7. ERERMT

wEL-BEEROENTIZIE, Fiji(lmaged) #F| AL Tz, CFP-Epac-YFPE=[£DORA-RhoAD i
W TIE. ThZThCFPEREFRETEIR M t (CFP/FRET) F7=($FRETEI{ £LCFPEIE M L (
FRET/CFP) D Lt REGZERLLT-, F1=. 8 E £ 5f & (Intensity-Modulated Display. IMD)
ERALTHRERERLUNST—RRL =,

HelLa/cAMP/Ca?* M f##1 Tl. 9 Rolling BaliEIZL>TEEDESDIEEEEHEL., A
TAT VT4 EA—ITED TNV I T ST /A REBELT =, Fi=, M~ DT VRO

EAT—VDRBERLGE THREMEN VTN HIHENH S8 . StackReg(Thevenaz et al.,
1998)Z LT, R DM EESHEZET o< MDD T FILEEDEETIE., MDD
B %20 pixel (312 ym) ® ARZROI (region of interest) # X ELT-. ZDE. SN EL 1=
R LR D SRRUM=,

F 7. HeLa/RhoA/ERKD fE# TlE . KTRLIR—2—DETAY I,z 7 THSCel TKZ FI A
L7=(Kudo et al., 2018), CellTKTI. £¥ . mEL-EBR D E R DIEEEZRolling Bali&[Z&
DB LT, RIZ. H1-mCherryD El{& - Gaussian74)LA—%H [T THIBEK OEEEFEBEL
f=o &5I12., IS ERE AL I (adaptive thresholding) D 7 I)LT Y X LZ AW TER I EIZZEL
LT, MifaziE Lz, EFHREZERETELVMES X MEZOBREEET AV T—23
> %475StarDist(Weigert et al., 2019)#FI AL, ZD & . RESh-HEZEER (FSyF
)L, ERTEREHINGLAGST-HEKEEEN SR LT, FoyF T LI O M3 G
9 HIRFPEGR MG, MBSO HAIEEDFIYEN)EFEH L=, RIZ, MIEZERHDHNE
ZHE--MREEREORLIEEDFHE(C)ZEHL.CINEEE L, . M EHEEH®D
ROIZFAWT. FRETOE{RECFPOEBRDHLEEDFEHEEZZNENEEL. FRET/CFP
£ EH LT, CFP-Epac-YFP® %18 8 ADORA-RhoAD KB LYHE <. 20D HIaAEIEL
TWBSERAEMNTNAL -8 . HeLa/cAMP/Ca* DA IZ3E 9 HHelLa/RhoA/ERK D #iifE [

TEENSRIN LT, £1-. CFPD & & E &ZF DB R 5| D ZE E{R E (coefficient of variation.
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https://paperpile.com/c/ylQkWF/wuyPr
https://paperpile.com/c/ylQkWF/wuyPr
https://paperpile.com/c/ylQkWF/8G6rh
https://paperpile.com/c/ylQkWF/LUOai

CV)H 5. DORA-RhoAM FEIRL TLVELVHERE XS, SEHifa SN EL--Mlax EEM SRMIL
f=o

ik dHeLa/RhoA/ERKD f##r L R4k (<. HeLa/cAMP/ERKD f##7 &, CellTK% Ly TiIRFP
E &N 5CINEH H L TERKEM %, FRETEI{& LCFPEI& M 5 CFP/FRETZ H i L TCAMPIR
EETNENEELL.

35



2.8. TEET DM

HAEBOEET —2E, HABEDEILE (AF/F) T EHAEED LD E L (ARR,)
TRz, ShIE. RIHBTO B IIEE (Fo) T FREBBTOHLBED L (R [T T HER(
AF=F-F & = [ZAR=R-Ry) & . FoF = [FR, THRIBILLI=L D TH D, F=FZL. 2BED TR T F
VR DEBEEFT T, REREDCAMPREZMARME THET 510 MBIELTLERNE
ET—EFERALIZ TRETNDNAFT Lo —DERI~NDEEETFET 516 . A=
BREKROT=. £ BEITUAUFNREZ. MBILAR/RFIFAF/FDE—VE R B REE
BLTz RIZ. RO S FTREOBAEAVTHRELETHRED T4y T120 7 %1TLN. 50%E
iR (ECs) EELERH (NH) ZEHLT=,

nH

MAX — MIN) X ————— + MIN
( ) Ec50™ +x™

(MAX: IS E DEBRAE. MIN: [EZEDR/IME. x: VAV NRE)

TN AT —DORBEDLEEADEEEZRAR - T . EMEN(T LT —DF
WE. Mtz AU RRIBL-BOAR/RF = ZAF/F, CRLI-BAREER LTz, RIZ.ETY
VOBERBRBMNZERD . RRELLEEOEEETMLI-. 2T T LT A FTIVRELE
THRD. AT —DEET 3 7Lz, FEEICIL. PythonDED 21— ILTHD
scikit-learn&tslearn% | AL TK-means7 5 A 2" L) %4151 K-means7 S A %) 7 1Z&Y
DEINRRIT 2. cAMPREZETIELEBROEET —4. cAMPELCa*, cAMP&
ERK. ERKERhOAD TN ZE N DM D EE T —2 (L. PythonDseaborn®Y 1 —)L TE—
bvv bl Ff-. ERESE-cCAMPREZE TEEHEROE—FT YT L, RIHEDCAMP
BEDBEMED/NEWEIC, MlEaEERTREL . HERTOE— YT F RERED
CAMPREAMEVIRF ICHlaZ i R TREL. RLMEDIEE TCa”iREEH JUVERKEED
E—bwyTEERL. HERBZRE LB LIz, ERKERhoAD BT OE—rT YT IE YA K
RHRDERKEEDRAMED/NSWEICHiaZ T~ TREEL . RALHAEDIEE TRhoAFEMED
E—r<vTEfERLT=,
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3. &R

3.1. GPCRTHRIVIFTINEEEILTD=HDEXAA—D
G4+ H—Di&RET

KHFETIE. GPCRU T FILRZEDBow-Tietg & CH TH/NTELTHEELTLVSEEZ DN
HGPCRTRUVITFTILAFDREAFIVRITEB LIz, GPCRTRU T FILERIET 51=80.
CAMP (Ga,) 8 & U Ca? (Gayq) D2RBED AU R Ayt D v—&, RhoA(Ga,s) & K UERK(
Gajor GO11) D2FBFED TR T TIL D FDEABEDL T FIVEAFTIVREEET HHAN

1A ¥ —%FRLI =,

3.1.1. HENCAMPEEDRI{RIE

HNCAMPIREZBIE TEA/ N\ 1A Y—Z1&EIL. Ponsioens |2 &Y B FES N F-cAMP
INAF Y —TdhHSHCFP-Epac-YFP(Ponsioen et al., 2004)%{# AL -, CFP-Epac-YFPIZ.
YFP&CFPEMEIZEpac (exchange protein activated by cAMP) D cAMPHE & KA L& #E A 3A
AEE—DFE DO FREELE L% 9 SForster resonance energy transfer (FRET)/ N1 4
2 —T#H 5 (E5A) , CFP-Epac-YFPIL. EpaclZcAMPOES L TULVRLVREE TIXYFPE
CFPH#EEL. BV FRETHIREZHEFL-IREEIZH S M, EpaclZcAMPAER T 5L THRES
EA Y., YFPECFPED BEREN BN DL TFRETHEMNH AT 5, COFRETHEDZEAL
EEETHLT. MIBANCAMPREDRLZARILT HIENTED,

F9 . CFP-Epac-YFPEREH IR Y HSHeLallilathZ B iLL . AMPZ &Y HACHEMEHIT
HBH I+ ZX31) > (Forskolin, FSK) &, cCAMPZE R T HRAKRI IR TI5—4 (
phosphodiesterase. PDE) M [H E &I T# % IBMX (isobutylmethylxanthine) Z g 127 mL . 4+
HMICHIEEACAMPREZ L RSB 1-LEDFRETHE D ELEAIE LTz, FSKEIBMX®D 70

IZKAHFRETHEMDZE{L%E. CFPEFRETD H 58 E D bt (CFP/FRET) THIEL . CFP/FRET%
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https://paperpile.com/c/ylQkWF/WMhOi

BUHF—TRLIZ(E5B), CFP/FRETZEEL1=EC A, RIBEITROMNIT50%FEEE ML .
CFP/FRETAELMEZ# L 1=, RIZCFP-Epac-YFPD A A F3Iv oLV SHARSBT=0HIZ.
FSK&EIBMXIZX 95 FHER ERRZER D= (R5C) . FSKIREHA1 uM~#H+ uMDEEFE T,
CFP/IFRETA LR T BT EMhh oz, SOIZ, MATONIA o —DEBREICL>TE
UH—DIEENEEEZITEHENEZ DN T=(Miura et al., 2018)f=8 ., CFP-Epac-YFP® %
RELGEDBRSOBEBEZEFRE 1=, EC5lRELVFSKEEIZH ULV T, CFP-Epac-YFPO %R &%
B, FSKICX § 2IC &Mt L TRRAEZ L 1= (B5D) . TD#E R . %R %1X-0.09T
HY.MEICHBI GO EHIEL-, ULEhS, SERIBIILE-RERFMBHkKTD
CFP-Epac-YFPORIREFIEEICEELZEAT . AARICEVLTCAMPREZAE T 5/ \ 17

2 H—&L T, CFP-Epac-YFPDF| MBI REThH A EFER T (T7=,
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https://paperpile.com/c/ylQkWF/IdRXe

A iFRf%T

BRIATLUAF RIEERATZ,

K¢

“

CAMP
7

B = 08r
50 uM Forskolin + 100 uM IBMX u'_J 08
Omin | 1 10 20 _ &
. 0>> [al
55
Qo
Z
O ©
€
2 02 1 1 1 1 1 1
, = 0 10 20
CFP/FRET 0.4 NI W12 . .
Time (min)
C D 06
= o5} . r=-0.09
0.5} EC50:5.5 uM 0 0o 0 ©
N
o 0.4} nH:1.2 o 04 o ©
T 03 Bosl © % % e
o o ° °
g 02 x 02f ° °°°‘g°f°&g%° °
<C 01 < 0%%0 % ©
S o 01} o° %@9%0% ® 9 o
0 0 10 2 o0 % e
Forskolin (uM) © [

500 1000 1500 2000 2500
CFP-Epac-YFP expression (a.u)

B5. cAMP/\ A # 24— D # BeET

(A) CFP-Epac-YFPDBEREE TR . NAA o H—ICEFNIRKIXILAFREER AL (
cyclic nucleotide binding domain, CNBD) [ICCAMPA#E A 35 E T, (AU H—DEEN
TRL. FRETIEMNZE LT %, (B) CFP-Epac-YFPZ HIRE & -HeLaf#ifa1Z . Forskolin (FSK
) 50 yM&IBMX 100 pMZERINL =35 & DHMRERNCAMP R EDEILERY . £z, HMUTI=EFMH
Z00 LR O HEAEME (ARR) R Y, FRITZHROARR,DFHIE. [RED#RIE
< DMADAR/RERY . RERIE2E LI ETLY, &5T32ffa%E EELT-, (C) FSKEIBMX%E
10EXBE D iR & THIRR ISR ML =B D CFP/FRETMAR/R,IZ. RENEMEE Iy T4 L

f=o (ECs: FSKM50% B ZNEE . nH: EJL1%Z %) (D) CFP-Epac-YFPM IR & (#%H) &, EC4l
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EUVRE (25 uM) DFSKTRIBML =B DAR/R, (Hit#h) DHEEZEZ R T . r FET YV DOIE AR

BREERY,
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3.1.2. #AARNCaEEDRIHRIE

GPCRYJ FILICLHHlANCa” REDELZAE T 578, Zhaob ITKYBEFE SN -FRE
®HICa? N\A1 A2 H—MDR-GECO1.0(Zhao et al., 2011)ZFE AL -, R-GECO1.0l&, Ca*'§&
BRAVNYEDHILEY ) (calmodulin, CaM) ECaM#E & 22732 E MDM13 (chicken myosin
light chain kinase) ##il# & =Ca* /N1 A o —TH 5. CaMEM13LDEIZAIESIE R
{AmApple (circular permuted mApple, cpmApple) TEM-> TV, 4D NDCa*EDFESIZKY
CaMA EELELZERE L. MI13EIEE T SHET. cpmAppleD N IEEMN LF T 5 (K6A),

F¥9.R-GECO1.02 R EFHBE L I-HelLaMifa bk Z B iLL . HeLaflifZICRTERIIZRIRT 5 Gay:,

HERDT) L Z B K (Welter-Stahl et al., 2000) DY H UK THEIT T/ =B (
adenosine triphosphate. ATP) THIHL THHEMICCa* EEZ LR S E-HORALEEDE
EFBIEL Iz, fliBE. BABELERONMNCLRELTERRKEORABEFEF TR 1z fitlTT
HABEOEILEEELECH, —BHELEREZRYRT /NILRAKDIEEERLT-(K6B),
M THERADEILE (AF/F) DREEFELZY ., SLVEEIX300%12E LF L=, MEEO
AF/F,D T EE200%FEE LR LT -, RIZ. R-GECO1.0DA A F3IvIL VS HEFARDBI=HIZ,
ATPIZXtd A E R EIRER D= (E6C) . R-GECO1.0DEILIZEA54EMD /1 F 2
H—EBLTRES RMYFRICIGE LTz, £z, ATPIZR $ HEC[F2.8 y(MTHAHZEAR
SNtz EHIZ. R-GECOT.0NHBELICE M DBEFRER N1z, EC5l T WATPREIZE LY
T.R-GECO1.0MOHIMELHEHIZ, ATPIZH I HISE M EHMEMICL THARZ L= (K6D),
B R#L-0.28THY . MEISRVERBE RO G Sf, UEMD SEBILI-ZERE
Mk TOR-GECO1.0DRBERFREFICHEEZSZLRNLDEL. ARARICENTCa”RE

ZRIET H/N\1F P —ELT.R-GECO1L.ODFIAMNAIRETH b &Eam it (7=,
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https://paperpile.com/c/ylQkWF/wA8nY
https://paperpile.com/c/ylQkWF/LhTQJ

cpmAgpIe -
AIVES2U> /:/ n
X
M13 —
Ca%
B —~ A4r
100 pM ATP >
0 min ] 1 10 20 2 3
0L
N £ R
855 2
“Eo 1t
5238
< w B
O 0
m _1 ( 1 1 1 1 1 1
0 10 20
Time (min)
C D 3.0
o -
Z 55 r=-0.28
[To) Q
L\LOZO N 20_ “."‘
L 15 EC50:2.8 uM T e
- nH: 5.4 u° 1.5 @
G 1.0 o 3
O 05 < 1.0} p
L= S o5l 4
10" 100 10" g
ATP (uM) of

0 50 100 150 200 250
R-GECO1.0 expression (a.u)

B16. Ca**/\ 1A Y — DB REFT

(A) R-GECO1.00E K EERY , Ca® A A LTI-CaMMBEEILL . MI13EHEETHIET
cpmAppleDEFSIEEMN LR TS, (B) R-GECO1.0xFKI S -HeLaffif2IZ, ATP 100 uM%
ARMUL-ZEDOMBENCa> REDEILERT, £f-. ATPTREBL-BHMZ02ELIFO RN
ZAL (AF/F) R Y FIGE MM DAF/F, D FHE., IRE D RIXE < O M DAF/FZ R
¥, EER(F2E L £ T, §Ft45M8E E =L 1=, (C) 8E%FE (0.16~20 uM) DATPEETENT
nMRRERIBML-FOHELEEDAF/F I, AEEEMBET19T12 L=, (ECs:ATPD
50%A PR E . nH:EJL{%%) (D) R-GECO1.0D FIRE (#H) & ECoolTHELVEEE (2.5 ng/mL

) DATPTRIBL =B DAF/F, (it dh) DHEEAETRY . r FET7 VO OBEEHBEFREETT
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3.1.3. EHAFEGH/NIERhoAFMHDAIIRIL

GPCRTif> 7 FILELTDRhOATFEMRZEET H7=8 . van UnensIZE > THRESM
DORA-RhoA(van Unen et al., 2015)%{# AL 7=, DORA-RhoA(Z. B £ #RRhoA&LE 4 E RhoA
HENLGREIVNIVEPKN1OMEZFALE— 2 FROFRETN\AA oY —ThH S,
DORA-RhoAlZ . NX i i5PKN1-YFP-CFP-RhoAD IBIZHE SN THY . jEH LS =RhoA
MPKN1EFE AR TS, COEBEEILICKYYFP-CFPRIMD B EEY . SFRETHRIZHS (K
7A),

F9 . DORA-RhoAZ R EH I I HHelLaflifa I L . HeLaflifaICTNEMICHKIR T HER
EEFZEK(EGFR)O7I =X+ TH S LR EREF (EGF)#HLT, #EHIZRhoA%E
EMHIESE-EEDFRETHEDELZREL -, FRET3hEDZ (X, FRET/CFPZAWNTE
L. FRET/CFPZELIAT—TRLI=(BT7B) . EGFIZLARIHAT. AR/R,ILIELMEZRL. &I
HBEICIZERLIED . TORISDRBEEMN T TRONIEDLIZ, FRETHEDELZEEL
f=&Z5 . FRET/CFPAYRE #E O | REMATE LB L TR KR40% L F L=, XRIZ,
DORA-RhoADF A F2vIL VO HFARDI=HIZ, EGFIZxt T AL ErfRERHT- (K7C
) o EGFRE AR ng/mL~#+ ng/mLO & BT, FRET/CFPA LT BT EN R Motz &5
(2. DORA-RhoAD HIRE LGB D EHRZE R N1z, ECol IEVEGFREIZH T,
DORA-RhoAD FEIREZ1EHI(Z, EGFIZX T D EMZHMICL THRMRZEW=(KTD), £
DR HEFRKF-03THY. BEITRVEBIXRO G o=, LML, SEBIL-R
EFEI Ak TODORA-RhOAD KR EFIGEFICEEZEZALNIDEL KFARIZENT

RhoAEMZRIE T 5/ \ 1423 —&L T, DORA-RhoAD FI AN RIRETdH 5 &faam T [17=,
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https://paperpile.com/c/ylQkWF/Hoctm
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z ; S o8 o
; 02 EC_SO: 5.6 ng/ml s 03 ° %BOO ®@o o
E nH. 38 g %Ow c% ° 0°
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2 o T S 0.1 ° o
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DORA-RhoA expression (a.u)

E7. RhoA/NAMF 2 H—D#RE T

(A) DORA-RhoAD X %R T, & ERhoA(RhoA GTP) AAPKN1&#t &3 52 & T, FRET
$ENLEF TS, (B) DORA-RhoAZ HFKI St f-HeLa#ifZ (=, EGF 10 ng/mLZEFMLI=5E D
RhoATFEMDEALERT , 1=, EGFTHIEL =B %00 LLI-BFDFRET/CFPO &® H Z 1Lt
(AR/R) ZE T . RIS LMIDAR/R,D FHE., KEDRITE < DHIOARRERT . &
BRIX2E LU LT, AEH13MHME EE LT, (C) 10X (0.078~40 uM) DEGFEE TEFN T il
faZzRIB L= DFRET/ICFPMAR/R,IZ. AERE/MBEEI1v T4 L1z, (ECs:EGFD
50%E%NEE. nH: EJL{%%0) (D) DORA-RhoAD FKIF £ (1EH) &, EC5olZ3TLVEE (10 ng/mL

) TUHVRRIFLI=F DAR/R, (#it#h) DHEEE TR riFE7 YV DEEHREREETT .
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3.1.4. ERKMAPxF+—+HEFHDAHIE

GoyoB LU GCUy i BED ST FILIE, LY TRODERKEFMHILSEHIENRESA TS
(Blaukat et al., 2000; Mochizuki et al., 1999; Pietraszewska-Bogiel et al., 2020; Siuda et al.,
2015), 2 T.GPCRT R T T ILDA—4 D1 DELTERKEER LTz, ERKEMEDBAIE
[Z1E. Regotdo M FE KR L TULV=ERK-KTR(Regot et al., 2014)ZF AL =, AN\ AF U H—(F
kinase translocation reporter (KTR) ZF|FHL TH Y. EERKE 4 TIXERK-KTRA Mg & A
BEL. BERKEM TIEMAEE NIZERK-KTRABITT SEA LG>TULVD, KK TIE.
ERK-KTRIZ:EF & A2 789 'E (near-infrared fluorescence protein, iRFP) D —2®
miRFP703% @t & L/=ERK-KTR-miRFP703%{# FAL 7= (K8A) ,

F9 . ERK-KTR-miRFP703%2 R E IR HHelLaMifaZBIL . HeLatifBICNEMICHR IR T
HEGFRZEGF T/E LS H I-FF DERK-KTR-miRFP703M #% 4 ¥ 1TZ &R 2 L 1= (X18B) ,
ERK-KTR-miRFP703 (R AT LML RN ICHEL THEY . RIBRSSEET
ERK-KTR-miIRFP703M &N T H BRI N 1=, ERKIE &, ERK-KTR-miRFP703 M #li iz #%
4} (cytoplasm, C) L#A#% A (nuclear, N) DENKIEEEEZZNTNBIEL. TN 5D (C/N
) EHEHTHIETEEL -, RIBESH DY M 5 IZERK-KTR-MIRFP703MD #4417
MEEZY ., FHTC/INAS50%FREE LR L=, RIZ, ERK-KTR-mIRFP703M A A F3v oL T%
BFRB=OIZ.EGFIZxt T 2 RERFHBRE KO- (K8C), TDHER . EGFIREA0.2 ng/mL
~20 ng/mMLD EEFE TCINMNEL T DI LMD o1z, Tz, ERK-KTR-miIRFP703D F IR £ &It
ZEMHDBEFZRZEFR ATz, EC5lTEWLEGFREIZH ULV T, ERK-KTR-MIRFP7030M # IR E #1584
[Z.EGFIZx 3 2 EMEHMICL THMRZHE V- (X8D) , £ DFER . AR #(X-0.13T
HY. WEICHBRER oG, of-, LlEhn, SEBENIL-RERBRMBAKRTD
ERK-KTR-mRFP703DEME X G EFICHEEESZEVBDEL. FFARITEWVTERKERZ

BIET HNAF Y —ELT, ERK-KTR-miRFP703D FI| AN ] g TH S &gt (7=,
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https://paperpile.com/c/ylQkWF/3fwUa+QBHUZ+PCvR3+da6JP
https://paperpile.com/c/ylQkWF/3fwUa+QBHUZ+PCvR3+da6JP
https://paperpile.com/c/ylQkWF/Qbo4A
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o 05}
g 06 ° Te} | (]
% 051 cso: et 5408 e
>, 04 : ° 0.3 o © oo
3 0.3} 2.8 ng/mi > :oo % o 0o°
7 02L nH:2.3 <02 O e °
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& 0.1 c 8 ° 3] 0 e °
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Y0 200 400 600 800

ERK-KTR expression (a.u)

(8. ERK/N\A A >t — D aEET

(A) ERK-KTR-mIRFP703MDE X R %R T, iEMHILERKIZKY . #1727 L (bipartite
nuclear localization signal. bNLS) &#%44 #1724 + )L (nuclear export signal. NES) %) > E&
fEEh ., FNENDNLSIEHEAOFF, NESIEHAONIZH S ET. A DERK-KTR-MIRFP703
D #% 51 #8479 %, (B) ERK-KTR-miRFP703% F IR & f-HeLa#ifI=. EGF 10 ng/mLZFmL
B EDERKEMHDEILERT , £f-. EGFTRIBL =R Z0D ELI=BFDC/IND ZE 1L L (
AR/R)) ERY . iR EHEDAR/R,D FEHE. IREDIRIFE < DHABDAR/RERT . EER
(F2E L LT, AEH16MIRaEEZ L=, (C) 10EXME (0.078~40 pM) DEGFRETZhZ h#lfz

ZRIBLI-FFDAR/R (. AEINEIRET 1y T2 LTz, (ECs:EGFD50% A ZNRE . nH:
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EJL{%%k) (D) DORA-RhoAD FH IR & (4 EH) & . ECsliEULVERE (5 ng/mL) TYUA U RFIFE L=

FFDAR/R, (#it#h) DHEBEZE R Y . riFET7 VU OBREHERBERT
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3.2. GPCRIIJFIERIBFICEET HERRDIBEE

AMETIE. FRETEZRIAT /814 2> —%2FfE%E (CFP-Epac-YFP$ &K U'DORA-RhoA)
[CINA T, SOIC2BEDHXNAA LY —FANEERARAA—D VT EEHILT 51
& . CFP-Epac-YFP (YFP+CFP) £ U'R-GECO1.0(RFP) D& F H Il (HeLa/cAMP/Ca?*
) &. DORA-RhoA (YFP+CFP) & & TRERK-KTR-miRFP703 (iRFP) . #ifat%<—h—&L T
H1-mCherry (RFP) M % #IR#H (HeLa/RhoA/ERK) M 2F2$E D #IfakZ F N ENAEELL
1=

UED2IEEOHIBKRER NV ZEHIAA-D T E UTOFIETIT o1z, £7 . 21858
DK ERE &L E THIEEDKEICLz, B, #E#%IZGPCRE{ZF Lpuromyciniiit {4
BEFEFIIDOBETHEGFEALI, CORETIHEREL-%. puromycinZH# LTS
SIZ2BMEEL ., puromyciniiftEZ DL TEBFEL-MEEGPCREIRMAE L THRELT-,
BIZATIC, |IMFEH T18~ 250 S EL CERKEHZEEREBICLI- L TEER M A—

DU ETo=(E9),
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g o HiEs
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@ - 8% T e .fgg}

RhoA/ERK l Wl cPcrEmF
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B FEA
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T R ° .FQ
>4 oga

Qs

= Puromycin
—H# l CLoTa>

i* 3
GPCRERME [y 4, Z

HLEHIRAE
SEENA A=

EEI
18~258% 1% l |G

9. EERRAA—DUT DREBRSEN

QDMK ETREE T—MIEE L% . GPCREEF &puromyciniit & {nFZ R ICEA

L.ZBhSpuromycinT2BREIEL YL av Lz, EL Y av &k, Mz mEHIKEICT 51

HIZ, BMFEMICRML, BRRAD 18~ 25K MEBL-HMBEAVTEER LA A—DUT

#11o1=,
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3.3. DAZBARDIITFILEAFIUOR
3.3.1. DAZRBARHYIZATELDUTFILEAFIHA

DAZA{KIL. DRD1ASDRDSETNDSIEFENDGPCRY T AL/ THNM5NTEHEY ., DRDIBLY
DRD5M'Ga ##& 2 TéHY . DRD2, DRD3. ZL TDRD4M Gay, & E TH S (10) . AT
(X, RLGaR /NI BEEHETIHIDAZERTEL. TN TN DEREZH TSI ENTEEN
T\ %(Beaulieu and Gainetdinov, 2011), LML S, RILGaR /N VB L% 3 HGPCRY
TRAATEIT. EDQKSICELGIEEEZEHAELTLADONIDVWTER IS TESLT . FA4F
ST A—TAVTIZE>TRIGSHCPCRM L DIFMERL DT FILELTRHTHIET
BRAIGEEEEEAH LTSRN EE R -, ECT.DARBARD Y TRZA(TZEDLTFILE
AFTIVRERARD-O I LIZEERAA—DU TR (R EAVWTDAZER Y T 24T
SLIABEDOVTFILEEEL, HELT-,

R—/C=>
NH
HO z

' N

DRD1,5 DRD2,3,4
q[!mlll[l/ iﬂ‘!“‘q
Ga ¥ . Ga

X10. DAZRBAD YT ZAT
DAZEIKRIISEEO Y IZATHMLNTEHY.,. DRD1ELUDRD5(FGao 3% E . DRD2,

DRD3. DRD4[EGo, R EDZEATH D,
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https://paperpile.com/c/ylQkWF/k4x4Q

CIholE. BERNAA—D T IZE>THELIZcAMP, Ca*, RhoA, ERKD#ER % IEEI
RS, FF . DAFIHKICKEDARBARY TI4TZEDCAMPIEE DT 1 TR &A=,
ZTNZTNODAZBARDHIMAZ . BIR55 %1210 UMODATRIE L=, ZD#ER . DRD1F
IR EDRDSF MM DLV T, DARIBIZ &> TCFP/FRETAS LH L= (K1) , @& &HGa,
HERTHLHIIEN D, GoAVNIBEEN LIZcAMPER MR SI=ZENRE SN, =, IG
Z9 50 P TIE, HiENECAMPIGE L —BHIECAMPIEE D2IBEEDF 1 FTIVRAN RS
M1z, —A T, DRD2, DRD3. DRD4DHH ML IZL T hECAMPIEE D EL N RS>
fzo RIZ.HTRATZEDCa? L EFBIE LIz, 121D DHRIZEE 5L, DRDIFK M
PODRD2EIFME T/NILAKICHE T ML RLNA. O bO—LELEKTHE. EDY
TAATHCa? G BEZERIHEMN DTz, RIZ, RhoAE M ZAIE LTz, DRDIFEIRMIE K UDRD2
FIEMATIEL. ARIR,D10~20%RRED LEMN RSNz, HEIZ. —EHHODRD2FRM L&
K50%F2E DERKEE D £ F%RL1=(K11D), — 4 TDRD1, DRD5, DRD3M # IR #Hfa T
(T, ERKEMDETNALNT-, £f-. DAZBARZHRBASE TV ALV O— /LI TH.
ERKEMDETZRITHENRoNT-, DRDARBEME T, BELERKEEHDEILETRT S
ElETED o1z, L EDEREBMNS . DAZRBAED Y IAA(T LI T F LT ATV ADEHHER
AZBHIENTET-, DRD1ELUDRDSIE., cAMPREZE ERSH H1tIZ, RnoAiEMZE LFSE.
SHIZERKEMZE TIFHIEMN M 2Tz, — A T. DRD2IERhoAEHEERKIEME D@ AN LR
Lizo SOEKSIZ. BILGoAV NI BEEEKR T HIENFMONTLVSGPCRY TA2ATRETH, &Y
FTIEAFTIIVRESHRGNI—VERT IEN DO o1,
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0.8 4 15
315 00 3% 3 20 3 10
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E11. DAZRBRERY TAATREDL T FILEAFIIR

avkA—/L, Gadt % EDAZ A K (DRD1. DRD5) | Gay, & B! DAZ &k (DRD2, DRD3,
DRD4) #FNZENDA 10 yMRIBLIIGEDL T FILFAFTIHRETRT . ThE N (A) CAMP
IRE. (B) Ca®”"iRE. (C) RhoAiE 4. (D) ERKEMHDEILDERRINERT . BRI L ERIHX
B FETREIELz, FIRIZEMMBOARRFEIXAF/F,DFEHE. [KE(XE< DM

AR/R FET=IXAF/F # R, RER(F2EI LL E1TLY, CAMPIEE S LU Ca? IEBE DA A—P 24 Thn
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=138(arko—)L). 103(DRD1) . 66(DRD5) . 56 (DRD2) . 48 (DRD3) . 70(DRD4) M #Hfa%
FTE2L. ROAFES LUVERKEEDAA— T Tn=90(@>ka—)L) . 89(DRD1) . 62(

DRD5) . 86(DRD2) . 66 (DRD3) . 19(DRD4) M ififazE =L 1=,
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DRD4FERMATIX 4BEOVT IO TRI T FILBLRonGHI ST, ChoDFERAA, DA
SRANSDU T FILEENTHOAGEI =0, FEARNMBELICRELLE, S
OO ERRDLT=0 . 5SEEDODAZRER Y T IATITOVWTHIIRE LD /U B L. #ifa
NADEIVINVEEITNTNREZEBICI > TREMRLIZ(H12A) , GPCREAFKTIL 1
EGFPOHBETGPCROV T FIILEHRIFIELIZECA. HlaRETOREE(L. DRD1E
DRD4T#IZE<. DRDSARHEMN o1= (K12B) . UL EH S, DRDAFKIZMA D DRDAD 57
TZDOIDIETHNTEY. TD L TDARIEIZED TR T FIVIESBRTEEI o LEEm T
(+1=,
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E12. DARBARY T2/ TOMBERAD KT E D LLE

(A) FLAGRS # AWV -RELEEZITo-EHODAZBAR Y I/ TRID LR ETY ., MAERE (
surface) EHlifE £ K (total) DREIREZTT  MEREORRE(L, S a5 A (normal) F
f=[FEL IV RS X K (intensified) Z E M TR R AL BHTEDGPCREZAIfRILL =, (B) #Hifa &k
EDDARBARDEREEL LT 5126 . GPCRIEGZFLHEICEGFPELFEHRESE . EGFP
DHREETHREREMOCGPCRERELFEELLL, RLFYMI1HRZEOFEBRELRL. £

DI HRMSEMTRERL =,
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3.3.2. DAZRBMADATORAI—

DAZBRIEIENTNEARTRELTHEET SN, Y TFMTRILTATAZS AT —EH KT
HIEVHESNTHEY ., £THZETIL. DRD1+DRD24°DRD2+DRD5%E DA EHE T.
Gay BV INVBEDRBETINTAZTAT—EHRT HESN TS (E13) (Hasbi et al.,

2009; Perreault et al., 2014; Rashid et al., 2007),

r—)(

HO
:[ :] LH
HO 2

-

/1]

>

HFIR
DRD1 DRD2
[ N M O
ANN NN
VYV WAVAY;
GaqVB

H13.DAZBHEDATOZ AT —
DAZBKRIIHYITFIATRI LT TATAZTAI—4HRTHENTEEIN TS, HlZ (X, DRD1
EDRD2IEANTAFAT—%HAEL., EITCa BV /INVBEEHRE T HEIITLEAHIENRESN

W%,
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https://paperpile.com/c/ylQkWF/bE5P3+hzTTM+1M86y
https://paperpile.com/c/ylQkWF/bE5P3+hzTTM+1M86y

ZCT.EBLGODARBHRY I ZMTRILE/HREREILHIET, Ca¥IBENRIDIMNEI MR
ST 510, STBEDDARBKRY T ZATH52D&IRL. BEH10BYDMABDHLET. TNE
nHRRICHRREIE . DARIRZETL. Ca” I BEEEEL. LAL. WThOMEAEHETE
BEGCa”ILEETRT CEEan o1 (H14) , S5, DRD1F MR OCDRD2E M TR S
Nz RRDCa* BB LR oM Tz, Ca? I BEEBR TEAMN > EBHEL T, EERIC
FIFALT-PRESTO-TangoWGPCRAVAF VL DEENRED1DELTEALNS, ZD
GPCRaV ARSI, CRiFIZV2-tailia E DAV R—R U MW OMNEMN>TEY. GPCR

DATOFAI—HHERELI-FAREAHD.
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34. 5-HTZBERDIUTFILEALAFIOR

GPCRE!D5-HTZEKIL 12BEDH T2 THHLN TS, D55, HTR2A, HTR2B,
HTR2CIEGay 3% HTR1A, HTR1B, HTR1D, HTR1E, HTR1F, HTR5(%Gay 3t 1% &,
HTR4. HTR6. HTR7(&Ga & & &an 5 (B15) . 5S-HTRERKRIIHICTH T2/ THDO Z
GPCRTHAM ., Cho—D2— DN ZTNENEBDHEEZFO>TL\SEEZ 5N TL S (Pytliak
etal., 2011), CNO12BBEDS-HTZBARY T4A T2 TN ThREBESE. EV T FILIEEEE

%Lf:o

O bh=—> NH:

HO

Ir=

e + N

HTR1A,1B,
1D AEAF, 5 HTR2A,2B,2C HTR4,6,7
) 1.0

O\ OO [ WeWa fo WV
AR AN AN \
Ga Y Ga Ga

i B q s
X15. GPCRE! D5-HTZBRHE DY T RAT
GPCRE!M5-HTZABR Y IZATELITIZRT . Go,, & E [ZHTR1A, HTR1B. HTR1D,
HTR1E. HTR1F. HTR5M 658N M 5N 5, Gay £ & E [ZHTR2A, HTR2B. HTR2C (M) 37848

NN D, Ga L ZE IHTR4, HTR6. HTR7D3FEEMN o N 5,
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https://paperpile.com/c/ylQkWF/20hSr
https://paperpile.com/c/ylQkWF/20hSr

34.1. GagyH&EDS-HTZERK

F7'. Gy HEED5-HTZEK (HTR2A, HTR2B, HTR2C) 122U\ T, cAMPIGEFBIEL
= WTFhDOYTI4TTH CAMPEED LR IFRONGEA 1= (R16A), RIZ, Ca® it E%
ZNENAELI-(K16B) , HTR2AK MR TIL. £ ML DAF/F,DFEHEE, o> kA—)LE
HEBELTEEEDLLGN STz, LAL, 1HRZICEB $4&., IGELGL. FIEGEDTE L
B LR DG EERT M. BN HRNGHEN RSN, HTR2BRIEMAI TIE, Ca?
HEERTHBIEIRONGE M o1z, FL T, HTR2CEIRHAZ TIL. LD/ UL RRKR D Ca?' it
BEETTHEARLN . HTR2AD K3 ICH NG Car b EE T ML Rohigh otz K
[Z. RhoAEHZRIE T H&. HTR2RAFK B Mifa TlX. @A T40%EEDAR/R,D L FE =T H#l
fantBonf-(E16C), £f-. RNOAAFMED LR IF. UAVRRIBMN O E L Z50BETE—V%
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RhoAZFHE DRI T —2 LA TIE, V5RE—HE3DELI-BE

T 48

. Cluster 1&Cluster 208 F

[XEZEVDENISRA—ELoT=1=8 (K27A) . RhoAF X 95 R 2—#%E2D ELT=K-means¥

SRB)TELTLN,

-05
- 0.4
-03
0.2
01
0.0
-01
--02

2 036 91215162].142730

9}§5Lf:(il28AJo

036 ILISBANTI

Rhoa

0 36 912151821242730

k_3 0 3691215182124 2730
- cluster

Rhoa

. 0.2 o
k_4 036 9121518212427 30 03 6912151821 242730
= Y

X27. RhoAE 1 D K-means75 X B4

2 o S T -
0 369121518212427 30

Tostaal ol --02
0 36 9121518212427 30

0 36 9121518212427 30
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FOHER  RhoATFHEMIFIZZLT L LA Cluster 1&. F1E{EZE R 9 Cluster 2I29 M t= (X

28B), £f-. &

ELGPCRIEIZVSRE—%H

YL TRLT=(28C) . 51T, TN E N DB

RANEE—rT YT TRLIZ(H28D) , £% T HCGaR /I VBED YT I73) —ETHET L&,
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Go % E DGPCRT. RhoAEMZRTHIIMNE L\ EAH M o=, thDGar /U E Tl
Goy & B DHTR1BX® Gy & E DHTR2ATHRhoAFEZ R MM LLENZ<ROND
ENGMot-, HTRIBR IR Ma SHTR2AR MO B R ELTIE, £E554DGPCRKY
LB Ca? I EE R T HMIEARLONIENBITFONS, LI LMD, CAMPIEE E1=(£Ca®
&% RLI=GPCRT.RhoAFEMEMNRONDHEB AN,
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(28. K-means7 5 A %1) > [Z&HRhoAE D 5348

(A) BRI K-meansV S A B T IZKYSTEERD VIR F—Z 2 FEENF-RhoAFED K R 5
E—rIvTERYT, (B) RITRI—DEHEDFT A FIVR%ERT . (C) GPCREFKEIFIETLY
Hmvarba—)L#RE (DAFET=IE5-HT) . DAZRBARE K US-HTZEERDRhoAFED I ZRAE—
DE|IGERY, (D) CTHRALELISAZI—FEDMIET EDRhAFEDERIIEE— TV TE
ALWTRLIz, E—=F YT IXAR/R, TRLTz, E—FTv T I&. a2 bA— )L (DAE=(X5-HT) . Ga,

HKE, GognHERE, Go K EDGPCRT/EEL TS,
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3.5.4. ERKEMDIITFIFEAFIVAD5TEE

ERKEEDT—42%. cCAMPIG B LCa? IE B LRIMRIZ. VTR A—8AE4IZF B L. Cluster 1&
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(FIFERKIEMEAZE{L LA L Cluster 1, ERKIEMEAME T 3 4 Cluster 2, ERKEEMN LF TS
Cluster 3I29 M7= (R30B) , Ff=. Cluster 3ITFE I 5L, ERKEMA LRI HHIICT—ET
DEFTATIVANENEN DM oT=, ERKEMED A BEERELYLEFENMETIE5 1753

OXiJ\Eb;haf:o if_~ GPCR; &‘ 7719 j& ;EL/—C_RL/T— (.30C) Gaq/11,s1ﬁi0)5 HT
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RBRRDYTI(TTHERT & HTR2AR IR MM SHTR2BRIRMME TR DERKEHED S

AFIPVRERTEDN T Mot EBIT, ENEN DR RFIZE—FTyTTRL= (E30D) , #
AN RTERKEMED A A FIVREHEIE-GPCRILIZELZY ., EFI5MaNLZED.

ETI5MEAZVNED, LRI HMIELMET I HMENAEAHHLDERL THo=, Gadt
®EGPCROFRMIATIXERKEMEN LR F-FET T HHMIEAMDCaR VB EHERT
HGPCROFEBMIELYEL L LA, Ga B E DHTREERMIZD AERKIEMEMNE LT Sl
AELRoNEMNoT=,
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B30. K-means7 X327 IZ&HERKIE D 7 58

(A) BFRFIK-meansP S AR T IZKYBBED VTR F— IR FBEIN-ERKEH DR RFIE—
by TERT, (B) EVTREI—DEHEDHTAFIUR%ERT, (C) GPCREFR IS TLVALY
avhA— /LG (DAFET=IE5-HT) . DARBURE S US-HTZBRERDERKEMD VSR 2—DE|
B%ETRT (D) CTHRHALIZVZRAA—DEDOHMIAZ EDERKERDBRIFE—,TYTEANT
KLIz. E=FIYYTFAR/R,CRLTz, E—=bTvTIE, a2 bO—)L (DAFEIE5-HT) . Ga &

B, GognfEt&E, Goy £ RZREDGPCRTHEL TS,
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3.6. Goy k% EIGPCRIEMED AIE R DGHFE

CCETHRRT.DARBRBELUS-HTZRAKDE17TEEDGPCRO TR T HILDF A
FEHOREBELIz, LHL. LIONDGPCRTIL 4FBEHOWT MO TR T FILBRELA
WA RonT=, ChodE<IE, Go, k& EDGPCRTH 1=, Ga, I/ \ VB EMZAE
TELRVERHELT, ERREBOMARANCAMPIRE EMEL. cAMPEU Y —TIEIA UL EIELVE
FRETEGVEWSIZENEZ oNT=, £ T, Goy  Z B GPCRERMEDCAMPREEZE F
HLEFSERET. UAURRIBZTIETHIENCAMPREDIE TZHRTHILERA
f=. #BNCAMPEEZ LRS5O DFELL T, HeLaflifid [CAERMIZHKIRT 5Ga k&
BOT7RLFIBZBERDBIRMT7I=XITHA AV TOTL/—ILISO)ZFAL. #LIZE
EOFEZToT-. ChIZKkY . HERNCAMPREZ LR S -IKE TG, £ R E DDAZEK

EEMALSEAETUT FIVEEEZEETHERREBEL(”31),

3.6.1. Ga,KEZEDAZRBEARDGEHEDEE

MEILLI-ZEHIAA—DUTEZERANT, T €1 DRD2, DRD3, DRD4M F I #fl i % 5T il
Lfz. &9 . AIERIBEN 557 R (CISOFEEITL . MBBNCAMPEEZ LRS-, 52105
#.DAF=[Lar bO—ILELTDAD AL THS10 mM HCIKE &R ZFML. D HEDCAMP
BEFAELZ, TOHER. oV bO— LML LK T HLDAZBRERB ST
CAMPREEMNME T T HMENEMT 5N DM o1 (K32) , F1-. DRD2F IR MAZ TIXDAD
ARMIZEADHLT . CAMPREMNMET 3 HHIEN SN IEN DM oT,
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3.6.2. Go, HEEZES-HTZEERDGa, EEDAE

Gay & B DDAZBIKERHRIC, 5-HTRIKIZ LY Ga, LR B D5-HTZEEN, FTHEFL
EIREEDCAMPEEZEE T3 5% 1=, HTR1A, HTR1B, HTR1D. HTR1E. HTR1F,
HTRSM6TEFEE TN T NFREIE-MaEAEL. HERIR557&ICISORIEL TCAMPRE %
FHOERIHE -, SBIT1073RIT5-HTEZIEHCITHIFEL . #ERNCAMPRE E% Al E L= (K33
)o TR S-HTZERERIFEIE TRV IV FA— LI TH5-HTRIBRIZ K> THIIEA
CAMPREZBETIE5MEAEZ -, COIEND, HeLaffilE(ZGay & B D5-HTZREAMN
RAEMICHRBLTWDIENEZ DN, Ff=. HTR1A, HTR1B, HTR1D, HTR1F, HTR5% %
MM TIE. O bO— LIRS LEEL T REDCAMPEEICR M E NI 5L
o ot=, —AT HTRIERRMAIX, 2> bO— LI E LB L TREDEWNEE,N 1=,
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B33. Gay kZEDS-HTZ B A DEMRLIZKHCAMPIE L

A A= RS . AV O — LI E (X Go, & RS- HTZ AR (HTR1A. HTR1B.
HTR1D. HTR1E, HTR1F, HTR5) ¥ IR #A%1SO (100 nM) THI# L THRERNCAMPEE% |
It 1=, ISORIEMN 51053 # . 5-HT 10 uMRIEFE = IFHCHERMZATLY . #FEKCAMPRE D
ELEBRRL, FE—FIVTDOHRIEREILL. CAMPEEDESEAEVIEICHAE I

Rf-b—hvyTEERHLT=,
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3.7. 2HBED TRV FTILRLOEEDENT

CCETOHREN L. GPCREBRMBOERDF T, UV FILRENROhSMifaL Ronix
WHIRED H otz RBAR TIL. 2BEBDNAA o —2RERTIE-MEKEZFIALTLS
2. — DT FILVEREDEENEI—FDITFILREBICEDLSLBEEEEZR S0 EH
RBHIET.GPCRUT FIVICEHT BHREILICH/ONSEE R -, £ T, HeLa/cAMP/Ca*'&
HeLa/RhoA/ERKDZNZENDEET —2 M 5. CAMPIGE ECa” B DR, & & URhoAE
HEERKIE M DMBEER 1=, A T. DRDIFEBMATOHTR7ERMBD S T FILFA1F2H
ADFHEMN 5. cAMPIGE D HAHEFZ. ERKEENMET T HERLHLD TIEGELMNEEZ .
fzIZcAMPEU B —EERKEU Y — Y —h—42 R E HH S - #ika#k (HeLa/cAMP/ERK) %
BIIIL. & DHEBER ATz, CZTIE. $HFIZCAMPIG &% L<KEIE TE-DRD1. HTR4, HTR7
D3FEFEDGPCREZEMICL. TRV TR OEZREFMLT-,

FY . cCAMPIEE LCa* I EDHBIZDOVWTRANLIELEA . AMEDAEER TIEEEN
HIZIEZE T HCGPCRILIGEMN o1z, cAMPIE 2 ECa” [HZ D AR D IE 7% 5T f (LR £ T
Ho1=(K34A) , RIZ. cAMPIL & EERKSE D AEBIIC DWW TR R LSS, RIKATA SCAMP
BEEMNSVHTRAR MR T5-HTRIHICKDERKDEHIENR IS TSI EMNREINTZ
(E434B) , —A CT. DRD1FEMALHTR7RIRMAZIC DL TIE, cAMPIGE N R o HHEREIC
HWT.ERKEMHIET I 4. ZELGVMROMANRE SN ST-8H. cAMPIE & EERK
EHEORMICERWERIXENEE ROz, ERKEMEERNOAFMEIZDLNTIE, WFNDGPCR
THLERKE 1L ERhoATEH AL DREICHEBE X R oM o71- (H34C) , S o3 EEDGPCR®M
fEHT M5, cCAMPIGZ ECa? b % . $LURhoAFE M ELERKEMDREIICHEBEIXR S AS,
HTRA4F IR M TIERIH BT O SCAMPEE DS LT, 5-HTRIBIC K SERKE ML E RS
ERHI ST (RT),
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(34, 2i85ED TRV FILE DO IEE D FE T

(A) DRD1., HTR4., F1zI&HTR7% I St fzHeLa/cAMP/Ca? D cAMPI& & LCa?' [ & & LL 8
L7=. CAMPIE B DRI TIRBIEE T . Ca® B DARIEILL TS, B MR L H B AT D H
FIRCAMPE EAMELVEICHE RS> TLVS, (B) DRD1, HTR4, F=[FHTR7TZHKI|RS 1=
Hela/cAMP/ERK®D cAMPG & EERKIEE D HEBEZ R Y . CAMPIG & (X RBIEE T ERKIE M
DHIRBAE LT, K HIBEILFIHATO MR CAMPEEAMEWEIZER S TLVS, (C) DRD1,
HTR4, £1-[EHTR7% IR & f=HeLa/RhoA/ERKDRhoAE 4 SERKE M D HEEEZ R T . &

R IXERKFEMEDEWRIZERSH TLVS,

RT.2ZBEDO TR T FILVEOHEOBRITHREDERN

DRD1 HTR4 HTR7

cAMP / Ca** - - -

cAMP | ERK - EcAMPEE -
ERK;EE1E

ERK / RhoA - - -
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4., EE

41. GPCRIUIFILDEAFTIVANEFDERE

AARTIE. DO TLEFEDOGPCRTRU VT FILERRICEICEZEL., SLICTTFRITFIL
DEAFIHR%E SIEEDDAZRBRY T AT E12BEDS-HTZ RS T 24T DEF1TIESE
DGPCREITHE LTz, TDHER. BT 5Ga2V N\ VEHITI7I—HRILTH-TH.
GPCRYTAATRTTRI T FTILDEAFTIVRANEZHRTHAZLERLIZ. £F . cAMPIE &
(E—EEMIL T HEBCAMPERE DKL T 2 HMINLIEE L, —HHICHCAMPREIK
B> TREEREANERLDI— BRI ED2BELTHREL -, £ KAERTHRELETRY
TFHILDFAFIHRUSNTIE., ERBBHEAD Y LT R TFK (glucagon-like peptide.
GLP-1) R T, /NILAKDCAMPIE EH R T ZENEITM R THE SN TLVSH(Dyachok et al.,
2006), Ca*' Iu &I DWT, AEBRTIE/NVILARKDIGEZBHEL -, Ca”D/NLAIF, KEEP
HEICE>TNF-kBLGEE DK AR LGEERFEEMHILT I LA HmESN TLV S (Dolmetsch et
al., 1998), GPCRE TCa?'iEE N EZNESLIZHINKR A TESETNIX., KYBKLZBFREZE
HBRTHIENTELHEEZ NS, RIOAFEDELLEZRLSE. WITEROAFEMNERLT:
#®.BRRICFIBATIOIREICRAFT 1 FIVRERLTLS, LHL. GPCRIEITLHE T HEF M
IEDE—VDRESNELZDIIENS. E—VDRESDEVNGPCRER T B DIEHE
HOTWAAREMEN $H D, ZERIT. ERKEMEDEHETIE. GPCRIZK>TEHEEMN LR LF-YET
LIUT BT EMRENT -, ERKIFHRRGHIIRNS IV DO EE 21T, HRETEAS. Man
b, MREELZEEHIELTLNS, COZEN D, GPCRU T FILELERKEZ LR FIFET
THIET.ERKOBHLERYRT =012 TSI ENEZZ ONT=,

BIAIE . RFRTE—7 vhELTZCAMP, Ca** | RhoA. ERKDZNEN M 3FBEDF 1 F3Y
AERTHEE HAEHEIEI =81EYELY | B E THLHRTEHEEDGPCRY T T
XA TELAREEL H D, T A +EFELOGPCRIU£ERITAITRI T FILERHNTIHE
HIZEZTOIBEICEVTE. T ENDGPCRIZEE DV T FILEAFIHVREFHL ., b1,
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ST FTIWNEAFIVRADMAEDLEDLEZAONST-HIZ, #il2 (L EDCGPCRAEMRILLI-D A E
B CEDEVNSHREMZRT ENTE .
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42. GPCRYITAATRIDLLER

DAZAKICL SN Ca? RENZEILIZDLNT, DRD1E L UDRD2TIE—H O FKRMAAT
INLZARDCa* B E LR DM Tz, Ff=. RhOAFEMDF (33U XIZEE T H&. DRD1EDRD2
Tl&. 5% EDFRET/CFPO—BMGE EFENR 5Tz, Goypyy BNV BEEDHKIZLD
RhoATFMHIEEZEZ SN DN, RITHRTIEGa AV /XU BEPGayF /&L HRhoAEH
{3 &S TLVS(Castillo-Kauil et al., 2020; Rojas et al., 2007), E1-. GRyE & IKIZLS
RhoAEM b HERE S TLVS(Sugiyama et al., 2017), ERKEEDF A FIHRIZDLV T,
DRD2D#MERKFEM D L F %KL=, — A T.DRD3ELUDRDATIFIERKEHIZE LT R
LN7EM>T-, DRD2RIEY I ATIE. DRDIRE TV RAODRDARIEY IV RAELELTEME
PERDEFGEDRBENENLZLLEEL TSN ELNLL (Kelly et al., 1997; Li et
al., 2001),

Gag & EGPCREL T, HTR2A, HTR2B. & UHTR2C D 378 D GPCR%E # X 1=, RhoA
EEITEE T HEHTR2AR T MR T—BHGRhoAF L ETTHEN SN EN DN D,
FATH R TIE, HTR2AIX GO A NI B EIFIFH B LEWNEDATREIN TS (Avet et al.,
2022; Inoue et al., 2019), F£f=. Trio&FEILN HRhoGEF D1 DM Gay BV /NI BIZE>TEM
e B ENRESN TLVS(Rojas et al., 2007), DT EMD ., Gayy 2 /N7 B EIXBID#F
B TRhoATFEMMN LR LI-CENEZONT-, FERKFMED LD HTR2AFE IR ML THIC
EEICRONTz, HTRRAD Ca? B MM DY T 24T KYsE LN &M S, Ca? APKCIZERALT
MAPK#Z & DRafzEHIEL TERKEMZ EFLTWSIENEZ b T, Goy R ES-HTF
BARDOHTE, HTR2BEBREMBEDACa” b EZ R MlanRonigmnof-, EITHRTIE. <
) R EFIE (N1E-115) fiia % AL f=Ca®" A A—D U J T, HTR2AR B #ifa L HTR2BF IR 4
fADEADCa*EELZHRELTHEY. SHIZHEDCa”INEDHT A FIVANERLGSHIEERL
TLY%(Niebert et al., 2011), F7=. Avetd &, HTR2AEHTR2BZE LLE 3 5 &, # 1% T 5Gay %
DINGBE DA IN— (G, Gyi. Gyye Gis) DIEIFIE GEIRME) NELDHTEEZRLTULVS(Avet et al,,

2022), RFEMIZFEIR T HCa2 NV EDRBITHBAKICE - TEDLSIENEZLONDT=H,
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https://paperpile.com/c/ylQkWF/pSnD+vqyR
https://paperpile.com/c/ylQkWF/pSnD+vqyR
https://paperpile.com/c/ylQkWF/8hTHk+XEMlT
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AMETHTR2BRIAMBE CCa* S ENR oG- HBIL., HeLaiflBRIZHR L TLVS
Gagn AV IR BE DA IN—DHERIZRUAHY . HTRALHHME DB Gy A/ SO B DAY
N=[F+RITHBEL TS —A T HTR2BEHRFMED S L\Gayy ZU INIBE DA N—LHFEY
FHBEL TGN CEMNATREMELTEZ BN T,

Gay /B D5-HTREAR Y T 24T (HTR1A. HTR1B, HTR1D. HTR1E. HTR1F, HTR5) i
TH, TNFNITHBEDIEENVONROh Tz, HTRIBIE. #2538\ Ca? b & E R LTz, 1T
AR TIE HTRIBA—EDGoy AU NIV E DA N—HETHIEMNRESN TLVS(Avet
et al., 2022; Inoue et al., 2019), — A T. HTR1BUA DY T 2L T TEGo A\ v E L H£ &
TH5LDEHDHEINTLNSD, GPCRU T FILIZKDRINCa? LB X RoniEhofz, CDZE
4. HTR2BR MM CTCa” IE B L BB TEUMN 212 &512 REEDGoy F I\ VB DAY
N—DLENEHELTVLAREENABZOND,

Goa R ED5-HTZEARY T 24T (HTR4, HTR6, HTR7) B TlE. TRV T FIL DL 1HE
WARSNTz, £F'. cAMPIGE Tld. HTR4AEHTR6 TE KR EED CAMPE EA S LVIAE ALK
DM RLMNT-, HTRAEHTREIZIFIEEF N H A ENBESNTEY . TD=OIZRIBATA
HE WL CAMPEEZ LML Ho-LE Z 5N D (Cochet et al., 2013; Duhr et al., 2014)
o MR DEERECAMPRED /NS DE, BEIRREEL-GPCROFEHRENEWNZLST
ELTWWADTIEEWLMEEZ OGNS, BIKFEVNDIE, 5-HTZREL TGadV N\ B EHEKRT
HHTRAR MR FERKEMZ LR L HTR7THRIRMEILFERKEMHZE T I 5D RFDE
BERTETHD, CNHDENDD, MIBEAHTRAEHTRI NSNS FILEBRIEIZR AT S
ZENTEEEEADLND,
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4.3. Goy, HLEEGPCROFMEA A FIVADLER

FOMIBNCAMPREEZ LRI THOYAURRIBZEITIRBRREMIL. Go, Hh&E
GPCRDFEMIZEHHEACAMPREDETZHEL-, TDOHER. BLGo, k& E THHE
MCAMPRE DE T A Y PFLIGPCREECYITKLGPCRI RSN Tz, COT LK HED
Go, FEE B GPCRIFEBLI-KEETH. CAMPREEDETDEEDEWHNSELSCGPCRY Y
FILEGO>T WS AIREMZRE T HLDTH S,

LML, EDLSITGPCRETCAMPREDE T DENNELTVDDN DS FHEEIZDONT
(FEAS SN TULVEL,, CO M RIZDLT. GPCREIDFHKIREDELVA ., REND1DELT
EZonf LOL.S-HTRBRDREZEDHERN S, REENTLS-HTREEKA LY
CAMPEEDR TZRLTWAhIFTIEEMN o=, RIZ, HeLafifEIZNET 5Ga, B /N0 E
DIATDHRBEDEVIMREFEELTEFONT=, Gogy 2 /NI BERIFRIZ. Goy,F /X BE D A
U IN—IZIE. Gt Gi. Giss Go GHEENTFEL. 4FEEDGoFV /N VBEDHTEHRLA/IN—D
BEMNZ N EMN S Mo TLVS(Syrovatkina et al., 2016), S EIFAR=Ga, £ & E GPCRET
(X, Ga, BV N\IBEDEATETEMENRLSZENREEINTULVAS(Avet et al., 2022; Inoue
etal., 2019), SO EM 5, HeLafifBIZHKIR T 5G0, A /INIVBE DAV N—DHRBEITEVOHN

H1 L. GPCREITCAMPREDE T DREIYOTEINELHIENEZONT=,
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4.4. HOR—HINDER

CAMPIEL & ECa” & . cAMPIE & LERKIETE . ERKIE 4 ERhoATEHE D3R T, 1D T ik
DU FILEOHEBEIC DN TEHEL -, $El. 158 L-GPCROH Tld. cAMP&Ca* Dl 5 A8
ZITIETHHIMEMI STz, SO WK ELTIE., CAMPIE & ECaZ IEZE DR ICHERE FRA
HEMEINEFHE T DD TR THoT=, F£ITHE TIX. HEK293 MR IZRIRES -7 THA

URZBACXCRATCAMPIGE & ECa I E DA M R o TEHY (Tchernychey et al., 2010), &

MEDEBRRERANDIETEYEMACAMPEC* D HBEERRLZIENTEENLLNA
Lo CAMPIG & LERKIEHE LD MBI DNV TR SHE, DRD1E L UHTR7 TIFERKD E ML A
RohiZ—A T, HTRATIE, EEREDCAMPEEAS LV T, ERKGEHED LFAKLKR
BNz, COIEMND, HIERNCAMP DR E D #ExtHE TIF<, cAMPIEZE D E L EMERKE
DETZESIFEILTVSAREMENE A b N T, ERKEMEERhAFEHEDBEFZRIZ DL TIE., ERK
EMOEROETICEHLSY . RNoANEMIE T HMlaNRon=Cemnn. ERKERhoAED
FOIARN—=I DN GENIEMNRESNT,

Flo. ARICE > THTRAFIFMADFERH 5. HIAERE D CAMPIRE D A 15 —14 (
heterogeneity) MERKIEMDEWNEEAHL TS AIEEMZERLIz, SO &L, HIBERIZH
WTERKFEM LA M LICEN TN ELGLEHDIDELTHRATESMBANLY,
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4.5. SHEDODERE

AHARTIE,. GPCRIEIZTRI T FILDEAFIVANRGEHIEERL. DT FIVEAF3Y
ADEBWNGPCRY T FILERAT 5= DIERICE->TLDAREMZERLT=, LAL. ERIC
NI A FIIRDENEFFFIE (encoding) L. fE#rZE S 1t (decoding) L TLISDHMZD
WTIE, SO ERNDETH D, Fl-. AARICEO>T.GPCRU T FILDFAFIHAN
GPCRY T AL T TRELDZENREINTD FAF VRN EAL T HEMAITDLTIERS
THATH D, HlZIE. BLGaAV NI BEY T I73)—L# KT HGPCRY T2 TRITH. Ga
VINGBEYITI7I)—DAVN—LDENEDEBVCF - TELRIFTAFTIVREEHHT L
LEZONT Tl INFETOERTHANIZ&SIT AFBHEICKAISNDCaRA /N BEHT
T72)—[EELITHM LA D NS, Goy F N VBEDL T FILIECa” IR EEBIZTEIT M. G,
VG HEED AV N—ETC?EEDTAFTIVANEALTEHIEZEZALND, CDIEMND, FI
ZIE. Gy EZEGPCRAG,. Gyi. Giun Gisb TN ZENHE A LI OBEE AR S5I1ZGay,
H&BGPCRY T A T CTLLEEHNT T HLET.GPCRTRI T FILDFTAFIHVRDEND
EFNHLEEAZTEBETESHENELHNGEL,

AH|ETIEH. BANAF O —DHEAEDLEITLY. cAMPEC* DIEE TR TE S
&, RNOALERKDEM 1 TE A Mk D2 ERAE L, LHLAAS, 1D DMl
[CHEHENAA LY —Z2HBIE . 2TOTRIVITTILEHRETELMBBKINEENTHS,
51 Z (£, ABFE TEALI=CFP-Epac-YFPY>DORA-RhoA% E DFRETN\A At H—%FEH
T HBORNXNAFT Y —4BEEZFATEIILT. A2 TOTRI T FIVERBFIIR
HCELMEBREB I IEDIENTENIE. GPCRTRU T FILEIOHEERBRIZOVVTKYE
HMIZERET 5L AREEH D,

F1-. SEDZERTIE. GPCRIZKHERKDFHILEZEHTT 5L, VAV FRIBRICERKE M
N—BMITETLTHALERTEHENSIFTAFIVRARONT- (HTR2APHTRAGEE) , DA
AF2ORIE. FIZIFEGFRIBIZKDERKEMIL TIEROoNAL, — AT, fDGPCRME T
. ER%

n

VEREBERHRHND PTUoOF TV RERR(AGTRY) L E DD GPCRIZLHERK
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D EMHIL TRIBRD S A FIHXAMEEIN TULVS(Pietraszewska-Bogiel et al., 2020), S51Z5E
ITHRRTIE. Ga,HZEGPCRAGAFV /NI E EH KT BHIICCay 2 /NI E LR %
TBHIETEYRICAMPIEEZFE T HGPCRTS /324 (GPCR priming) AMRIES N TLVS
(Gupte et al., 2017) CD K3, GaRAV NNV B LERRB AR THIETELD VT FILMN, —@
HGERKEMHDIE TZ5IERLTWAAIEERIEZ o, —AT. HHEEDERKEMED
MNEIETAMBEANDEBHBEEFF ODOMNZIOVTIEFTBATHY ., SHICKRHATILEND
%,

AARICKH>T.BCUAUFERBL. RLGaF /U B ELHETHCPCRY T A/ TRHITH >
TH. TRVTFILDFAFIVRDNEHTH I ENRSNTz, COTENSGPCRIAEIZEL
T.TEDEME)AURELTRBT ENIRITEDGCoRVINYBEHTI7I) —LHETHH
ELVHOTHRERICESIC. TGPCRTRTIXEDKSIBL T FILFAFIVAMNRLNBE M 1EL
SEBRMNEEICHDEEZONT, ALXDGPCROVYT FILEAFIV AN EERLANIZT S
CLTHRFTEEIED H D, TD1DODHIELT, EATIEHTRAD —EE S RAHERFEIC
BEhoTW5ItZEb Tz, CNoDGPCREGEFEMITICRIEE . DI FILEEETHLET
BAFTIVADEBNERASIET. MERREREDANZXLICBEZENTESLAREMELH
%,3BIC BAFTIVRDEVNRETHAEIT NI BULL T FIVIAFIVREFET D
EXNERAETIHEDRED T IO—FDRRICEF A ELTREICAES,
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Y

ARIT. BEARAREAERBEREDFRARATEELEYERARBFAADETR-—FHEZROHE
BOTICiThnt=, 20185F48 KYEREYZERRAMICOOTELRIL, ChETIEF LD
. EARBIREBO LT IAREDAVN—ICEHFEFNTRILTE, TOMICE LM BE1-
LDDRESEEFYRNG W FTEILTEITT D8N REBHARZEOREN, RIET HEED
OXENGE. CNoDRENFIETRELELILTHH TEFTE LD THLHLREELTL
%, IS ELREDBRFTEHELNEDTH-A, RFICEBOTHEERTHoERELT
WE, ZELTNLIE, FAERIFANTREOEFTARRRED A RIZEoTE=0ENT-1DTH
BEFESETHLL UL D, EARA—FHR ERFTHH. ILBEHRE, THKE
MRE. EMEXENXES. BERREIRMXEL. EREFRTXIES . NFAEHM
E.BEAR—BXZRE. BRABAKFRE. FREEXZRE. DEEXMEBL. FRHRE
ToMREREL ERXEEL. ZHBEFEL. FEE-BL. PAEMELT ILAEE
T.BLUEREL (FREMER) . PEAFSHELT MTRMEAER) . ELTRARELES
ANOINFETHOETOHBMTEICFEVEEEZAV-RBEHTIZRIC. DO oRBEHRLL
(Ff=Ly,

F- . BEEEEELLTHRERADFEEBO TEETH >, FHICERBRDRAT
LIZDOWTIHERICENBRHHOKIFLEH OTWD IRETOAEENORICELSHILED
HOT-M. TARRETELHSEDPYRYIFELL EELIZLDTH o=, HEKLI=YTRPG(
tabletop role-playing game) ICELCT=Y . BICIXEF > TMRITLIZY. LG EETHoT=.
NOREETHAEGY ., ChoZBLTARZMB XD TR ISEETH > EEL TS, BHREF
KOSLDRATHAHKK., Y.F MK, Y.Y.D4ZITIDMEILERL LT, ZLTHECCE
TETLH. COEICHRMNECZLICHLRME T [CRTFUHRIT TN mRICH R H TRHAL
EFfLy,

108



2% Xk

Akagi, T., Shishido, T., Murata, K., and Hanafusa, H. (2000). v-Crk activates the
phosphoinositide 3-kinase/AKT pathway in transformation. Proc. Natl. Acad. Sci. U. S. A. 97,
7290-7295. .

Alexander, S.P.H., Mathie, A., and Peters, J.A. (2011). Guide to Receptors and Channels
(GRAC), 5th edition. Br. J. Pharmacol. 164 Suppl 1, S1-S324. .

Amisten, S., Salehi, A., Rorsman, P., Jones, P.M., and Persaud, S.J. (2013). An atlas and
functional analysis of G-protein coupled receptors in human islets of Langerhans.
Pharmacol. Ther. 139, 359-391. .

Amisten, S., Neville, M., Hawkes, R., Persaud, S.J., Karpe, F., and Salehi, A. (2015). An
atlas of G-protein coupled receptor expression and function in human subcutaneous adipose
tissue. Pharmacol. Ther. 746, 61-93. .

Anden, N.E., Carlsson, A., Dahlstroem, A., Fuxe, K., Hillarp, N.A., and Larsson, K. (1964).
DEMONSTRATION AND MAPPING OUT OF NIGRO-NEOSTRIATAL DOPAMINE
NEURONS. Life Sci. 3, 523-530. .

Aoki, K., Kumagai, Y., Sakurai, A., Komatsu, N., Fujita, Y., Shionyu, C., and Matsuda, M.
(2013). Stochastic ERK activation induced by noise and cell-to-cell propagation regulates
cell density-dependent proliferation. Mol. Cell 562, 529-540. .

Aoki, K., Kondo, Y., Naoki, H., Hiratsuka, T., Itoh, R.E., and Matsuda, M. (2017). Propagating
Wave of ERK Activation Orients Collective Cell Migration. Dev. Cell 43, 305-317.e5. .

Asico, L.D., Ladines, C., Fuchs, S., Accili, D., Carey, R.M., Semeraro, C., Pocchiari, F.,
Felder, R.A., Eisner, G.M., and Jose, P.A. (1998). Disruption of the dopamine D3 receptor
gene produces renin-dependent hypertension. J. Clin. Invest. 102, 493-498. .

Atwood, B.K,, Lopez, J., Wager-Miller, J., Mackie, K., and Straiker, A. (2011). Expression of
G protein-coupled receptors and related proteins in HEK293, AtT20, BV2, and N18 cell lines
as revealed by microarray analysis. BMC Genomics 712, 14. .

Avet, C., Mancini, A., Breton, B., Le Gouiill, C., Hauser, A.S., Normand, C., Kobayashi, H.,
Gross, F., Hogue, M., Lukasheva, V., et al. (2022). Effector membrane translocation
biosensors reveal G protein and Barrestin coupling profiles of 100 therapeutically relevant
GPCRs. Elife 11. https://doi.org/10.7554/eLife.74101.

Batchelor, E., Loewer, A., Mock, C., and Lahav, G. (2011). Stimulus-dependent dynamics of
p53 in single cells. Mol. Syst. Biol. 7, 488. .

Beaulieu, J.-M., and Gainetdinov, R.R. (2011). The physiology, signaling, and pharmacology
of dopamine receptors. Pharmacol. Rev. 63, 182-217. .

Berger, M., Gray, J.A., and Roth, B.L. (2009). The expanded biology of serotonin. Annu. Rev.
Med. 60, 355-366. .

109


http://paperpile.com/b/ylQkWF/FecYh
http://paperpile.com/b/ylQkWF/FecYh
http://paperpile.com/b/ylQkWF/FecYh
http://paperpile.com/b/ylQkWF/uTK6
http://paperpile.com/b/ylQkWF/uTK6
http://paperpile.com/b/ylQkWF/49zW
http://paperpile.com/b/ylQkWF/49zW
http://paperpile.com/b/ylQkWF/49zW
http://paperpile.com/b/ylQkWF/38Zn
http://paperpile.com/b/ylQkWF/38Zn
http://paperpile.com/b/ylQkWF/38Zn
http://paperpile.com/b/ylQkWF/OSJr
http://paperpile.com/b/ylQkWF/OSJr
http://paperpile.com/b/ylQkWF/OSJr
http://paperpile.com/b/ylQkWF/wouzU
http://paperpile.com/b/ylQkWF/wouzU
http://paperpile.com/b/ylQkWF/wouzU
http://paperpile.com/b/ylQkWF/Y3VIU
http://paperpile.com/b/ylQkWF/Y3VIU
http://paperpile.com/b/ylQkWF/cGpM
http://paperpile.com/b/ylQkWF/cGpM
http://paperpile.com/b/ylQkWF/cGpM
http://paperpile.com/b/ylQkWF/fZOiS
http://paperpile.com/b/ylQkWF/fZOiS
http://paperpile.com/b/ylQkWF/fZOiS
http://paperpile.com/b/ylQkWF/XEMlT
http://paperpile.com/b/ylQkWF/XEMlT
http://paperpile.com/b/ylQkWF/XEMlT
http://paperpile.com/b/ylQkWF/XEMlT
http://dx.doi.org/10.7554/eLife.74101
http://paperpile.com/b/ylQkWF/XEMlT
http://paperpile.com/b/ylQkWF/HMG8j
http://paperpile.com/b/ylQkWF/HMG8j
http://paperpile.com/b/ylQkWF/k4x4Q
http://paperpile.com/b/ylQkWF/k4x4Q
http://paperpile.com/b/ylQkWF/fxa1
http://paperpile.com/b/ylQkWF/fxa1

Berridge, M.J., Lipp, P., and Bootman, M.D. (2000). The versatility and universality of
calcium signalling. Nat. Rev. Mol. Cell Biol. 71, 11-21. .

Bjarnaddttir, T.K., Gloriam, D.E., Hellstrand, S.H., Kristiansson, H., Fredriksson, R., and
Schidth, H.B. (2006). Comprehensive repertoire and phylogenetic analysis of the G
protein-coupled receptors in human and mouse. Genomics 88, 263-273. .

Blaukat, A., Barac, A., Cross, M.J., Offermanns, S., and Dikic, I. (2000). G protein-coupled
receptor-mediated mitogen-activated protein kinase activation through cooperation of
Galpha(q) and Galpha(i) signals. Mol. Cell. Biol. 20, 6837—6848. .

Bockaert, J., Bécamel, C., Chaumont-Dubel, S., Claeysen, S., Vandermoere, F., and Marin,
P. (2021). Novel and atypical pathways for serotonin signaling. Fac Rev 10, 52. .

Brown, E.M., Gamba, G., Riccardi, D., Lombardi, M., Butters, R., Kifor, O., Sun, A., Hediger,
M.A., Lytton, J., and Hebert, S.C. (1993). Cloning and characterization of an extracellular
Ca(2+)-sensing receptor from bovine parathyroid. Nature 366, 575-580. .

Buck, L., and Axel, R. (1991). A novel multigene family may encode odorant receptors: a
molecular basis for odor recognition. Cell 65, 175-187. .

Bugaj, L.J., Sabnis, A.J., Mitchell, A., Garbarino, J.E., Toettcher, J.E., Bivona, T.G., and Lim,
W.A. (2018). Cancer mutations and targeted drugs can disrupt dynamic signal encoding by
the Ras-Erk pathway. Science 3617. https://doi.org/10.1126/science.aao3048.

Carlsson, A. (2001). A half-century of neurotransmitter research: impact on neurology and
psychiatry (Nobel lecture). Chembiochem 2, 484—493. .

Carlsson, A., Lindqvist, M., and Magnusson, T. (1957). 3,4-Dihydroxyphenylalanine and
5-hydroxytryptophan as reserpine antagonists. Nature 7180, 1200. .

Carroll, M.P., and May, W.S. (1994). Protein kinase C-mediated serine phosphorylation
directly activates Raf-1 in murine hematopoietic cells. J. Biol. Chem. 269, 1249-1256. .

Castillo-Kauil, A., Garcia-Jiménez, I., Cervantes-Villagrana, R.D., Adame-Garcia, S.R.,
Beltran-Navarro, Y.M., Gutkind, J.S., Reyes-Cruz, G., and Vazquez-Prado, J. (2020). Gas
directly drives PDZ-RhoGEF signaling to Cdc42. J. Biol. Chem. 295, 16920-16928. .

Chandrashekar, J., Hoon, M.A., Ryba, N.J.P., and Zuker, C.S. (2006). The receptors and
cells for mammalian taste. Nature 444, 288—294. .

Chen, Y., Palczewska, G., Mustafi, D., Golczak, M., Dong, Z., Sawada, O., Maeda, T.,
Maeda, A., and Palczewski, K. (2013). Systems pharmacology identifies drug targets for
Stargardt disease-associated retinal degeneration. J. Clin. Invest. 123, 5119-5134. .

Cochet, M., Donneger, R., Cassier, E., Gaven, F., Lichtenthaler, S.F., Marin, P., Bockaert, J.,
Dumuis, A., and Claeysen, S. (2013). 5-HT4 receptors constitutively promote the
non-amyloidogenic pathway of APP cleavage and interact with ADAM10. ACS Chem.
Neurosci. 4, 130-140. .

Dolmetsch, R.E., Xu, K., and Lewis, R.S. (1998). Calcium oscillations increase the efficiency
and specificity of gene expression. Nature 392, 933-936. .

Duhr, F., Déléris, P., Raynaud, F., Séveno, M., Morisset-Lopez, S., Mannoury la Cour, C.,
Millan, M.J., Bockaert, J., Marin, P., and Chaumont-Dubel, S. (2014). Cdk5 induces

110


http://paperpile.com/b/ylQkWF/4h2x
http://paperpile.com/b/ylQkWF/4h2x
http://paperpile.com/b/ylQkWF/2Kad
http://paperpile.com/b/ylQkWF/2Kad
http://paperpile.com/b/ylQkWF/2Kad
http://paperpile.com/b/ylQkWF/3fwUa
http://paperpile.com/b/ylQkWF/3fwUa
http://paperpile.com/b/ylQkWF/3fwUa
http://paperpile.com/b/ylQkWF/ynydz
http://paperpile.com/b/ylQkWF/ynydz
http://paperpile.com/b/ylQkWF/0sBj
http://paperpile.com/b/ylQkWF/0sBj
http://paperpile.com/b/ylQkWF/0sBj
http://paperpile.com/b/ylQkWF/PWYw
http://paperpile.com/b/ylQkWF/PWYw
http://paperpile.com/b/ylQkWF/njV7
http://paperpile.com/b/ylQkWF/njV7
http://paperpile.com/b/ylQkWF/njV7
http://dx.doi.org/10.1126/science.aao3048
http://paperpile.com/b/ylQkWF/njV7
http://paperpile.com/b/ylQkWF/ZQhu
http://paperpile.com/b/ylQkWF/ZQhu
http://paperpile.com/b/ylQkWF/5GA7
http://paperpile.com/b/ylQkWF/5GA7
http://paperpile.com/b/ylQkWF/DeDE
http://paperpile.com/b/ylQkWF/DeDE
http://paperpile.com/b/ylQkWF/REle
http://paperpile.com/b/ylQkWF/REle
http://paperpile.com/b/ylQkWF/REle
http://paperpile.com/b/ylQkWF/Hjmk8
http://paperpile.com/b/ylQkWF/Hjmk8
http://paperpile.com/b/ylQkWF/1MYf
http://paperpile.com/b/ylQkWF/1MYf
http://paperpile.com/b/ylQkWF/1MYf
http://paperpile.com/b/ylQkWF/aK9T
http://paperpile.com/b/ylQkWF/aK9T
http://paperpile.com/b/ylQkWF/aK9T
http://paperpile.com/b/ylQkWF/aK9T
http://paperpile.com/b/ylQkWF/z1s7
http://paperpile.com/b/ylQkWF/z1s7
http://paperpile.com/b/ylQkWF/YjIa
http://paperpile.com/b/ylQkWF/YjIa

constitutive activation of 5-HT6 receptors to promote neurite growth. Nat. Chem. Biol. 70,
590-597. .

Dyachok, O., Isakov, Y., Sagetorp, J., and Tengholm, A. (2006). Oscillations of cyclic AMP in
hormone-stimulated insulin-secreting beta-cells. Nature 439, 349-352. .

Fredriksson, R., Lagerstrom, M.C., Lundin, L.-G., and Schiéth, H.B. (2003). The
G-protein-coupled receptors in the human genome form five main families. Phylogenetic
analysis, paralogon groups, and fingerprints. Mol. Pharmacol. 63, 1256-1272. .

Gropp, E., Shanabrough, M., Borok, E., Xu, A.W., Janoschek, R., Buch, T., Plum, L.,
Balthasar, N., Hampel, B., Waisman, A., et al. (2005). Agouti-related peptide-expressing
neurons are mandatory for feeding. Nat. Neurosci. 8, 1289-1291. .

Gupte, T.M., Malik, R.U., Sommese, R.F,, Ritt, M., and Sivaramakrishnan, S. (2017). Priming
GPCR signaling through the synergistic effect of two G proteins. Proc. Natl. Acad. Sci. U. S.
A. 114, 3756-3761. .

Gurevich, V.V,, and Gurevich, E.V. (2019). GPCR Signaling Regulation: The Role of GRKs
and Arrestins. Front. Pharmacol. 10, 125. .

Hafner, S., Adler, H.S., Mischak, H., Janosch, P., Heidecker, G., Wolfman, A., Pippig, S.,
Lohse, M., Ueffing, M., and Kolch, W. (1994). Mechanism of inhibition of Raf-1 by protein
kinase A. Mol. Cell. Biol. 14, 6696-6703. .

Hasbi, A., Fan, T., Alijaniaram, M., Nguyen, T., Perreault, M.L., O’'Dowd, B.F., and George,
S.R. (2009). Calcium signaling cascade links dopamine D1-D2 receptor heteromer to striatal
BDNF production and neuronal growth. Proc. Natl. Acad. Sci. U. S. A. 106, 21377-21382. .

Heemskerk, N., Schimmel, L., Oort, C., van Rijssel, J., Yin, T., Ma, B., van Unen, J., Pitter,
B., Huveneers, S., Goedhart, J., et al. (2016). F-actin-rich contractile endothelial pores
prevent vascular leakage during leukocyte diapedesis through local RhoA signalling. Nat.
Commun. 7, 10493. .

Hoyer, D., Clarke, D.E., Fozard, J.R., Hartig, P.R., Martin, G.R., Mylecharane, E.J., Saxena,
P.R., and Humphrey, P.P. (1994). International Union of Pharmacology classification of
receptors for 5-hydroxytryptamine (Serotonin). Pharmacol. Rev. 46, 157-203. .

Hwang, R., Shinkai, T., De Luca, V., Ni, X., Potkin, S.G., Lieberman, J.A., Meltzer, H.Y., and
Kennedy, J.L. (2007). Association study of four dopamine D1 receptor gene polymorphisms
and clozapine treatment response. J. Psychopharmacol. 21, 718-727. .

Imanishi, A., Murata, T., Sato, M., Hotta, K., Imayoshi, |., Matsuda, M., and Terai, K. (2018).
A Novel Morphological Marker for the Analysis of Molecular Activities at the Single-cell
Level. Cell Struct. Funct. 43, 129-140. .

Inoue, A., Raimondi, F., Kadji, F.M.N., Singh, G., Kishi, T., Uwamizu, A., Ono, Y., Shinjo, Y.,
Ishida, S., Arang, N., et al. (2019). llluminating G-Protein-Coupling Selectivity of GPCRs.
Cell 0. https://doi.org/10.1016/j.cell.2019.04.044.

Isberg, V., Mordalski, S., Munk, C., Rataj, K., Harpsge, K., Hauser, A.S., Vroling, B., Bojarski,
A.J., Vriend, G., and Gloriam, D.E. (2016). GPCRdb: an information system for G
protein-coupled receptors. Nucleic Acids Res. 44, D356-D364. .

111


http://paperpile.com/b/ylQkWF/YjIa
http://paperpile.com/b/ylQkWF/YjIa
http://paperpile.com/b/ylQkWF/cxIU
http://paperpile.com/b/ylQkWF/cxIU
http://paperpile.com/b/ylQkWF/mdJz
http://paperpile.com/b/ylQkWF/mdJz
http://paperpile.com/b/ylQkWF/mdJz
http://paperpile.com/b/ylQkWF/il34
http://paperpile.com/b/ylQkWF/il34
http://paperpile.com/b/ylQkWF/il34
http://paperpile.com/b/ylQkWF/jivS
http://paperpile.com/b/ylQkWF/jivS
http://paperpile.com/b/ylQkWF/jivS
http://paperpile.com/b/ylQkWF/ix27
http://paperpile.com/b/ylQkWF/ix27
http://paperpile.com/b/ylQkWF/m4b8
http://paperpile.com/b/ylQkWF/m4b8
http://paperpile.com/b/ylQkWF/m4b8
http://paperpile.com/b/ylQkWF/hzTTM
http://paperpile.com/b/ylQkWF/hzTTM
http://paperpile.com/b/ylQkWF/hzTTM
http://paperpile.com/b/ylQkWF/F8lND
http://paperpile.com/b/ylQkWF/F8lND
http://paperpile.com/b/ylQkWF/F8lND
http://paperpile.com/b/ylQkWF/F8lND
http://paperpile.com/b/ylQkWF/RtFn
http://paperpile.com/b/ylQkWF/RtFn
http://paperpile.com/b/ylQkWF/RtFn
http://paperpile.com/b/ylQkWF/ZaeV
http://paperpile.com/b/ylQkWF/ZaeV
http://paperpile.com/b/ylQkWF/ZaeV
http://paperpile.com/b/ylQkWF/YaUlI
http://paperpile.com/b/ylQkWF/YaUlI
http://paperpile.com/b/ylQkWF/YaUlI
http://paperpile.com/b/ylQkWF/8hTHk
http://paperpile.com/b/ylQkWF/8hTHk
http://paperpile.com/b/ylQkWF/8hTHk
http://dx.doi.org/10.1016/j.cell.2019.04.044
http://paperpile.com/b/ylQkWF/8hTHk
http://paperpile.com/b/ylQkWF/A86j
http://paperpile.com/b/ylQkWF/A86j
http://paperpile.com/b/ylQkWF/A86j

Iversen, S.D., and Iversen, L.L. (2007). Dopamine: 50 years in perspective. Trends Neurosci.
30, 188-193. .

Jain, R., Watson, U., Vasudevan, L., and Saini, D.K. (2018). Chapter Three - ERK Activation
Pathways Downstream of GPCRs. In International Review of Cell and Molecular Biology,
A.K. Shukla, ed. (Academic Press), pp. 79-109.

Jin, H., Oksenberg, D., Ashkenazi, A., Peroutka, S.J., Duncan, A.M., Rozmahel, R., Yang, Y.,
Mengod, G., Palacios, J.M., and O’Dowd, B.F. (1992). Characterization of the human
5-hydroxytryptamine1B receptor. J. Biol. Chem. 267, 5735-5738. .

Kawakami, K., and Noda, T. (2004). Transposition of the Tol2 element, an Ac-like element
from the Japanese medaka fish Oryzias latipes, in mouse embryonic stem cells. Genetics
166, 895-899. .

Kelly, M.A., Rubinstein, M., Asa, S.L., Zhang, G., Saez, C., Bunzow, J.R., Allen, R.G.,
Hnasko, R., Ben-Jonathan, N., Grandy, D.K., et al. (1997). Pituitary lactotroph hyperplasia
and chronic hyperprolactinemia in dopamine D2 receptor-deficient mice. Neuron 19,
103-113. .

King, M.V., Marsden, C.A., and Fone, K.C.F. (2008). A role for the 5-HT(1A), 5-HT4 and
5-HT®6 receptors in learning and memory. Trends Pharmacol. Sci. 29, 482—492. .

Kroeze, W.K., Kristiansen, K., and Roth, B.L. (2002). Molecular biology of serotonin
receptors structure and function at the molecular level. Curr. Top. Med. Chem. 2, 507-528. .

Kroeze, W.K., Sassano, M.F., Huang, X.-P., Lansu, K., McCorvy, J.D., Giguére, P.M., Sciaky,
N., and Roth, B.L. (2015). PRESTO-Tango as an open-source resource for interrogation of
the druggable human GPCRome. Nat. Struct. Mol. Biol. 22, 362—-369. .

Kudo, T., Jekni¢, S., Macklin, D.N., Akhter, S., Hughey, J.J., Regot, S., and Covert, M.W.
(2018). Live-cell measurements of kinase activity in single cells using translocation reporters.
Nat. Protoc. 13, 155-169. .

Li, X.X., Bek, M., Asico, L.D., Yang, Z., Grandy, D.K., Goldstein, D.S., Rubinstein, M., Eisner,
G.M., and Jose, P.A. (2001). Adrenergic and endothelin B receptor-dependent hypertension
in dopamine receptor type-2 knockout mice. Hypertension 38, 303-308. .

Marshall, C.J. (1995). Specificity of receptor tyrosine kinase signaling: transient versus
sustained extracellular signal-regulated kinase activation. Cell 80, 179-185. .

Martel, J.C., and Gatti McArthur, S. (2020). Dopamine Receptor Subtypes, Physiology and
Pharmacology: New Ligands and Concepts in Schizophrenia. Front. Pharmacol. 77, 1003. .

Maryu, G., Matsuda, M., and Aoki, K. (2016). Multiplexed Fluorescence Imaging of ERK and
Akt Activities and Cell-cycle Progression. Cell Struct. Funct. 47, 81-92. .

Masuho, I., Balaji, S., Muntean, B.S., Skamangas, N.K., Chavali, S., Tesmer, J.J.G., Madan
Babu, M., and Martemyanov, K.A. (2020). A Global Map of G Protein Signaling Regulation
by RGS Proteins. Cell 0. https://doi.org/10.1016/j.cell.2020.08.052.

Millan, M.J., Marin, P., Bockaert, J., and Mannoury la Cour, C. (2008). Signaling at
G-protein-coupled serotonin receptors: recent advances and future research directions.
Trends Pharmacol. Sci. 29, 454-464. .

112


http://paperpile.com/b/ylQkWF/0HoF
http://paperpile.com/b/ylQkWF/0HoF
http://paperpile.com/b/ylQkWF/5dlU
http://paperpile.com/b/ylQkWF/5dlU
http://paperpile.com/b/ylQkWF/5dlU
http://paperpile.com/b/ylQkWF/g5x5
http://paperpile.com/b/ylQkWF/g5x5
http://paperpile.com/b/ylQkWF/g5x5
http://paperpile.com/b/ylQkWF/6MigI
http://paperpile.com/b/ylQkWF/6MigI
http://paperpile.com/b/ylQkWF/6MigI
http://paperpile.com/b/ylQkWF/vqyR
http://paperpile.com/b/ylQkWF/vqyR
http://paperpile.com/b/ylQkWF/vqyR
http://paperpile.com/b/ylQkWF/vqyR
http://paperpile.com/b/ylQkWF/iV0n
http://paperpile.com/b/ylQkWF/iV0n
http://paperpile.com/b/ylQkWF/lhSj
http://paperpile.com/b/ylQkWF/lhSj
http://paperpile.com/b/ylQkWF/FvdRZ
http://paperpile.com/b/ylQkWF/FvdRZ
http://paperpile.com/b/ylQkWF/FvdRZ
http://paperpile.com/b/ylQkWF/8G6rh
http://paperpile.com/b/ylQkWF/8G6rh
http://paperpile.com/b/ylQkWF/8G6rh
http://paperpile.com/b/ylQkWF/pSnD
http://paperpile.com/b/ylQkWF/pSnD
http://paperpile.com/b/ylQkWF/pSnD
http://paperpile.com/b/ylQkWF/S4hP
http://paperpile.com/b/ylQkWF/S4hP
http://paperpile.com/b/ylQkWF/D360
http://paperpile.com/b/ylQkWF/D360
http://paperpile.com/b/ylQkWF/NcgLZ
http://paperpile.com/b/ylQkWF/NcgLZ
http://paperpile.com/b/ylQkWF/RL8R
http://paperpile.com/b/ylQkWF/RL8R
http://paperpile.com/b/ylQkWF/RL8R
http://dx.doi.org/10.1016/j.cell.2020.08.052
http://paperpile.com/b/ylQkWF/RL8R
http://paperpile.com/b/ylQkWF/3Q5p
http://paperpile.com/b/ylQkWF/3Q5p
http://paperpile.com/b/ylQkWF/3Q5p

Missale, C., Nash, S.R., Robinson, S.W., Jaber, M., and Caron, M.G. (1998). Dopamine
receptors: from structure to function. Physiol. Rev. 78, 189-225. .

Miura, H., Kondo, Y., Matsuda, M., and Aoki, K. (2018). Cell-to-Cell Heterogeneity in
p38-Mediated Cross-Inhibition of JNK Causes Stochastic Cell Death. Cell Rep. 24,
2658-2668. .

Miyoshi, H., Blémer, U., Takahashi, M., Gage, F.H., and Verma, |.M. (1998). Development of
a self-inactivating lentivirus vector. J. Virol. 72, 8150-8157. .

Mochizuki, N., Ohba, Y., Kiyokawa, E., Kurata, T., Murakami, T., Ozaki, T., Kitabatake, A.,
Nagashima, K., and Matsuda, M. (1999). Activation of the ERK/MAPK pathway by an
isoform of rap1GAP associated with Gai. Nature 400, 891. .

Moffat, J., Grueneberg, D.A., Yang, X., Kim, S.Y., Kloepfer, A.M., Hinkle, G., Pigani, B.,
Eisenhaure, T.M., Luo, B., Grenier, J.K., et al. (2006). A lentiviral RNAi library for human and
mouse genes applied to an arrayed viral high-content screen. Cell 124, 1283-1298. .

Monti, J.M. (2011). Serotonin control of sleep-wake behavior. Sleep Med. Rev. 15, 269-281.

Nakamoto, C., Goto, Y., Tomizawa, Y., Fukata, Y., Fukata, M., Harpsge, K., Gloriam, D.E.,
Aoki, K., and Takeuchi, T. (2021). A novel red fluorescence dopamine biosensor selectively
detects dopamine in the presence of norepinephrine in vitro. Mol. Brain 14, 173. .

Nebigil, C.G., Hickel, P., Messaddeq, N., Vonesch, J.L., Douchet, M.P., Monassier, L.,
Gydrgy, K., Matz, R., Andriantsitohaina, R., Manivet, P., et al. (2001). Ablation of serotonin
5-HT(2B) receptors in mice leads to abnormal cardiac structure and function. Circulation
103, 2973-2979. .

Nelson, D.E., Ihekwaba, A.E.C., Elliott, M., Johnson, J.R., Gibney, C.A., Foreman, B.E.,
Nelson, G., See, V., Horton, C.A., Spiller, D.G., et al. (2004). Oscillations in NF-kappaB
signaling control the dynamics of gene expression. Science 306, 704—708. .

Niebert, M., Vogelgesang, S., Koch, U.R., Bischoff, A.-M., Kron, M., Bock, N., and Manzke,
T. (2011). Expression and function of serotonin 2A and 2B receptors in the mammalian
respiratory network. PLoS One 6, €21395. .

Niwa, H., Yamamura, K., and Miyazaki, J. (1991). Efficient selection for high-expression
transfectants with a novel eukaryotic vector. Gene 108, 193-199. .

Pedragosa-Badia, X., Stichel, J., and Beck-Sickinger, A.G. (2013). Neuropeptide Y
receptors: how to get subtype selectivity. Front. Endocrinol. 4, 5. .

Perreault, M.L., Hasbi, A., O'Dowd, B.F., and George, S.R. (2014). Heteromeric dopamine
receptor signaling complexes: emerging neurobiology and disease relevance.
Neuropsychopharmacology 39, 156—-168. .

Pietraszewska-Bogiel, A., Joosen, L., Chertkova, A.O., and Goedhart, J. (2020). Not So Dry
Atfter All: DRY Mutants of the AT1A Receptor and H1 Receptor Can Induce
G-Protein-Dependent Signaling. ACS Omega https://doi.org/10.1021/acsomega.9b03146.

Polouliakh, N., Nock, R., Nielsen, F., and Kitano, H. (2009). G-protein coupled receptor
signaling architecture of mammalian immune cells. PLoS One 4, e4189. .

113


http://paperpile.com/b/ylQkWF/wS3u
http://paperpile.com/b/ylQkWF/wS3u
http://paperpile.com/b/ylQkWF/IdRXe
http://paperpile.com/b/ylQkWF/IdRXe
http://paperpile.com/b/ylQkWF/IdRXe
http://paperpile.com/b/ylQkWF/EG9Qm
http://paperpile.com/b/ylQkWF/EG9Qm
http://paperpile.com/b/ylQkWF/QBHUZ
http://paperpile.com/b/ylQkWF/QBHUZ
http://paperpile.com/b/ylQkWF/QBHUZ
http://paperpile.com/b/ylQkWF/Pyaoo
http://paperpile.com/b/ylQkWF/Pyaoo
http://paperpile.com/b/ylQkWF/Pyaoo
http://paperpile.com/b/ylQkWF/IpwQ
http://paperpile.com/b/ylQkWF/IpwQ
http://paperpile.com/b/ylQkWF/JJafe
http://paperpile.com/b/ylQkWF/JJafe
http://paperpile.com/b/ylQkWF/JJafe
http://paperpile.com/b/ylQkWF/o3WO
http://paperpile.com/b/ylQkWF/o3WO
http://paperpile.com/b/ylQkWF/o3WO
http://paperpile.com/b/ylQkWF/o3WO
http://paperpile.com/b/ylQkWF/QqV4S
http://paperpile.com/b/ylQkWF/QqV4S
http://paperpile.com/b/ylQkWF/QqV4S
http://paperpile.com/b/ylQkWF/eoax
http://paperpile.com/b/ylQkWF/eoax
http://paperpile.com/b/ylQkWF/eoax
http://paperpile.com/b/ylQkWF/buIif
http://paperpile.com/b/ylQkWF/buIif
http://paperpile.com/b/ylQkWF/sRAJ
http://paperpile.com/b/ylQkWF/sRAJ
http://paperpile.com/b/ylQkWF/1M86y
http://paperpile.com/b/ylQkWF/1M86y
http://paperpile.com/b/ylQkWF/1M86y
http://paperpile.com/b/ylQkWF/PCvR3
http://paperpile.com/b/ylQkWF/PCvR3
http://paperpile.com/b/ylQkWF/PCvR3
http://dx.doi.org/10.1021/acsomega.9b03146
http://paperpile.com/b/ylQkWF/PCvR3
http://paperpile.com/b/ylQkWF/t5Cn
http://paperpile.com/b/ylQkWF/t5Cn

Ponsioen, B., Zhao, J., Riedl, J., Zwartkruis, F., van der Krogt, G., Zaccolo, M., Moolenaar,
W.H., Bos, J.L., and Jalink, K. (2004). Detecting cAMP-induced Epac activation by
fluorescence resonance energy transfer: Epac as a novel cAMP indicator. EMBO Rep. 5,
1176-1180. .

Preininger, A.M., and Hamm, H.E. (2004). G protein signaling: insights from new structures.
Sci. STKE 2004, re3. .

Purvis, J.E., and Lahav, G. (2013). Encoding and decoding cellular information through
signaling dynamics. Cell 1562, 945-956. .

Pytliak, M., Vargova, V., Mechirova, V., and Fel8éci, M. (2011). Serotonin receptors - from
molecular biology to clinical applications. Physiol. Res. 60, 15-25. .

Rashid, A.J., So, C.H., Kong, M.M.C., Furtak, T., EI-Ghundi, M., Cheng, R., O'Dowd, B.F.,
and George, S.R. (2007). D1-D2 dopamine receptor heterooligomers with unique
pharmacology are coupled to rapid activation of Gg/11 in the striatum. Proc. Natl. Acad. Sci.
U. S. A. 104, 654-659. .

Regot, S., Hughey, J.J., Bajar, B.T., Carrasco, S., and Covert, M.W. (2014). High-sensitivity
measurements of multiple kinase activities in live single cells. Cell 157, 1724-1734. .

Ridley, A.J., and Hall, A. (1992). The small GTP-binding protein rho regulates the assembly
of focal adhesions and actin stress fibers in response to growth factors. Cell 70, 389-399. .

Roberts, D.J., and Strange, P.G. (2005). Mechanisms of inverse agonist action at D2
dopamine receptors. Br. J. Pharmacol. 145, 34-42. .

Rojas, R.J., Yohe, M.E., Gershburg, S., Kawano, T., Kozasa, T., and Sondek, J. (2007). Gaq
Directly Activates p63RhoGEF and Trio via a Conserved Extension of the Dbl
Homology-associated Pleckstrin Homology Domain. J. Biol. Chem. 282, 29201-29210. .

Rannekleiv, O.K., Fang, Y., Zhang, C., Nestor, C.C., Mao, P., and Kelly, M.J. (2014).
Research resource: Gene profiling of G protein-coupled receptors in the arcuate nucleus of
the female. Mol. Endocrinol. 28, 1362—-1380. .

Rubinstein, M., Phillips, T.J., Bunzow, J.R., Falzone, T.L., Dziewczapolski, G., Zhang, G.,
Fang, Y., Larson, J.L., McDougall, J.A., Chester, J.A., et al. (1997). Mice lacking dopamine
D4 receptors are supersensitive to ethanol, cocaine, and methamphetamine. Cell 90,
991-1001. .

Santos, R., Ursu, O., Gaulton, A., Bento, A.P., Donadi, R.S., Bologa, C.G., Karlsson, A.,
Al-Lazikani, B., Hersey, A., Oprea, T.I., et al. (2017). A comprehensive map of molecular
drug targets. Nat. Rev. Drug Discov. 16, 19-34. .

Sarifiana, J., and Tonegawa, S. (2016). Differentiation of forebrain and hippocampal
dopamine 1-class receptors, D1R and D5R, in spatial learning and memory. Hippocampus
26, 76-86. .

Sasamori, H., Asakura, T., Sugiura, C., Bouchekioua, Y., Nishitani, N., Sato, M., Yoshida, T.,
Yamasaki, M., Terao, A., Watanabe, M., et al. (2022). Behavioral characteristics of dopamine
D5 receptor knockout mice. Sci. Rep. 72, 6014. .

Seeman, P, Lee, T., Chau-Wong, M., and Wong, K. (1976). Antipsychotic drug doses and

114


http://paperpile.com/b/ylQkWF/WMhOi
http://paperpile.com/b/ylQkWF/WMhOi
http://paperpile.com/b/ylQkWF/WMhOi
http://paperpile.com/b/ylQkWF/WMhOi
http://paperpile.com/b/ylQkWF/WG4x
http://paperpile.com/b/ylQkWF/WG4x
http://paperpile.com/b/ylQkWF/4hZgZ
http://paperpile.com/b/ylQkWF/4hZgZ
http://paperpile.com/b/ylQkWF/20hSr
http://paperpile.com/b/ylQkWF/20hSr
http://paperpile.com/b/ylQkWF/bE5P3
http://paperpile.com/b/ylQkWF/bE5P3
http://paperpile.com/b/ylQkWF/bE5P3
http://paperpile.com/b/ylQkWF/bE5P3
http://paperpile.com/b/ylQkWF/Qbo4A
http://paperpile.com/b/ylQkWF/Qbo4A
http://paperpile.com/b/ylQkWF/UyZs
http://paperpile.com/b/ylQkWF/UyZs
http://paperpile.com/b/ylQkWF/UfvC
http://paperpile.com/b/ylQkWF/UfvC
http://paperpile.com/b/ylQkWF/8w4F7
http://paperpile.com/b/ylQkWF/8w4F7
http://paperpile.com/b/ylQkWF/8w4F7
http://paperpile.com/b/ylQkWF/kl1N
http://paperpile.com/b/ylQkWF/kl1N
http://paperpile.com/b/ylQkWF/kl1N
http://paperpile.com/b/ylQkWF/2A1P
http://paperpile.com/b/ylQkWF/2A1P
http://paperpile.com/b/ylQkWF/2A1P
http://paperpile.com/b/ylQkWF/2A1P
http://paperpile.com/b/ylQkWF/IY38
http://paperpile.com/b/ylQkWF/IY38
http://paperpile.com/b/ylQkWF/IY38
http://paperpile.com/b/ylQkWF/uY1b
http://paperpile.com/b/ylQkWF/uY1b
http://paperpile.com/b/ylQkWF/uY1b
http://paperpile.com/b/ylQkWF/t1tk
http://paperpile.com/b/ylQkWF/t1tk
http://paperpile.com/b/ylQkWF/t1tk
http://paperpile.com/b/ylQkWF/Sa2L

neuroleptic/dopamine receptors. Nature 261, 717-719. .

Shcherbakova, D.M., Baloban, M., Emelyanov, A.V., Brenowitz, M., Guo, P., and Verkhusha,
V.V. (2016). Bright monomeric near-infrared fluorescent proteins as tags and biosensors for
multiscale imaging. Nat. Commun. 7, 12405. .

Sibley, D.R. (1999). NEW INSIGHTS INTO DOPAMINERGIC RECEPTOR FUNCTION
USING ANTISENSE AND GENETICALLY ALTERED ANIMALS1. Annu. Rev. Pharmacol.
Toxicol. https://doi.org/10.1146/annurev.pharmtox.39.1.313.

Siderovski, D.P., and Willard, F.S. (2005). The GAPs, GEFs, and GDIs of heterotrimeric
G-protein alpha subunits. Int. J. Biol. Sci. 1, 51-66. .

Simpson, E.H., and Kellendonk, C. (2017). Insights About Striatal Circuit Function and
Schizophrenia From a Mouse Model of Dopamine D2 Receptor Upregulation. Biol.
Psychiatry 87, 21-30. .

Siuda, E.R., McCall, J.G., Al-Hasani, R., Shin, G., Il Park, S., Schmidt, M.J., Anderson, S.L.,
Planer, W.J., Rogers, J.A., and Bruchas, M.R. (2015). Optodynamic simulation of
B-adrenergic receptor signalling. Nat. Commun. 6, 8480. .

Snyder, S.H., Taylor, K.M., Coyle, J.T., and Meyerhoff, J.L. (1970). The role of brain
dopamine in behavioral regulation and the actions of psychotropic drugs. Am. J. Psychiatry
127, 199-207. .

Sugiyama, K., Tago, K., Matsushita, S., Nishikawa, M., Sato, K., Muto, Y., Nagase, T., and
Ueda, H. (2017). Heterotrimeric G protein Gas subunit attenuates PLEKHG2, a Rho
family-specific guanine nucleotide exchange factor, by direct interaction. Cell. Signal. 32,
115-123. .

Suzuki, K., Simpson, K.A., Minnion, J.S., Shillito, J.C., and Bloom, S.R. (2010). The role of
gut hormones and the hypothalamus in appetite regulation. Endocr. J. 57, 359-372. .

Suzuki, T., Iwata, N., Kitamura, Y., Kitajima, T., Yamanouchi, Y., Ikeda, M., Nishiyama, T.,
Kamatani, N., and Ozaki, N. (2003). Association of a haplotype in the serotonin 5-HT4
receptor gene (HTR4) with Japanese schizophrenia. Am. J. Med. Genet. B Neuropsychiatr.
Genet. 121B, 7-13. .

Syrovatkina, V., Alegre, K.O., Dey, R., and Huang, X.-Y. (2016). Regulation, Signaling, and
Physiological Functions of G-Proteins. J. Mol. Biol. 428, 3850-3868. .

Tchernycheyv, B., Ren, Y., Sachdey, P., Janz, J.M., Haggis, L., O’Shea, A., McBride, E.,
Looby, R., Deng, Q., McMurry, T., et al. (2010). Discovery of a CXCR4 agonist pepducin that
mobilizes bone marrow hematopoietic cells. Proc. Natl. Acad. Sci. U. S. A. 107,
22255-22259. .

Tecott, L.H., Sun, L.M., Akana, S.F., Strack, A.M., Lowenstein, D.H., Dallman, M.F., and
Julius, D. (1995). Eating disorder and epilepsy in mice lacking 5-HT2c serotonin receptors.
Nature 374, 542-546. .

Tesmer, J.J.G. (2009). Chapter 4 Structure and Function of Regulator of G Protein Signaling
Homology Domains. In Progress in Molecular Biology and Translational Science, (Academic
Press), pp. 75-113.

115


http://paperpile.com/b/ylQkWF/Sa2L
http://paperpile.com/b/ylQkWF/bUa9w
http://paperpile.com/b/ylQkWF/bUa9w
http://paperpile.com/b/ylQkWF/bUa9w
http://paperpile.com/b/ylQkWF/SnkZ
http://paperpile.com/b/ylQkWF/SnkZ
http://paperpile.com/b/ylQkWF/SnkZ
http://dx.doi.org/10.1146/annurev.pharmtox.39.1.313
http://paperpile.com/b/ylQkWF/SnkZ
http://paperpile.com/b/ylQkWF/7d79
http://paperpile.com/b/ylQkWF/7d79
http://paperpile.com/b/ylQkWF/WPJw
http://paperpile.com/b/ylQkWF/WPJw
http://paperpile.com/b/ylQkWF/WPJw
http://paperpile.com/b/ylQkWF/da6JP
http://paperpile.com/b/ylQkWF/da6JP
http://paperpile.com/b/ylQkWF/da6JP
http://paperpile.com/b/ylQkWF/Cwz2
http://paperpile.com/b/ylQkWF/Cwz2
http://paperpile.com/b/ylQkWF/Cwz2
http://paperpile.com/b/ylQkWF/k6Kp
http://paperpile.com/b/ylQkWF/k6Kp
http://paperpile.com/b/ylQkWF/k6Kp
http://paperpile.com/b/ylQkWF/k6Kp
http://paperpile.com/b/ylQkWF/ve65
http://paperpile.com/b/ylQkWF/ve65
http://paperpile.com/b/ylQkWF/9JVI
http://paperpile.com/b/ylQkWF/9JVI
http://paperpile.com/b/ylQkWF/9JVI
http://paperpile.com/b/ylQkWF/9JVI
http://paperpile.com/b/ylQkWF/YZ2R
http://paperpile.com/b/ylQkWF/YZ2R
http://paperpile.com/b/ylQkWF/CxW2
http://paperpile.com/b/ylQkWF/CxW2
http://paperpile.com/b/ylQkWF/CxW2
http://paperpile.com/b/ylQkWF/CxW2
http://paperpile.com/b/ylQkWF/Iqcf
http://paperpile.com/b/ylQkWF/Iqcf
http://paperpile.com/b/ylQkWF/Iqcf
http://paperpile.com/b/ylQkWF/ZEnf
http://paperpile.com/b/ylQkWF/ZEnf
http://paperpile.com/b/ylQkWF/ZEnf

Thevenaz, P., Ruttimann, U.E., and Unser, M. (1998). A pyramid approach to subpixel
registration based on intensity. IEEE Trans. Image Process. 7, 27—41. .

van Unen, J., Reinhard, N.R., Yin, T., Wu, Y.l., Postma, M., Gadella, TW.J., and Goedhart, J.
(2015). Plasma membrane restricted RhoGEF activity is sufficient for RhoA-mediated actin
polymerization. Sci. Rep. 5, 14693. .

UniProt Consortium (2021). UniProt: the universal protein knowledgebase in 2021. Nucleic
Acids Res. 49, D480-D489. .

Wang, W., Qiao, Y., and Li, Z. (2018). New Insights into Modes of GPCR Activation. Trends
Pharmacol. Sci. 39, 367-386. .

Weigert, M., Schmidt, U., Haase, R., Sugawara, K., and Myers, G. (2019). Star-convex
Polyhedra for 3D Object Detection and Segmentation in Microscopy.

Wei Yuan, A.L.B. (2007). Cyclic AMP signalling pathways in the regulation of uterine
relaxation. BMC Pregnancy Childbirth 7, S10. .

Welter-Stahl, L., da Silva, C.M., Schachter, J., Persechini, P.M., Souza, H.S., Ojcius, D.M,,
and Coutinho-Silva, R. (2009). Expression of purinergic receptors and modulation of P2X7
function by the inflammatory cytokine IFNy in human epithelial cells. Biochimica et
Biophysica Acta (BBA) - Biomembranes 7788, 1176-1187. .

Wise, R.A. (2004). Dopamine, learning and motivation. Nat. Rev. Neurosci. 5, 483—494. .

Yohn, C.N., Gergues, M.M., and Samuels, B.A. (2017). The role of 5-HT receptors in
depression. Mol. Brain 70, 28. .

Yusa, K., Rad, R., Takeda, J., and Bradley, A. (2009). Generation of transgene-free induced
pluripotent mouse stem cells by the piggyBac transposon. Nat. Methods 6, 363—369. .

Zhao, Y., Araki, S., Wu, J., Teramoto, T., Chang, Y.-F., Nakano, M., Abdelfattah, A.S.,
Fujiwara, M., Ishihara, T., Nagai, T., et al. (2011). An Expanded Palette of Genetically
Encoded Ca2+ Indicators. Science 333, 1888—1891. .

116


http://paperpile.com/b/ylQkWF/wuyPr
http://paperpile.com/b/ylQkWF/wuyPr
http://paperpile.com/b/ylQkWF/Hoctm
http://paperpile.com/b/ylQkWF/Hoctm
http://paperpile.com/b/ylQkWF/Hoctm
http://paperpile.com/b/ylQkWF/I0Y3
http://paperpile.com/b/ylQkWF/I0Y3
http://paperpile.com/b/ylQkWF/SGJe
http://paperpile.com/b/ylQkWF/SGJe
http://paperpile.com/b/ylQkWF/LUOai
http://paperpile.com/b/ylQkWF/LUOai
http://paperpile.com/b/ylQkWF/DEJ4P
http://paperpile.com/b/ylQkWF/DEJ4P
http://paperpile.com/b/ylQkWF/LhTQJ
http://paperpile.com/b/ylQkWF/LhTQJ
http://paperpile.com/b/ylQkWF/LhTQJ
http://paperpile.com/b/ylQkWF/LhTQJ
http://paperpile.com/b/ylQkWF/JX8l
http://paperpile.com/b/ylQkWF/LyliR
http://paperpile.com/b/ylQkWF/LyliR
http://paperpile.com/b/ylQkWF/S83oc
http://paperpile.com/b/ylQkWF/S83oc
http://paperpile.com/b/ylQkWF/wA8nY
http://paperpile.com/b/ylQkWF/wA8nY
http://paperpile.com/b/ylQkWF/wA8nY

