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PR TCIB I T AL S S i A i3, FLrr i 24k 2 SR SR AT AP &8 o R, JRAF A T4
Y. BT EHBNT TR, IH —REEMEN YR EI . Ak g —
Fhoy b PEZ R, BH S 3-50 NREEER, AL BB R 4 0% H A4 1
TER . MR (neurotensin, NTS) A= 2 (oxytocin, OXT) &P FhEE ZLHPZ K.
PRZE [ R R AE AR R G R R I SR KRR A EDR DhEE, 5 SIEIRETT; = REd
WX PR 2 ZR 48 54 2o A AT IR T RS B R LA . RS BEAVREE, (AMAFE
FORVHE = 2270 R PR TBC R I 3 (AR PEAEAR KRR B o SR B0 ), AN 2t e 45 B AT
Jilo [ 253 B i 50 75 T R S L AT e A AR 25 () 4 R 6 L 0T S M AR RS A P b 22
RN 7. FEARR A, BRI G & AMBEZAEMIERH S KA 6% EA
cpmApple, FKFF A T 0T LAG A I #2822 AR 7= 35 AL B OB IR . AL A R E &R
PREF INTS0.5 7EARAMEE TR ARG B 40 A AN K BRRAR 52 2 28 0 S NI IN IR #h 28 B
F RIS 400%[ 55 R HE G S AT 10-20 nM FRISERT 7 2077 2455 rOXT0.3 74k
ARRE TR IR RG240 _E X MR N R 77 2R SR 20 100% (1) 55 K54 i B A2 35 nM (1155
FTyo IXELLT (0 NTS Fl OXT AR A AL BEFI LS AR R NTS A1 OXT [MIBhAS et
TH AT ERE

KA A, SOBREN, G EAMBCRIE, WMARER, TR
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DEVELOPMENT AND OPTIMIZATION OF RED
SENSORS FOR IN VIVO NEUROPEPTIDE DETECTION
WITH HIGH SPATIAL AND TEMPORAL RESOLUTION

ABSTRACT

Neuronal communication relies on chemical synaptic transmission, where neurochemicals are
discharged from presynaptic neurons and act on targeted cells. In addition to classic small molecule
neurotransmitters, there is also an important class of neurochemicals called neuropeptides.
Neuropeptides are secretory polypeptides typically with 3-50 amino acids, playing crucial
neuromodulation roles in many physiological and pathological processes. Neurotensin (NTS) and
oxytocin (OXT) are two important neuropeptides. NTS exhibits powerful hypothermia and
analgesic functions in the central nervous system, and is involved in sleep regulation; OXT is
implicated in regulation of social-related behaviors and the establishment of emotional connections
in the central nervous system. In spite of their importance, when and where NTS and OXT are
released in the brain is largely unknown, nor is it clear how their release might be regulated.
Answering those questions requires methods that could enable in vivo neuropeptide detection with
high temporal and spatial resolution, molecular specificity and sensitivity. In this thesis, by tapping
into G protein-coupled receptors and circularly permutated red fluorescent protein cpmApple, | have
developed red fluorescent sensors that can detect NTS and OXT, respectively. The red NTS sensor
rNTS0.5 shows more than 400% maximal fluorescent changes in response to exogenous NTS
application and an apparent affinity of 10-20 nM when expressed in both cultured human embryonic
kidney (HEK) cells and rat primary cortical neurons in vitro. The red OXT sensor rOXT0.3 shows
a maximal fluorescence response of ~ 100% and an affinity of ~ 35 nM on HEK cells. These red
color NTS and OXT sensors provide promising probes for detecting the dynamics of NTS and OXT
in physiological and pathological processes.

Key words: neuropeptide, fluorescent sensor, GPCR, neurotensin, oxytocin
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1.1 MERGSHERK

FHE RGN T HERF SR N I B2 AT, TR S R o S A M 3 £ () A 355 B 28 OC L B
FIBECAE R o ZEI FLBEh I FRAX #2522 45 (Central Nervous System, CNS)H, %+, _EFHZA
M EEB MM ZeIEHE ) 2 NS B R, WAL, 13 FE A T 25 M )
PIAENTHRE, BIUnAEagAT N, 200002, PSRl BN FPEE o2 A TR ZEE L AR
RFMIIRFIREE M T, Rl rp, PP 34 TR 7R R A A R o & 2 T RN . 430 B
PLAR N AU 5 30K 328 o A R JRC I e T B e, AT S8 B | SR A 5 A8

22 ML PRI R (BN 2R AT GABAD I8 i 18 1o Y 25 -1 24 32 Aok A S Rk i 2 1) 52
B ) 0t A S A . AT A 22 R RN 2 R S 2 1 i i AR G &
FBRISZ AR B B RIS 5 R B, IS S G IS . #0208 o 22 8 1 75 i U1 4E
M7 AR E 2, B BATTREE W0 B AN [F] SRR R0 B8 A (R 48 L P 28087 (1) 22 P ] A
B T I 32 fAH GPCR.

TEA 2 9 fih e 3 25 B4 F R 45 20 T3 BRI D BB T LUK B 28, R 2853 J Ao
I PRI 2B T R A IR B 7 AU Ak, 51 R T R AR Ta ) % A Bl
ERE DA EH . SR A BG5S, 28 R T e 2 o I s T A 2 0
JRIER, XA R E BAL BB IVER . BRI PER 43 28, PP i A o S
oL A, VRS, SIERRRATAEMIAIRE, BT UL D RE . AR RN L%
NEGREE /N> 20 AR B MESH AT HES ) AR & R R )X a2 oo il £ 2E R, 1M
y -& 3L T & (Gamma-aminobutyric Acid, GABA) AR T2 E A Sk 2 ST VE T . EAb,
RKEZHFRMMHEEE)RE T B &I, W2 E % (Dopamine, DA), 5-# i i (5-
Hydroxytryptamine, 5-HT), 2 H 'S _E R M4 RAE.

PR —REBEWMSI, F 100 RNAFEMS, HESERT G EAMEZik
(G Protein-coupled Receptor, GPCR) 2 5 &K M #h 2235 201 5 AR B AL, anl s T3k, 20 .
A FME S5, FEAE AT P& oI B I FE R O E A o IS4 Y R IR Bh AR AL, X
T AR R GE A FAYREDRAS T I ThREAA A 2 L PR S R a4 kel
A KB B AR AU f (Volume Transmission), 4 T3z 2 25 (0 32 4 s 7R slad i =) E A 4,
1 FH T HOHOK S Bl P 1R 4

L1 1 AR R I L

75 20 H42W], AATHIN T — RIUEDR, EFEM = FK (Oxytocin, OXT)FMLE LR
(Arginine Vasopressin, AVP), &I 1 EANEN /M RGP E BRI DIGRE. th)E, XL
RN — 0 bl R IERH THE RS, IEFCONIHZ K (neuropeptide). ELF| 20
2L, XS LR A S R B o B LGRS 2 B AL R 5 R R
JEAEAL, MU R BT ROk R 2 IRV « PR R S ThRe vk B & 638, W&
R BT A R IEE A« B2, MR R TR 2, M RRAT LU ZE JoH 43
sk, JF BT UB A ST # S5 MR ThREAE AN 2 R G b R IEVER - 7E 1950 454X, David
de Wied /I T #HE K, Bl & ks, &8 =402 (Melanocyte-stimulating Hormone,
MSH) A5 _E i 57 57 4 & (Adreno-Cortico-Tropic-Hormone, ACTH)/E A FRAT (5 Th g, A

¥ 100 3L 25 0T



eSS/ SHANGHAI JIAG TONG UNIVERSITY TEA MR Z RS B 28 S MR R AT B IR SN & SR 1L
AR R 2 ST RE Iz AT 1,
1. 1.2 PREKIIA R Fis 5. A

INFTMEETE (BFIINARIR. GABA. 5-Fafiufiic. 2 EUIESE) A i ARy i i il i
TN AE R SHRFRIE, MZIRVENIcEE, & hEEGG, i s R R LR
WAL R o Yl g 28 IR AT A S BE R T B IR R e B TR 22 R IR AN SR, P B4R B 1 AR R
PENE. AT ELE N I BG5S IF 5, )y 20-25 N AR, HoRH & Bt ai i &
H 51 5 52T P 5 W (Endoplasmic Reticulum, ER) A i . 155 BK7EF4 123 ER N 15 J5 A A Y
Bk, IR RTRE (IS EAELE ER WS . Mk ER Km /REMTR AT — REVEM, AR
R B0 %s, B, N-fEELL, BRERILAN Wb 5. 72T H IR &M, C iRl
FEMA IR B WA —, SR IEAY DR A A B R S IR
(PAM)MEEAL C ittt b LA H 2B AE ot e (AR TR BE AL C Rumdsm B kb . it
J& » AR SR R 8 0 23 1 R 1 K A U8 I =4 RN D REVE PR IR o ] —Fh AT A4 22 1
A LA IS [F I TAS M, e A AN R AP e ik : 51 i A K 01 2 (Somatostatin, SST) A £ 7%
14 NRFEFR ) SST-14 FELF 28 NEIERL ) SST-28 Bifh Ak, R kKE T FEMMZLLH
BT, TS R BT R AN P IR N e BROK/NZE R AL, — R TSR I T B
B E JURP PR IR BB BR 7 5 o 920, S b 25 5 AT 46 1 2 1) #4148 B4 s 2% (Neurotensin, NITS)
FENAEY) B 5 P= A A 2 B8 R A2 5 R N(Neuromedin N)o I8 fin s 28 35 R O B0 36 7242
AMEMEREMEERER I, ZATREAESZONME NER, M4 %K (Neurophysin I,
NP 1)1 C i ik (C-terminal glycopeptide, CPP). X Fh{7 sk Tt )% d— 41 4 U] 25 A g fi
b, HARSH AN T E A& PCL Al PC2. FEREAN VIR ARG Kex2p (IR BN LY
W) B SE fe it 7R KRR AEPERE R IIEIA AR T T AR RS E 2T
P,

FH T2 SRORT M 28 14) 75 B2, A 2R A 1100 26 1 R A 7E ER A 1o ZR S A B 32 1 4 i A DX 3 SR 17
PTG T TR, 8% BAA K B X2, Hom B4 M i A I 5 HoA pk 22
TR LTS 57 5 . 5188 TV i 344 (Solute-Carrier, SLC) F I FIRF 7 14 4%
18 3 3B R /NI (Synaptic Vesicles, SV) R HRIEARZE FTAR EL,  fh e It 0 2R AE R
AN O FEN (Large Dense Core Vesicle, LDCV) 1, @it 40 B 229k iz M4, sy
H25 Ry I BORE S 5o S ik /ISR PR () /N o PR 0, e AN TERERUS S AR & 15 24 72,
X AT B B T2 A A/ B R ST R T e 0 38 S N I R UAC, B T A A 7 L P PR )
A (B, HATEEA SCHRIRE #H 2 IR T /N 386 B IR U WS . s b, #ib
KRG, LDCV B2 i NEAL IR EE Ik, 785 e 7 B R sl 5 7t .

ETHMARE LDCV — 52 FIHIBT 20K 40 48 ik W28 o0 iR od it i i 1 R i ok, BA
WA AR TR . Bernard Katz AR [RIFAE 1952 4F 5 ORI, ik Bk A e o)
WA R M B IR B BRI, fERZ e, MO B IR R B TRESR HOR EH ER Y
JH NS B TR AE, Bl R B H AR 4 251 18 (Voltage Dependent Ca2* Channels, VGCC)
PEME R o 2R R B TEOH L) 5 SR il MR R FE Ak b BEORST « BEVOREIUE AR 45 M B
synaptobrevin, syntaxin Al SNAP-25 21, FROA AT N- £ 25 B SRt 7 % U R 5 i 25 25
4 (Soluble N-ethylmaleimide Sensitive Factor Attachment Protein Receptor, SNARE) & &A1&,
Fx SNARE b, 24t & 5 1 (Synaptotagmin) ik th REES 285 B 1% A O VE I, IO E5 85
TR LI R M S o AR B R ks A B AN A 8 B B SR A ) o R I
PR RS A /N B A 20 0 R AF AR SRR, SR, /& B SV IR A EE K LDCV
R SE bR . 55 SV IR EL, LDCV oM 11 FH 380 5 58 5 e PR A o P R o 7 1)
PHES IR, X RRY, WE-FIKRE EFSIEE LDCV B A L T TR s &
JRATLA o DR A T 2 A/ IN VL 48 B8 A% B AR8 synaptotagmins-1, synaptotagmins-2 £

%2 50 k25 W
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synaptotagmlns O, X+ LDCV B, CUHfisE synaptotagmins-7 7] LA A A £ i o i i =%
R B 2 BRSO, B IR DAAR, AR G T DALE A 28 TG (%) 42 8 R R 3 T o
TP FERETBOE 5 W T AN R SR AL ¥ VGCC, il R L VGCC, T A2 PQ ZEk N A VGCC
B,

PR B R 8 1) S AR s 2 o, Hh K2 402 G B2 (GPCR). #HZ Ik
a2 A AR GPCR, Jfdid M (e ) M5 F AN 5 T & SRk, GPCR BUEA AN E
LW NG 516 2@, B G EAE & FBLM B-arrestin fHIKE 5 312, G EHEE
AW Ga, GBI Gy FRAA, HAHEILP Ga I #: GTP /0% GDP, Mtk Go
H5 Gy R ZIRNIMAE . BRI Go M Gpy WAt 5 H A A R A M EAEH, 4ks:
HAT(E 5 5 PRI, TREUY GPCR 868 5 AR K Ui = R4k Gopy EHEHLE A, B
WM NRE Y, R T —RESH T Go EHEHE M N=2: Gas %EIE’JE—JUEH
S IR B A LS (Adenylyl Cyclase, AC), 581 cAMP 7K-F-TF 5, R 5 oS 2 1 % A(Protein
Kinase A, PKA)FIHARX N %5 . 5 Gas B EAHK, Gailo 8 H OS2 il B H ER I GBI
TETE I FEARAML Y cAMP [17KF. Gag/1l & H MBS 7 S MRS B 7K P A, SRR B0E
B 1 C(Protein Kinase C, PKC). 475594 5 i 4 A ZBC A I [0]3307% GPCR W, 18 3 2 fih
& B-arrestin BB 15 58 BE - GPCR 1 C Ui )& SR BR Ak 3 #7352 p-arrestin, #R 5 B-arrestin
T A R A S 0% ) GPCR B I E4L (Internalization), MM 7 15 GPCR 15 5 Hid B i

1. 1. 3 IR A I AR A IR IZ= 5

KIALIK, IRSEVI I — B A 2 IR R O A AR . Blan, N R s {2
B iR R 5 R B TR T (Corticotropin-releasing Factor, CRF)Hl i 44 wif -1 P 2534 4 it B
JRACTH, 1 ACTH Al i ifiL i FEPA 2 S8 AL 52 OB TSR B JoiaR, A T P fili-3
A&-' I I (Hypothalamus-Pituitary-Adrenal, HPA) i, 75 & ma R ¥ oA EEERH . £K
0T JHL A 00 i A T T P 20 4 B 4 A AR K ZR (Growth Hormone, GH)FIFE T

B A AR IR T AR I, AT A 22 IRAE R 15 PR AR RS R G Hh oG 45 Bl S 22 (1)
Dhifig. @, M mERFETHAAT A, mbRILEINERZAE VIbR 1)/ BRI H BRI T
P P& FE A AR A8 AT Bz B R bR R BT R RS B TR I E 55
(Paraventricular Nucleus, PVN) X5 DL 4h, 72 Al X A )iz Rk, A b A 2
(Central Amygdala, CeA), 24K+ (Bed Nucleus of the Stria Terminalis, BST)A FF ji &l 7 )2
(Medial Prefrontal Cortex, mPFC), 7R BAIFIE 1 S EE/EH . #ZE ik Y (Neuropeptide
Y, NPY)JE S N E ST gk oK. KR, SR 2 ARG R 2L
FRIX5r i GABA feH G R bR ic 2 R, (HA2, EATAIR L a2 o R L
AoyRedaz Hob .

PR G A 40 22 R X S S B T g, IRFHE, MK RS ThRE R & S B E AL
RS2, T FEORBEIR . Flan, DRI 5¢’E@%E(Orexin)mﬁﬁﬂﬁﬁéﬂmﬂﬁﬂﬁ’]?‘@%@iﬂ%%
Jo 8100, [ 2 AT i ok BB A 3R RS2 AR SRR 2 AE /N B, SN B S BIUR A 1t g 2,

B A0 2 R (R gk me R ) 7 2 — D12, 1&#%ﬁlmﬂ%d\bbumTtHﬁ:ﬁmeth,
I B A5 B FRE S R RAT A B e FEAH O

L. 1.4 ARLFEEW R R

(D #EBEER

AR R BN =K, Hs I 1973 4 i1 Robert Carraway A1 Susan Leeman 7£4- T It
Wi 58, IR IAESNE BA R R ILE . BRI PER, BRttar & & R R,
1976 4, Garth Bissette %}\ELWG%ETW?X[S%E%E'JTEEJMT’E%. PR B e 2R IR P PN 5 2
FECY R BRAMRME TR, ADNREZCEREE (RISEMIRED 27 SO M R4, e fE
TR 3 A2 2 DU A 8 A T (R I TR W A 2 R 5 77, R0 22 L% 2 4 [k 2 I REAR 4 0

%3 00 Jk 25 W
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PWATAE RS, —LeERR B R R R S SRR, R A BURE 20, 2019 4F,
Ma 55 A 1) CARUE B A A% TR A 22 B R R Re MR oA TR IR VR, Aot e s 4=
¥ (central amygdala, CeA) H LS % K 2K REARZ TORT, W% 21 B I 7] (1) BT AR 2T R AR
(non-rapid eye movement, NREM), T1fjiz ] CRISPR-Cas9 wli fliX FEAH L2 70 i A0 42 A T R R
B, MERREDERIEE S NREM EIHA B3 R X8R 2 B & 5 nT RS 7E HEAR S I 1
P B AR AR A R 2, B ) I A AAR IE /& NREM BEARGEFE 1 25 R A LA
DA MG IX F 7R T PR I e 2 7E LA AN [RDE s FR e (132 3808

(2) =R

PR M UK. 1E N, 77 R AE 1906 4F & 56t Henry Dale & BLIE 9% & MR
BEAEFERIEE LW, BAER IS B AR R AT . 1927 4F, PSRRI S
alifh, HEIBFHAEREED T EE. 1955 FHITE TR 22545 Vincent du
Vigneaud, A ALFEAL AR BRI LA M= R . SRS, EHIXHE RS
L, PR R AMUE BT 5 8 BRI BEEAT I A DL RO B2 ) LI v\ kN 22, i HLAE SR 2
KA LA k3 B E R,

1.2 IMBHHZIREN 5%

1.2.1 pinsis
J Tl v T S A W 5 (AT O L SR TS R . RO B . RIBUE =S5, i
T A T R BOR B 1 R ARSI, 2 B I AL R R G R i ) T H . RAAE 1969
G, WP O 2 F T RIS R O R A R, IS, AT AR LA HESD
PSR HES) 128290, DL K AT g it 1 o BO-SUA 22 OB Tsckar MU Hh A4S 21 1R . B2, iR
RERI FH o v Aar R A5 A A 0 2 d SCRR 5 3R, T 5 o) A9 it 1) 8 1) 2% A R0 D7 2R AT BRI 4%
TH, FFH IR SR 23 (RS BN A T E
1. 2.2 fuEtr
WOENT B BT OV R BN —F A M 778, B RSP £ R 50 0 40 f AP IR BE Hh P 2 ik
Je A o702, OENTIE EBE H — @ AL R B, TN T B R R AR 1
YA R BOF SR SR . BT, SOEHT O 28 A TR O BT i SR A%
fEr=Z& (Oxytocin, OXT)E,  DLK A BN AR AT I 2 BE,  BLFEKE &R Il & & (Arginine
Vasopressin, AVP), &5 bR Bz i 22 B i 8 - F1 B WA 3 B UK (Gastrin-releasing Peptide,
GRP)B4, HANA B I i@ A 22 IR & &2 5 2H BN R A 2 IS 21K 5%, (H T
HEA RS R rE, A2 A T2 KR FIR, HoEs el Latiz A
T HHIEH Y, MR IE G TS AT A A 2 KT I P IEAE AL o OB AT
(1) 2 T2 PR ) 7E T L A 2 [ 43 2 RN M A S - 8 BT R () R il 5 2 B R T 1) 2-4
2K, DR LG AE V4 DX 3 A AR s ) 25 TR 4 s T T VARG BURE AR 2 R, o0
TR, WA ] GEkEad 10 v eh, HEA R EE 30 8.
1.2.3 A
FL AR FHURE O (1) TP VEAE A R A DG T 9 A A 1 B AT, 3 V2 A8 T & Rl 42
ARG AT KR B FE ORI TS R o BRIP4 0 R IE ANV B S B S SR, Bilns)
VERALAE, AR B A] L E BRI A T0 & 3015 BT AN T ZEAR (TR R A R, (3] 40 1 e
1115 M LL (signal to noise ratio, SNR) LA K ARG (IR [B] 43 H 2R . | T H AR B IR SR H Bl ph 22
JRAS B, 11 A2 380 3 T SR TR B i IO 28 JER PR o 28 TG 3% 1 SR TR e E Fe i e i, 1 5 p 8 IR L e
JRCE R AT 1 A A 0 5 A3 A A e 53 I 22 TG 11 LR DR e P A B S A 28 IO
AR THEE S AR F BB Flan 2532 b, AN € ARl s buims 5k
e HEAT R o 52 A 35 [R S AL 4 . 4 R B CRF AT LA in#MI 28 #% (Lateral Habenular, LHb)
%4 325 T
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NS SHANGHA JIAO TONG UNIVERSITY FEMR MMM Z AR B 2 S PR AT BIRSTHOTF & SR
PRETORID A I, JF HIXFE A /2 B CRFIR 2446/ 31, AR T CRF #HEJIK K&
HZ AP, CRF 1852 15 FH ER4MIES (External Globus Pallidus, GPe)[X 1 CRF1R B4
FHEE TC IR R0, (E S, R AR BN AT B G dth 2 5 AR W RE S A By R AE B B fih, kT 6 AR
VIRE S HPRES IE 2 o b4, AR B 7R R 2 (8] 43 3 26 70108 5340 52 31 W A K A7 B 1 R
il

1. 2.4 PUAEFERE
U AR BT 18 1 5 5 P HUAR ELA AR B H AR A, s 3B AR N R A TP DX 3, A
BIIEM AR S PUAREIRE 456, SRR Er i H I 5 O bR C B IR BT & 456 I Rt
A, AT AR IIZ X I AF R AP 2 IR BT. 12071k & F 4601 P 4205 (Substance P, SP)fE Sk
R R I RE A R A R TECBUR R BRI B8 T A v 0 2 T 23 A B0, i R & i i A
PR B 5 0 RS AL 24 b, 9F Bl PR e AR 3N B M 4
S ) e (HJE, PO ETCIE MM 2 I BT (R 284k, BRI AR HE 144 R A 5
1. 2.5 RIHRICTT %
IR GPF 52 F 5 BOGB I M A KRG 7E —#S, ] AT A a2 R R 7
%, BN S B B oAU B TIRFUIIN S 4k 22 ik () e da PR TR A o (R 7V T 1
AR, BIRE T 908 A IR 2 IR I R IE T B A 1 5 R & ad i KRR AR ], JEAS
—SEMOL. Ak, AT DUE T pH BUKK FM JeRl-451R1 pH SR 5 6 B 4R 0 40 i
JE, M S AR e Ss MR TG A2 o BT AL PR B Y pH 284k, AT FU s 2088 o () JE it e i 14852,
7E S, KO B FIEN L (Atrial Natriuretic Peptide, ANP)AT GFP b & 44 F TR 2 72 &
AT HR 22 L2 Sk (NMO) Ak B 4 22 IR A 1580 57y — 5 ¥ 02 o 22 IR R TS 4 5 ) (Nleuropeptidle
Release Reporters, NPRRs), H A2 kA4 C i &5 M I B FE 7 45t 38 5 GCaMP6s fil &,
PLUERE pH L3RR APk H BT AT AR R IX 3. SR1, NPRRs FI% 6281k sz br 1 3 W ) 2
NPRRs A&, MiAERBMMEAM, MIEHBEN A MI RIS FE . hoh, NPRRs ALY
SR T (PN Yo P 1 = r e ) GINE S 7P VAT HE S/ NSRS
1. 2.6 TANGO assay
MERZRIE R & GPCR, fE4iGMANMKE, WIEK GPCR #4552 N E 518
#%. TANGO assay FIH T B-arrestin @42 FF5F H AT &M LLENELHT S 5 Fi&1% (Barnea
et al., 2008). ZJ7IEX A T EE R SZ AR LA B-arrestin BEAT ML B, b IRE0E
1&1if) GPCR, ¥ B-arrestin Z:4£ 5] GPCR [, B-arrestin %NS %55 (Tobacco
etch virus, TEV) & FBRERr 3 DT B E R AL B 1 1) GPCR 1 TA B s PR 7 BRIk B,
LR CTA DR 88 T K, s JH TR0 440 A B i oy 2 PR 3R 34 . TANGO assay %: - GPCR
WOE 53 e SR AR L R Rk, R B R B AR S, I EL AT Dod i g e S
SEOLANRS St . (A2, TR SAE R Rl O T B 12 AN A BRIk
ZTIERZ I [ HER . SO TANGO assay, il iTango2B54f1 SPARKES], i it ;[ 144
RiE IR B 1B R 5, (HRE 57 S u AN 75 Z U Bl Ak, TANGO assay H R 7
FEPRIE T LB e R 2 TG AR NS, 0 e ist A% Bk 2= 8 A% o i . TANGO assay CL7E Sl
FA AN 22 LS 5 A 20, I T I A8 I Tk A% A 1 1 88 B P 1R 2 K 52 44k (SPRY) i 1
571, OXTR-iTango2 4 A T4k 15 /5 B 7E 41 2 T ) 4 [0 44 7= 22 7 v i B0 % 5 [X (Ventral
tegmental area, VTA) IR (581,
1. 2.7 PRE AR 5 40 i
FE - B A Ao 45356 57 5% O T RE 4R 75 28 (Cell-based neurotransmitter fluorescent engineered
reporters, CNiFERs) L A fif ' 41 it (human embryo kidney cells, HEK cells) Ay %Eai, i H %A
5 Go/11 EAMBERI LB T ZAK, JFEH T FRET M85 T HRE TN-XXL, %245
PR 36 T 25 G O U IPS R, A0S B FUREE B FE, 51 RS BRI R R T

%5 00 Jk 25 W



et SHANGHAI J1A0 TONG S FEMR MMM Z AR B 2 S PR AT BIRSTHOTF & SR
?&%@#\@E’W%ﬁfﬁ (RIAEALE o A8 FINE, J4 20 050345 (1) CNFERS #2215 46 0 1) R i [X 28 4
ARG P28 R )27 . CNIFERs C4 H TR & T I ZWEARR, 2 B RS Fg
R IIBHAS A6 AL 1 B4 FH A if 5 7% 2 % B (Vasoactive Intestinal Peptide,
VIP)(Jones et al., 2018), H /A2 5 41 f Fa 52 15 VPAC2R, hGal5(16) 5 A 45K 4T jRCaMP1b,
VIP % VPAC2R, #RJGilid hGal5(16)H8 F 3 N85 502, i VIP i 4ii, fEEfk
B SR ) F b B AR B AE X _F 4% (Suprachiasmatic Nucleus, SCN)Jixi X 443 1] VIP 78B4 5
A B AR o FE T YR A AP 20380 R 6 TRE IR 5 8% Bom H s RBUS AR e, 3 FLARNG
BRI PR B2, ZI7EE Z 4 R T, JF B i T HEK 40K/ BR 1
BN VBRI A (Rl Fe . Ieah, BT RS ANRAIR R SN, 7R BRI
PEIETTRE S| S HE )

TANGO assay M|crod|aly5|s
- - -

Sensitivity

mAQ 7 e

Arificial CSF % "' @

Specificity

e — |

Non-
invasiveness

AN
GPCR based FRET- J VIiCroproke:
SENSOrs L -

"""""""" Spatial Temporal
resolution resolution
B 1-1 LRI
WMENTEE B RBENSFRRME, HRZZRAN SRR, SIABREERITFNS T
RN E N R 5EEER, ([EIRENEEMLKTER 75 AN FES2E M. TANGO assay
REER, EREEFRNREAFBERKEE. ET GPCR-FRET K2R 4s AR 12 MM
BE R, (HRMEMK, FikREERERLEAE.

1.3 & T GPCR BURAZBAIRET RV RIBAIL TS

625 UG T B AR AN R v R 7 VR T A o 28 338 J e i P AT SRR AL o A, R
G tid (1 6 2= R AT T LS IIEE A% J2 THD PO 4 i 28 2R R e 1 3R 0K, IR T w5 B B R IR AR R 22
2 T WU R (1 o 28 S T A 22 8 4 700 2 00 B I R 3L

PR 24 K 2 80% K J& T GPCR. GPCR NS R R FHI-LIXEEIEEH, A
MREE b, Rets DL R0 AR E 4 1, BT I G B B 5 B-arrestin B0 4
I RIS SiEE, DAl A BT RE . M4 A HCARS, GPCR & KA ZR AR,
Horp DLES A /N S R [X (Transmembrane Helix 5 and 6, TM 5 and TM 6) 12 F: [8] 1 55 = il 4 36
(Intracellular Loop 3, ICL3)IH Sk e 23 . AT, Vilardaga & H [A)$ifi id 7 GPCR (1)
ICL3 il C Jifg 45 My b i N — X AT LA R A2 FRET RO G 8R4 T — R A EL B4k 5 6 #R 4

% 6 01 3L 25 0T



@) X FRdrs
eSS/ SHANGHAI JIAG TONG UNIVERSITY TEA MR Z RS B 28 S MR R AT B IR SN & SR 1L
PR GPCR-caml®3l, T FRET F4R%EHBe % % B e GPCR & 22 RE R RIS AN 7, R
o PR 2 ) RO ES B) 2 2, LR 5 P X e A 285 6 A i RLAF O 35078 (<10 %6 ), R Bk 17
TEE AR R o

T v A R P AR Bk T, T AN S R T SR R T B TR R,
A T IRE S GCaMP R SIS %] - GCaMP (347l 1998 41 Roger Tsien Fll Geoffrey
Baird %5 A4 252 5 HE M7 Y6 2 1 (circular permutated fluorescence protein, cpFP)ff) T {64
681, il i g R R — MR G — AN R AR T R BE R, IR AR E M B
KR BITWIE SR N A C i O GFP SR /2 144 T 146 L2 5K JEHETT R cpGFP, 1t
K cpGFP A AR N M E e, 1EGIEM S AL E T cpGFP (152 B (232 21
GO . FHs b, S HJFEEM AR ER TR, I cpGFP [l FE 2 AR GFP 1
# 5% 3 B-sheet LR3[4 (1[4] (chromophore) % &% -8 1] 145 F11 146 {7 Z L ER, 4= tA A1) pH
REME 1 cpGFP BT AE Sty N A C i P PRI ZE 422 K B (linker) 715, DA BE (R AR A Sk R AR A7
S I JE AR P55 ) AR 4,166

AN cpGFP A I H A 4238 I PR T & B S BRIREL iIGIUSNFR, ) FH 40 18 J& ot 45 5
HHE Gltl, ¥ cpEGFP A&, UREMRA G5, iGIUSNFR HIZG G5, JFRARK
AT fEREFRI) HEK293 gifu it & oar, Ha KR M55y 4.5 550 1.0 507, Jf
TEFSIRREAT 2 L, B F /N BRAEA AR, UEBH T iGIUSnFR A BE IRV 4R 9 I B 2
FRREIES69, )5, iGIUSNFR HIJGIEAS 2] T4 U0, (H2, T &R AA X R4
WATAER ARG EE, I HE RS S & O R A IS BT e A E A BIR S , BRlitk
AR M AAH [F) (0 S B AT M 4 IR IR ET

MY RIS A2 A 2R AT I ok RS L RS B (R A HEe . A ARy S M AR AR
NPEREESK, 2R 52560 = F FH GPCRAE N E 221 K | — & 5115 T GPCR U (MR £ (GPCR-
Activation Based sensors, GRAB sensors). 14 S B[] cpEGFP %44 F| A [F GPCR [ ICL3
Hro BCRSE &1 GPCR R 5, TM 6 BN R BT RE I cpEGFP HIRI R, T A%
HA5 52 B TIREF R R G, PRIt ] DASICEIL E AR o0 PR 4 PR S 2R R e P A 451 2
T AE R AN SRS 1B B R RIAERET R 1, SBIL I LR BRSHR I IN R) B X AT
H R0 A . A IXFR g, DR FB N FHEE T K T GRAB #R4,
}5 B (Acetylcholin, ACh)7-72,  Z [ z73-74, 5 | i & (Epinephrine, Epi), 2 H'S LR
2 (Norepinephrine, NE)I"], 5327 JjiZ "6UR1 i 4 (Adenosine, Ado)"l, X B354 B AT w2 Al
SOSIERE, PR TS5 HAESE GPCR AR A RIRE S, I LA RD 5 1R ) 8] 43 % 2R i o7
BC A4, Rl I e 008 7 i A PR P 2 BR85S I DA AR A . BB, BT
cpmApple FF& T 430 AL G ERE, lan 2 ELRTY, SR AR FIRRA A
WET

1.4 KRB SEX

S ML AT R TR M K4k (. GRAB 1%, (HJR A (R eiREN T2
A LUT TR ML s AT B . AR AIREN 55T GFP 4R (L5 e R ALl Y mT
ORI IEE AL 2R 405 2(Channelrhodopsin 2, ChR2) )it B BT 100 B, R AEms 1E AT 3L
H AN RN 22 A 2 A, B[] B M 0 o 2368 ol PR RE TSR T Y 1 5 R P 22 e Bl A il o b1
LB AR 75 B DA K I i Kk, RIS A SR R e &, i 4t 748
T GFP HHANRSS, BIERRAIIEERE, PR SRR IR FE ). AT
R AL R R S A0 M 7= AR N IR A 25 oo 22 328 57 LARIE 90 4o 22 328 5 (] 1)
MHEAERRAL T EEM T H, R A SRR AR R I R — e MR S
e

%7 00k 25 W
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€/ SHANGHAI JIAO TONG UNIVERSITY TEA MR Z RS B 28 S MR R AT B IR SN & SR 1L

BE BWMEEGE

2.1 IRET BRI AVADE

PREF IR 1) H 2208 F T 7R FLah ) 4 i oR R A BB 1 i) pDisplay #4&  (Invitrogen,
MA). H E#7H GPCR KAHMAGA cpmApple FIHREH A, Ff7E GPCR 1) N ¥y A 4 )
R S8 S 19K 7 A1 o A o R R T R % e AN 1) — SRR R FL 2 T 9 65 5 3R i 2 52,
AR SCAE URLAS) R I AE A T I PR EE 2 J5 NN —BX IRES- EGFP-CAAX P41, %5 41 nf LABhSL
TAREF AT IR, CAAX 1ERIEE M 7 EGFP &M BRHIEANRmE b, LIAE s —ANFLIY
2 P RAC o 43 428 Mix (green) (Tsingke Biotechnology Co., Ltd., China) #4T PCR.
14 Fi| Gibson assembly #4T A B4 (Gibson et al., 2009). F T #4748 2 S i Gibson mix
TR RAE O RRMBC T B At 3T it CREJEUA R TP ) PEGB000 # iy 1,2-P4 I, HiAh
M IRFFANAS) S8 HATHECH o ReAa A SR B A Ak N\ S8 =5 i) DHS o RS2 48 i
T 1. 516 R R A YA A AL B AEY A R 5€ . human NTSR1 K Al
human OXTR [ 2K H hORFeome database 8.1 A2 cDNA (&, bovine OXTR & [Fk H It
HE BN, R AATIT R AR N s PSR AT BRI & 7 455 .

2.2 MRER SR MATEFSHRERE

ASCAE ) HEK293T 4 gk H 35 [ A= ¥ 45 i i 75 95 .0 (American Type Culture
Collection, ATCC). ¥ HEK293T £ & 5% FBS (North TZ-Biotech Develop Co., Ltd, Beijing,
China) &% 1% 5 & ) 4 % % (PS) XU Pt ) DMEM (Biological Industries, Kibbutz Beit Haemek,
Israel) R F1EIRETFRFEIRALR) 37°C, 5% CO,HHR 3%, FEHEF£ 3 Perkin Elmer 96 FLAR AR E4T
TR . TE 4TS5 4 60%-80%IH, ] PEI Y GEH FHE Y 1 pg DNA: 3 ul PED) #53
HEK293T 41/, £ 4-6 /NG HubsgRdt, JRER LG 32-40 /MR .

AT I JE AR JE 2 7ok H T PO S SD oK BRLFL BR (Vital River, Beijing, China).
SEIGRT— R, B EE 1em B3 AR T 0.1 mg/mL £ B & 8 (Poly-D-lysine hydrobromide,
PDL)AWH, =il 1-2h 8L 4 °COKARIE A - ffHI Ak 3% s E T 24 LA, 500 pL Jo i
AATRKIEYE 2-3 IRJE T, SAMEE KR . X PO HAAL R SRR fE, PR R R Sk
BTN, BUJFR B RSB R R (BRIEER) B, BT Hlsei#E# 1) DMEM+1% PS MUHTVA M
o FEAARER N 0 B R E A S, JFARYE LS B E AL e S, ORBE R RE BRI I
E IS B TR DMEM+1% PS XUFUIE I . BFRIET, DRERZZHZ, I 1 mL g,
W EAT A HEH AN IRET 1-2 IR )5, BT 37 °CIERFEHE 10 min, SIREH —RIFZER
M. WALTERSE, A 4 mL &4 10%I05% i DMEM #6825 15 mL B0
W, ZRISIKAT 10-15 K. ##E 5 min, REWE FIES 15 mL FHri 0%, 3009 B0 5min.
Fr EiE, MAEEESH 10%IM75 K DMEM FREIER ). B 10 ub 4HE, 7EMmERIH4L
Wb, DAREAS A 3-5 AN MO B . RIS VRS AR B, B B B ARl 100
b, VR RSSO A BB AR IR B B A I X . A TT) 24 SLBUBON 37 °CH;
FERE, AR T BE A K .30-60 min J&, I\ 400 pL #4768 573k (Neurobasal (Gibco, Thermo
Fisher Scientific, Shanghai, China) +10% B27+Glutamax (Gibco, Thermo Fisher Scientific,
Shanghai, China)+1% PS). #iIN, &FRE =KW 2 200 pL B5775E, N 300pL Hrigardt.

% 8 Ul Jt 25 W



@Y Y FXAAY

eSS/ SHANGHAI JIAG TONG UNIVERSITY RN HZR SR S PRI BIRNF LS
WF T TCHR IR Yy, AR R AAV JREESR EH B2 s BT S A

TEFER BRI TORL, R I R gE B AR YA &) 58 G SRR B S N alifh, R EAET 1

X 108 ki /Z T . EMZEICRETE 6-7 KJa, ST eI THk, [RII AR 45 S2 56 75 EAEFL NN

0.5-2 pL JHFFER, ZIEMHEEXTMLICHITRFE, MEFRECRT 14 KGEHHE odt4T il

4.

2.3 EF WA ME TR MG

XF TR R HEK239T 408, AR AT, K5 Perkin Elmer 96 FLER A 15 7541 i (O 40 i 413
B3 5 4 Tyrode ¥ (WA nM it: 150 NaCl, 4 KCI, 2 MgCl,, 2 CaCl,, 10 HEPES, 10 Glucose,
W pH % 7.3-7.4). f£ Operetta CLS /il & BRI R4 (Perkin Elmer) H, F 40X /K4t
AT IA% o B SRS 70 BC B SR SR B VAT, RN Tyrode ¥ {3 HL/E T 484t . £ Gt
P, FSEimE e RIAN EGFP LLELESNMU/E A7l [X 3% (Region of interest, ROI). £
BT 5 't 5 FEE P 1 €0 T T8 R o €03 38 119 246068 7€ ) 1) LU (R/G Ratio) s, RIAT (A ER AT AH
X EGFP FIMIXT 521

X F AAV TR B2 Yo RIETREN I JRARES IR M & 00, ASCR O IL R E R G TRV,
W NEIE Ti-E Al LR A B RS (Nikon). BMEBIRCHE 10X & 20X 2558, 40X [ 100x
Bi, 561 nm #0Ot, FH 595/50 nm A R AHEHIE S . RAGH, K4 E Bk AE
H I Tyrode &R, FEIMN— IR E BB . REIR AR 5 Fb—ii.

2.4 FtTifESRMN

2.4.1 Mini-G A POG R EE AN

G BEAF T FIRE 2 GPCR (5 5L SR F 2 FifiE% 2 —. 7E GPCR ¥#iGH, Ga &
B 5 288 GPCR 4L &, Jflid & 1) GPCR {4k 44 GDP 4% 4 & GTP. Mini-
G EHERNRMEANER T TN G A5 GPCR MAHEAE .. ¥R &R
nanoluc 4324 N3 39 55 GPCR Fll Ga & % #;, 4 GPCR # % 1% Ga & H
I, 3245 R B T DL E AN A ThRE R e B R, ML R B AP

FEEREL 7 5 2 2 pcDNA3.L(+) Mk b, BREFM C Iii%#% 3% Nluc 1) SmBit #4. #
H 5% mini G protein 5432 Nluc [ LgBit #5415k 5 N HEK293T 4iijifg i, 3Rk 24-
30 h JEINBEIFIRIGOCIERY), 8 E SN 10-15 4385 FEREAR X (Perkin Elmer 2030)_F- Al
RIHAE T

2.4.2 TANGO assay

BIREN TR R p TANGO #ifk b, #REMW C sl T4k TEV & B 7 V) EI R
FR P AR T T (TA. B iRL s e 3 HTLA (HEK293 IfTAE 4 5, HihfaiEh tTA
WA 6 R TR 5 JE AN B-arrestin2-TEV @& LK), Rik 24 h JEIMANEEhF], FRIRAE
W FER RIA 12-16 h JE IO, W% & [N 10-15 438 f5 FEBEFR A (Perkin Elmer 2030)
RENEE S .

2.5 BWHITE P

XFF1E Operetta CLS FdF47 FIAHAR FAREF I SCI0 0 R 25 R, Hd ok B AR 4 45
MR o B BAT THEAS B R, /AR 7 BElE ROI BIARHE N HAE N SISkt
B AEGH IR A R Rk 2 R AE Excel & Origin W T EEE AT AVE R . i F06 IR
FE DB TCI RB S5 B, HEKE NIS-Element AR #-REM K1, 7£ Image J
BT M AT, ROl NAEH G I . L0600 6B IE (3R IA S I S 40 M I S 4 F- 5 1]
o A GITTE GraphPad Prism A4 H 3T, Feil iR A ttest, H***& IR p<0.001,

59 7 3k 25




YELALY

Y ceuwsarin o Towo Uy R ENHZ R SR = DRI RS F LS

**%T p<0.01, *%J/x p<0.05, ns.ERKHBEMZER.
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2/ SHANGHAL JIAQ TONG UNIVERSITY ERENHEZENS NSRRI BIRENFLE MK

FZE TEMEEERRHPFL

3.1 AN RIHiE

FENRARN, PR 23 1 GPCR K RARZ AR NTSR1 Al NTSR2 Piff, Hrt NTSR1
XPHERA S, pKd=9.6-9.9, Fthikseit H AJE NTSR1 /55 GRAB #REF 4L, Xf
T RARZ e, RS aaweEAMEt, aasotEAaSELZRE, JFHHEAN T
WA RG H AT a7 el A — R A T F—H0, BRI R R GRE
FRVE B A IR FR S s, A 3G A= o [ P B R 2 R B P Ak ) A IR S B 58 AN A
A8, R & AN T 8ok RFP, AT R IRE L a0 sl B, 4+ mApple,
mRuby LK FusionRed U981, Szizff)i, fESCIGZ=ATMN TR O MR 73T
cpmApple 20 2 ELREERE DALMY, RIS F %2 6 2 LR EREL, KA A 21 ok
L (rDALIM cpmApple) & & K B A 2 AJE NTSR1 FI 55 =M N IA(ICL3). EZE FLFNEE /N
PEIE X (TM5, TMB) T ICL3 AR N 3 il C dik 65 10 MR AEAL s A 5 100 FHml B
PR ARG SO (] 3-1a). FRHUI AT PEI 7% 44177 2ok H A 7 HEK293T 4
M, AMEIRINZEREE Y LuM IR B IR R A PRET AT, 456 s IR SIS REUHREH R B
FIAN RIS E A PGS R LuM A2 [ e 3% 1) 9% Y i IR s P AT G i IE , R A5 I ST
JE(AFIFo) 21N 50% RGeS AR A . I I o cE o7 s, Xoh38 58 AU A S2 FL L A 6 AN
PR S, PR T RSN, M EA 49 FiaTRetE M RABRTRIE SCE (B 3-1b), FHARIR
B DI T IR S AR, R ks L A0k 38 98 A8 (A iy 44 A INTS0. 1,

3.2 EZFRE L

XFEFETOCRAT GPCR H) TM5. TM6 [X 8 F L IR B AT BEHL AR AL, i 4
TH RS2 L i L BE A 5 K B s R A, JFEAT A o AEIEAT DU 48 RS AL 140
MEERAR G, BRAFIRBIE AT 6 PRIk R AR INTS0.5 (/& 3-1d), Hf k5

a b

Human NTSR1

INTS0.4 N-term- NKL

INTS0.5 N-term- NKL

o

Human NTSR1 ¢ Human NTSR1 N-term-ANKL | TVMVRQAAEAQG...HSTFSM AIEP-C-term
NTSO0.1 N-term-ANKL PVCSEV-cpmApple-LTV AIEP-C-term
rNTS0.2 N-term-ANKL IEP-C-term

NTS0.3 N-term- NKL IEP-C-term

Linker mutation y
E6.23D [

5
o A5.625 NTS0.4
& 4 Insertion site screening - / '
< 3 L5.65 AB.21 ____'?E‘_ZJ_E.__-v rNTS0.2 *
g 2 / INTSO0.1 g
3 11 nrsri 'f
r 0
4o 200 400 600 800

Number of variants

11 50 325 W
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e

A 3-1 AWM EERF T RIRE
a. AL SCEERAL Rk, L8R NIRALE, BERER CIRALE, ZRKNFSH
cpmApple fAE . b. INTS0.1 FIHENAL S R SVRSCEER AL p . A BARREANLK,
BERRCERALAERE. rNTS0.1 MIBALLRN L2525%5, A28952L, c. AEMAERERE
FAFBRERKFRFIST . d AEMEREERT NG SERENBERRP. B8R
FANRAERTT rNTS0.1 ffE, EPIAH rNTSO.1 BIAHN R BEH 1.

3.3 A BMHAFERRIAVIEINZIE

BT PEI # YerE HEK293T 41 b 34 rNTS0.5 R4t . 8 I AMNE TR IS [F U4 FE 24 %
B, WEFEE MR EAM EERIAR EGFP HRMFMIL e, Kbt B #R 4N 1E
HEK293T 4t A H4F i ERE (& 3-2a);  [RIE mf DUWLER BIPRER 1135 fe K 5% e 2.2 Ry
400%-500% ( [&] 3-2b) o X rNTS0.5 I 32 290 P - e S H 45, #0615 BI040 248 [ e 36 INTS0.5
)2 e K N9 JE (Half Maximal Effective Concentration, ECs0)%1°A 11.4 nM - (14 3-2¢).

a EGFP-CAAX Saline 1 UM NTS Merge
1

INTS0.5 —_———
Enhanced

contrast

I (2]
AF/F,

b 74 5.56x 6 6.0

6,

P INTS0.5

& 54 4 401 ECg=11.4nM

=

.94— e

& w

23 4 2.0

32 2

o
1 * 0.0 * T T T T T
ol ol 11 10 9 8 I ]

saline 1uM NTS rNTS0.5 NTS cc. Log M

B 3-2 AEMEREERRETE HEK293T 40/ H %I E

a. rNTS0.5 & HEK239T HIERE, ML FE . EGFP-CAAX NEMEHMIE 5
rNTS0.5 LRk EGFP, HTRE%MME. tFIR: 20 um. b. rNTS0.5 78 HEK293T
RE () ERR CB) MGH4 R, MNREERN rNTS0.5 FIZR 56 E 5IERIEN
JE AL EGFP 4%t i eI tLE . FERE 7 MHMIFL. c. INTS0.5 £ HEK239T H%f
MAERERERIIENT.

FALR, BRI FR YA K R E M4 e Rk rNTS0.5 #R4r, BT AMEA IR [H
WRIE PP E P 2, TT DA SR B I N VRN R B 0 26 1 e 35 ] DUV B0 28 0 MR 3R T 1)
YU (B 3-3a), ULEIERENRIE SRR, FF BAE MR AR IR R, AT R
W& BREF 1) i K52 6 N 20 400-500% (& 3-3b). R, X rNTS0.5 0 5E 25494 5 -
RPLHZE, GBI RN INTS0.5 s KNIk 22 18 nM (] 3-3¢). A1
S5 R YL INTS0.5 HAT AU MM E AT A0 ) B R NGB, A ik — 25 N (78

2012 70 4L 25
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R ENHZ R SR = DRI RS F LS

NTS0.5

4000

3000 4

2000

Fluorescence Intensity

Saline

_ 589x

AFiFp

] al
1000 - II
ol = o

saline 1 uMNTS

rNTS0.5

1 UM NTS

C 6.0 .
i
4.04 rNTS0.5 /
o EC5,=18.0 nM /
L I
™ /
g |
2.0 )
,";
_/./
0.0 e . |
-14 -12 -10 -8 -6 -4
NTS cc. Log M

K 3-3 ABMAERERFEEREREEMETHHZE
a. INTS0.5 ZEREEMETHIRE, MmN EAEE. EHR: 20 pm. b. rNTS0.5 7E
METTHRE R RS ER, BnEEERE T 3 Mg 3L 904~ ROI. ¢.rNTS0.5
AT AR ERIEM T
I3t mini G assay B REN R S5 G E A FFBUSMHK P E @, HTEEN
NTSR1 "] LLIH%E Gs. Gilo & Gq =F G A, KISt =FAH< 115 5l B 43047 7RI .
AL EE R, IO FERE s, MLEFA R NTSRL, rNTS0.5 Xf =Ff G & AR

Al B HE S (&

3-4b).

a G protein coupling b
(luciferase complementation assay)
ligand® -~
\I
W
GPCRABRBERE Yoo o ®
IIIII III Il
L L \ 1
SmBit \_/
i bioluminescence
@ i
G protein
Gi
> 150007 wreri o5 nM >
% — INTS0.5 g
€ 100004~ LgBit alone €
8 g
c C
[\ ©
2 @
o 5000 @
£ £
E E
3 =3
- -
0 —F Y |
-12 -10 -8 6 -4

NTS cc. Log M

2000+

Luminescence intensity

2000+

1500

1000

1500

1000

500

Gs

-= NTSR1
= NTS0.5

-+ |gBit alone

231 nM

T
-12 -10 -8

NTS cc. Log M

Gq
-= NTSR1
—— rNTS0.5
-+~ LgBit alone

70 nM

*
-10 -8
NTS cc. Log M

-12
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& 3-4 % rNTS0.5 #% G HEH R
a. mini-G assay [REREE. BIEK GPCR HE G EAH, MBI KERBEH N, CIHE
AME BB AL TE R B L KBS . b. rNTS0.5 mini G assay FIZEHH45 2 RIS BB 4
R NTSR1 FIRMESRR /1. (NTS0.5 Xt = G BABR B RATRNBINHEE.
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DEVELOPMENT AND OPTIMIZATION OF RED
SENSORS FOR IN VIVO NEUROPEPTIDE DETECTION
WITH HIGH SPATIAL AND TEMPORAL RESOLUTION

The nervous system is evolutionally critical for animals to maintain homeostasis and react
rapidly to the fast-changing environment. In the mammalian central nervous system, billions of
interconnected neurons control a wide range of key physiological processes, from basic sensation,
motor control and circadian rhythm to higher brain cognitive functions such as learning, memory;,
decision-making, social behavior and self-awareness. Neuronal communication largely relies on
chemical synaptic transmission, where neurochemicals are released from presynaptic neurons and
act on targeted cells. In addition to classic small molecule neurotransmitters including amino acids
and monoamines, there is also an important class of neurochemicals called neuropeptides.

Neuropeptides are secretory polypeptides that play regulatory roles in the nervous system.
These peptides are generally composed of 3-50 amino acids, and are stored in dense core vesicles
in synaptic terminals. Upon increase in cytosolic calcium, neuropeptides are released through
exocytosis into the extracellular space, where they are sensed by membrane receptors that are
usually GPCR to exert various effects or act on distant neurons by volume transmission. Classic
neurotransmitters usually act on postsynaptic ionotropic channels, while the majority of
neuropeptide receptors is constituted of G protein-coupled receptors (GPCRs). Additionally, the
mechanism of neuropeptide release and regulation are distinct from those of small molecule
neurotransmitters, which are packed in small clear vesicles, but in some cases they are also co-
released. Neuropeptides are widely involved in many physiological processes, and their
dysregulation could lead to many pathological conditions.

Neurotensin (NTS) and oxytocin (OXT) are two important neuropeptides. NTS has powerful
hypothermia and analgesic functions in the central nervous system, and is involved in sleep
regulation. OXT is implicated in regulation of social-related behaviors and the establishment of
emotional connections in the central nervous system. Despite their importance, when and where
NTS and OXT are released in the brain is largely unknown, nor is clear how their release might be
regulated. Therefore, in order to specify how the precise regulation of neuropeptides modulates
physiological processes, and how neuropeptide disorders can cause pathological symptoms, it is
necessary to develop methods for in vivo neuropeptide detection with high temporal and spatial
resolution, molecular specificity and sensitivity.

Current methods for neuropeptide detection all have their respective limitations regarding the
aforementioned aspects. Microdialysis has high sensitivity and molecular specificity, but lacks
both spatial and temporal resolution. Antibody microprobes have relative high sensitivity and
chemical specificity depending on the antibodies used for detection and have relatively spatial
resolution due to the size of the microprobe tip, but this method cannot reveal the temporal and
spatial dynamics of neuropeptides and is therefore difficult to be applied for in vivo studies.
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TANGO assay shows high sensitivity but lacks temporal resolution since the time needed for
reporter gene expression could range from hours to days. GPCR-FRET based sensors have high
spatial and temporal resolution but shows relatively low AF/FO and signal to noise ratio. Reporter
cell assay exhibits high temporal resolution, but lacks cell type specificity and shows low spatial
resolution limited by the size of reporter HEK cells, and is highly invasive for in vivo imaging
because this method requires the exogenous reporter cell line to be transplanted into the brain.

Compared to those methods mentioned above, optical imaging is widely accepted as a non-
invasive, high-throughput method for tracking specific molecules, built upon the foundation of
fluorescent probes. Moreover, genetically-encoded optical reporters provide cell-specific
expression and transmitter detection, which is essential for monitoring specific neurotransmitters
and neuromodulators in the context of the highly complex central nervous system.

Previously, based on the principle of GPCR conformational change upon ligand binding, we
have developed a series of GPCR-Activation Based sensors (GRAB sensors) that can meet all
these criteria for imaging neurotransmitter dynamics in vivo by inserting a circularly permutated
GFP (cpGFP) that is conformation-sensitive into naturally evolved G protein-coupled receptors.
These green sensors have been proven to be capable of detecting the endogenous neurotransmitter
dynamics in physiological relevant settings. With green sensors in hand, red fluorescent sensors
are still desired due to their unique advantages. The separated spectrum of red fluorescent proteins
from blue and green light assures the compatibility of red sensors with blue-light-excitable
channelrhodopsins and also enables multiplex imaging with other green indicators. Red light also
exhibits better tissue penetration, less background auto-fluorescence and lower phototoxicity
because of longer excitation and emission wavelength, rendering red sensors more suitable for in
vivo imaging.

In this thesis, by tapping into G protein-coupled receptors and circularly permutated red
fluorescent protein cpmApple, | have developed red fluorescent sensors that can detect NTS and
OXT, respectively.

The red NTS sensor is based on the human NTSR1 receptor with cpomApple from rDA1m, a
previously published red dopamine GRAB sensor. After screening ~900 candidates, | developed
rNTS0.5. rNTS0.5 shows more than 400% maximal fluorescent changes in response to exogenous
NTS application and an apparent affinity of 10-20 nM when expressed in both cultured human
embryonic kidney (HEK) cells and rat primary cortical neurons in vitro. rNTS0.5 does not exhibit
detectable downstream coupling to G proteins or B-arresin by respectively mini-G luciferase
complement assay and TANGO assay.

The red OXT sensor is based on the bovine OXTR receptor with cpmApple from rAdol.0, an
unpublished version of red adenosine GRAB sensor. After screening ~1500 candidates, | developed
rOXT0.3. rOXTO0.3 shows a maximal fluorescence response of ~ 100% and an affinity of ~ 35 nM
on HEK cells.

In the future, these sensors still need to be further optimized and characterized for in vivo
detection of NTS and OXT dynamics. For the red NTS sensor, its response will be further improved
by optimizing the cpmApple fluorescent module. Further characterization involves ligand binding
and dissociation kinetics, spectrum of one- photon and two- photon excitation and emission, ligand
specificity and pharmacological properties among others. The optimized NTS sensor could be used
to record the dynamics of NTS during many physiological processes including pain sensation and
sleep-wake cycle, as well as simultaneously study the dynamics and interaction of NTS and other
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neurotransmitters/ neuromodulators, for example dopamine, which has been implicated to be
regulated by NTS release, by multicolor imaging with other sensors. For the red OXT sensors, apart
from the above mentioned optimization and characterization, we also want to improve its selectivity
from arginine vasopressin (AVP). AVP is another neuropeptide with similar structure and many
functional correlations and crosstalk to OXT, and therefore it is important to distinguish these two
neuropeptides and demonstrate their respective dynamics during relevant physiological processes.
This can be achieved by mutating sites in the OXTR ligand binding pocket, compromising the
binding of AVP while minimally affecting the binding of OXT. The optimized OXT sensor could be
used for detecting OXT dynamics during related behaviors like pair bonding, and also enables the
simultaneous imaging with other chemicals, most notably AVP.

In short, the red color NTS and OXT sensors developed in this thesis provide promising probes
for detecting the dynamics of NTS and OXT in physiological and pathological processes.
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