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Quantitative live-cell imaging of GPCR downstream signaling dynamics

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, Gas, Gaij, Gag11, and Gaiz/13, and they
induce subtype specific downstream signals, such as second messenger regulation
(intracellular cyclic adenosine monophosphate (cCAMP) 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, I 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. I 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 DRD5, 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 Guain-coupled serotonin receptors, only cells
expressing HTR1B showed Ca?* response. The extent of Ca?* response in cells
expressing Gag/i1-coupled serotonin receptors varied among the subtypes.
Interestingly, cCAMP level and ERK activity showed the different dynamics among
Gas-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 Gas coupling GPCRs, the other



signaling dynamics were not necessarily correlated with Ga protein coupling to
GPCRs.

Next, | developed a measurement system for Gaijo-coupled GPCR activity,
because cCAMP decrease by Gain-coupled GPCR activation could not be detected in
the above system due to the low basal cCAMP level. The pretreatment of isoproterenol
(ISO), a selective agonist of Gas-coupled adrenergic receptors, increased basal cCAMP
levels, followed by the activation of Gair-coupled GPCRs to measure the decrease in
CAMP levels. Interestingly, the dynamics of decrease in cCAMP level showed the
heterogeneity among Gais-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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WYEE  SATEAAL A=V LTI LD GPCR Y I FAH A F 7 A DE BT

G % v X7 A %A 1K G-protein coupled receptor (GPCR) 1z EME LKL+
VOBRE, BO5WIEE TR ESHEEHE A MRS ST A EZ TR 2B HREMBEA
NEGRET L, HREEORE N GPCRDO > HOWTFANEZEAICLTWD Z &b GPCR
DHRZIMT 522 L ITBAKMICHLEETH DS, & M/ L21% 800 FEFHLL - GPCR &
GFNa—FRENTEY, 1 50MICE LZ 100 f¥HO GPCR # v /87 ENEH L T
WAHZ ERREINTWD, GPCR ITFEIT 4 D Ga¥ /N7 'H (Gas. Gain, Gagii.
Gaiz213) OWVWTNZN L THBENIZY 7T A ERETDLIIEN o TWD 2, Mian
ED XS5 LT100HEE< O GPCR O %A 4 HBE D GadMaN > 7 F visiEsy + T
BHILTVDONEN) ZEICOVWTIHEAHTH -T2, RIS AL, GaZ VX7 E O Tl
DB RA B DY =RV T TN RESFORMZRE (47 I 27 ) 1T GPCR
DIEBRNPFTF LI nD & TEIRSF 51t (dynamic encoding) | R % 2T, £ &R
AET R REIT o7,

BHEALIT, GoZ U RXITEO TR TCEIMT 52 &350 > T 5d cAMP, Ca2t, RhoA,
ERKIZEHEHL, 2NbiZxTr®8ENNA RO —FRA LTz, SHIZ, 26D 4 F¥E
DA FRrrh—% 2FET OLERICHIT 5 HeLa ML Z 832 L, 2 FEO MO
R AITHI LT, 1HOERTAMBEO L VY FVIRERELDIR I G T 2N
TEXDOEBRREZMBRELE, COEBRREZHWT 5 EEHO F— 33 2 %K (DRD1, DRD2,
DRD3. DRD4, DRD5)., B WM 12 ot m b = %% (HTR1A. 1B, 1D, 1E. 1F,
5. HTR2A, HTR2B, HTR2C, HTR4, HTR6, HTR7) I k> Tl & Z &h b v /)L
BEOFAFTI I A ITMRL_IVTERILLE, TO/RE, WL Ga¥ v N7 B L%
TLHZENGNRo>TNDS GPCR TH-TH, TNOLNRFEEHIT FIRDO Y T TNV RES A
T RAF SN = ERT ZERHLNER ST, TN DORERAT — X & HT,
I TGARY T LB AT ol 2A FTIROV T T NMBEDO X A F I 7 A 2
UbEDORE = O LR LN, ZHiE, BifiZe ON & OFF &L \vo7z 2 fi
HOBHRBELID L RERERREE2 GPCR O TRV 7 T NMBEOKRINT — 2 BFRHL I 5
ZEERLTWVD,

UEORBESAOHEICEY, AUMEEO Ga¥ v 37 E&iEMHIALT 5 GPCR THh» T
H, GPCRICE - TEESNDA VT T NVEESFOXA T I 7 AT SHRERRLLND Z
EVRH LN B LI E T AOMBER DI N TEL, 2 ORI,
HBEANY 7T AREMEICH L A2 R LZbO L FMT 22 N8 TE5, Lo T,
KL EDZHICBT2EELREMR THY | FNBEHEIZSIDLVWLOTHD LEELH
EEN KL TR L,



	

