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1.1 GPCRI53

HR A [ s 25 B 22 1K 5 23 (TUPHAR) ¥ 3 (http://
www.guidetopharmacology.org/) [ 53 4 if, Ak
E & BHIGPCRAT 8002 Fift, i - AL GPCR 5 L5t |
R0 S5 IR0 DI REAH O, 53 3504 i 5 J8 vk Ty B TE ¢
(1) GPCRZ K Z 8t IR 259 i VE A . 5], Bl
F ARG 7 5 AH MK GPCR Ay (LA ~FE 64N K ik, 4
BEAFK K (rhodopsin-like, JKM LT F) . BE
(secretin receptor, 4 ZK) . CKJ% (metabotropic
glutamate, EfCIEHEA AR ZIK). DZEJ% (fungal
mating pheromone receptors, . [#3CHACL{5 B & %K), E
F % (cyclic AMP receptors, cAMP3Z{K)FIFZ %

GEAMBIRZE, s, ZHEH, K ETEMNEHTR

(frizzled/smoothened)!"!. Hi T #Esh ¥ % A DFIE
KWK, Schioth HlFredriksson 445 M sh Wy h £ 4E
AGPCRIH 5Kk 2%: Rhodopsin., Adhesion(Zh [} & Z
&) Secretin, Glutamate fllFrizzled/Taste 2. Rhodopsin
2 M B R GPCRA R, H 29670 1 51 XAk 73
Mo, B &, WAL, ATRAPDRE A /N 2K
BB AT SR ECA; 5 SecretindS 57 f& 45
B RIREAR N & A 27- 141 B R Z IR E;
Glutamate3Z 14— LA ) 5 25 57 I8 — B A& 1) 9% :UAF 18,
FLJE Ah 25 4 5 (extracellular domain, ECD) 1 3¢ 285 & BiC
1K Frizzled Z /& 454 Wnthi & (1. H rFRhodopsin
W BR N AZ 5, Adhesion #lSecretin$f 5 FK N B Kk,
Glutamate 5 CF i, Frizzled/Taste 28 FR NFFK . A
FWEZ RN AR 4T, B, C. FRIENR K, B,
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AN 4> G5 B 25 AR 7 T P RS AR 31 5 X
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1.2 GPCRE R SEMEDL

GPCRI = 4 45 ¥4 figt 7 XF T PR GPCRIV A5 & 5%
LT A T2 M2t BA T E e n & L.
20004F, PalczewskidE APV K K 240 41 i A= 1R 42
LR M, P T H 5 11-cis-retinal 45 5 () & 5 ) i
IREERY, XIS — PR M GPCRES M. Bl )5,
GPCRIY LM FEHE A T 450 9], 8 H s s 8
TR RSP R AR AR — DL 4G it AR
Rl = SR il T A R RO ELF120074F, A — A
FHRSN A R F ik 4L GPCR—B, B IR K %
{4 (B,-adrenergic receptor, B,AR) %% ¥ A 1 fift A
)5, GPCRZSHIBFFEUEAN T Pk & . =
201843 H 15 H, [ BR i 4 2= 44 P v (protein data-
base, PDB)ALi1 s T 48F GPCR 5 A [A] B (& 25 & 1Y
228 E A WS (R, WIE41F ARG Z K5 AT
BLARZE & 19202 G W4k, ARVBA G Z 1A 5 A [n]
ek 45 G 132 A WEH, CH K mGlul F
mGlu5 i % K 2454 18 (transmembrane domain, TMD) 5
ANRIEAREE G 6N E A Wast . Lok AFZK K
smoothenZ & 5 AN [R] FC AR 45 G A 7145 F4)

GPCR 45 ¥4 fJF 5% 1) 5 W 145 25 T 2 1 ol 3ak 0 5 2
P45 SR R B iR 501 o T 4R v R R T A

PR HE B AL T 2 (455 K 181, Rosenbaum®§ A5

SARTE B AR MY 2R 31 U P 2R X (intracellular loop 3,
ICL3)# AT4A R (T4 lysozyme, T4L), MIfEATr T
B AR E 7 HER A, BbJE, AA19% i Hirubredoxin
bRIL. PGS, miniTAL4:EI& & (13, FFBhfbr T
413,35 CCR5(ICL3-rubredoxin) A1 CB;(ICL3-flavodoxin) 1£
N 24> GPCR A S5 14191 ok 54 BEiR 9 7% Fn —
o i 55 A 1 s 19 T S i T b is T 7E GPCR Y
SER A AR R U AR alifh g B BN SR A T
e B E AR E LR B PR R AR e AR —
GRS, $Em 8 A3 — VS 857 05 A (lipidic
cubic phase, LCP)¥in meso &5 [ 548 & J5 15 mT LIS
AR SRR ST B A B b B W+ 23058, JFH
FI F 5 B 4F g o0 T A0S N, XT GPCRAY 45 i 22 X
20 s F T 48 Kk 2 8 GPCRAY 45 M ff b . X5
28 H B FEOLHE AR & %(X—ray free-electron laser,
XFEL) i K AR 1 A1) FH 0K 0] 8 28 1/ RS 1Y
Al R A4S 5 20 SR AT S B A mT R Y. S ATk
h % S B9 YA R B F B fUBT (cryo-electron microscopy,
cryo-EM)H R N#E T GPCRYE N HE A W B 4514
5%,

1.3 GPCREEMIFE S

ST E T AYGPCREE M, 1T LK GPCREE H 7
FRI B 3E A (1) MEANX, £ 8 N A3 B4 3R

B 1 AIF SR GPCRAYZEH A P IR A B3 2R 2 . KA IR GPCR 1 P T M TG MR (SR CRE) (i 285 A O A (S TR B 5 kb BSR

TR 14 AR TR AR (A (R0 [ )5 g SN A SN 5 S S5 R B 15 . ORI TR/ N3 1 AR (2 €I 1)) 45 -5 7E A VED (venuss flytrap domain)
GERIR. B B WNT(EE (O E 45 A 7EFA i Frizzled 3 /& 1 /NCRD(cysteine rich domain)Z#415%

Figure 1 Cartoon models for structure and endogenous ligand recognition in different GPCR classes'*. For class A, in most cases, the endogenous
ligand (green) binds to the transmembrane domain (TMD). For class B, the endogenous peptide ligand (orange) binds to both ECD and TMD. For class
C, the endogenous small-molecule ligands (yellow circle) are recognized by the orthosteric sites in the VFDs. For class F, lipoprotein WNT (magenta)
binds the CRD domain of the receptors
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Table 1 Statistic table of GPCR structures

T WK% Z R R PDB5 %

ARG Rhodopsin 39 1F88, 1HZX, 1L9H, 1GZM, 1U19, 2HPY, 2G87, 2137, 2135, 2136, 2]J4Y, 2PED, 2Z1Y, 2773,
3CAP, 3C9L, 3C9M, 3DQB, 30AX, 3PQR, 3PXO0, 2X72, 3AYN, 3AYM, 4A4M, 4BEZ,
4BEY, 4J4Q, 4PXF, 4WW3, 4ZW]J, 4X1H, 5DGY, 5DYS, 5ENO, 5TE3, 5TE5, 5WOP, SWKT

B,-adrenoceptor 18 2VT4, 2Y00, 2YO01, 2Y02, 2Y03, 2Y04, 2YCW, 2YCX, 2YCY, 2YCZ, 4AMI, 4AMIJ, 4GPO,
3ZPQ, 3ZPR, 4BVN, 5A8E, 5F8U
B,-adrenoceptor 21 2RH1, 2R4S, 2R4R, 3D4S, 3KJ6, 3NYA, 3NY9, 3NY8, 3PDS, 3P0G, 3SN6, 4GBR, 4LDE,
4LDO, 4LDL, 4QKX, 5D5A, 5D5B, 5JQH, 5D6L, 5X7D
HiR 1 3RZE
D:R 1 6CM4
Ds;R 1 3PBL
D4R 2 SWIU, 5WIV
5-HTis 3 41IAQ, 4IAR, 5V54
5-HT3s 4 41B4, 4NC3, 5TVN, 5TUD
MR 1 5CXV
M:R 3 3UON, 4MQT, 4MQS
MiR 4 4DAJ, 4U14, 4U15, 4U16
MR 1 5DSG
NOP 3 4EA3, 5DHH, 5SDHG
5-OR 4 4EJ4, 4N6H, 4RWA, 4RWD
k-OR 1 4DJH
u-OR 2 4DKL, 5C1M
AjAR 2 SUEN, 5N2S
As0AR 33 3EML, 3QAK, 2YDO, 2YDV, 3PWH, 3REY, 3RFM, 3VGA, 3VGY, 3UZA, 4EIY, 4UHR,
4UG2, 5IUB, 51US, 51U4, 51U7, 5IUA, 5G53, 5K2A, 5K2B, 5K2C, 5K2D, 5UIG, 5UVI,
5JTB, 5MZJ, 5MZP, 5N2R, 5NLX, 5NM2, 5NM4, 5VRA
ATR 2 4YAY, 4ZUD
AT,R 3 S5UNF, 5UNH, SUNG
BLT,R 1 3X33
CB, 4 5TGZ, 5U09, 5XR8, 5XRA
P2Y R 2 4XNV, 4XNW
P2Y ;R 3 4NTJ, 4PYO0, 4PXZ
PAR1 1 3VW7
PAR2 3 5NJ6, SNDZ, 5SNDD
OXR 2 4718, 47]1C
OX,R 3 4S0V, 5WQC, 5WS3
AP] 1 S5VBL
NTSR 8 4GRV, 3ZEV, 4BUO, 4BWB, 4BV0, 4XEE, 4XES, 5T04
ETs 4 5GLI, 5GLH, 5XPR, 5X93
US28 2 4XT1, 4XT3
CXCR4 6 30EO0, 30E8, 30DU, 30E6, 30E9, 4RWS
CCR2 1 5T1A
CCRS5 2 4MBS, 5UIW
CCR9 1 5LWE
FFAR 3 4PHU, 5TZY, 5STZR
LPA, 3 4734, 4735, 4736
LPA, 1 5XSZ
S1P, 2 3V2W, 3V2Y
BXK ik CRFR 2 4K5Y, 479G
GLP-1R 5 5VEX, 5VAI, 5VEW, 5NX2, 6B3J
GCGR 5 4L6R, 5EE7, 5XF1, 5XEZ, 5YQZ
CTR 1 5UZ7
CK ik mGlul 1 40R2
mGlu5 5 4009, 5CGC, 5CGD, 6FFH, 6FF1
FR% SMO 7 4JKV, 4N4W, 409R, 4QIN, 4QIM, 5L7D, 5L71
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[X (extracellular loops, ECL1-3); (2) #5HEIX, & 78
5 B o2 E (TM1-7); (3) MU IX, A& 3B I IX
(intracellular loops, ICL1-3). il %5 SHRI2JiE (helix 8)
FR Fh v (Coit) 2. M AR X 3k 7 B RG0S 00 7, 5
HRE DX TR B B 1 ) ZROE T S A A A L AR
S, A 5GEE . GRKs, arrestin®s | {5 54>
F45E. DT stk 38 o dt Fe S R TR Al iR
GPCREZ IR [T 51 43 Bt 25 5 1 7% FEN ity 2 Jf &0 34
XMAPRSY, TERK B M2 LR il b A 2 e 2k
P ARGEZARPINGG— AR, HAJL A2 5L,
FIANUAS G5 B R & A 3R I N 45 44 38 HL N =
HERZ G, ECL2ZE K ZHGPCRA TR K (1 i
HNIRIX, FEATR] B Z R op S BURTR] i b4, e
SO Z RN b R R A2 AR T o SR E, 1T TE 2 k32
R RB-k RS, TE4 R 2500 fE AT 1) GPCRES 14
H, ECL2 By —>2E Bt 2 R (Cys) il i 5 TM3EE fifd A1
3t B Cys> (A5 i 715 4 # 4fE Ballesteros-Weinstein 28
G5 SRR IR E P, /B i A R B
RTIE B G, T BT R TR T I IR e P R A
T HR 55 5 MR E e I T ) = FE R A 50, 7 I 2 SR R T
—ANLRY 49, JE—NL RS, MR IREHE)IE AL — i
HEPRHECL2A M R A5 1L | B M A X HY 5 i 1 22,
£ rhodopsin Fl i R 4 7 I 52 K S 1P 1 4544, ECL2
1 — OB A BOARZS A D48, B 7456 XS
MIAPFEIK X AYIEZR, DRI T 3 PR R K P T B AR 1

K, $&/RECL2A] BB 2 5 T R AR 0y H00) 55 45
H A FEh A R RECL2 2 5B LR
32 UK (B-ARs) (1 e A4 5L Rk 2 ) HIEEFECL2,
ECLIUFIECL3%, 18 AT R 4.

A A GPCREAG FHALL Y 7 IR 15 158 482 e 45 #4)
EZEANTRERSS & HASINTEIRIR . K/ AL E T
it S S5/ FRRANIEZS . EIRS)
A Z AR B 25 A 10 A8 AH X g /N HLAT BB
AR, TN R HE A (An S ) 14 52 AR Ay TS A% 11 48 (R R
L2 NI 1 LD A L o8 1 N U 00 X e o [t
() 485 A 1SS0 18 i i A0 N i 21 B4 X 35 A DA AR UE
B K I . R AR BCAR (1) 25 6 57 s 9 PR A 1E A9 A7 6
(orthosteric site), 454 TEIZNL a5 KIRBCIATE S PSS
A AR R IEAS FCAR, TEA B AR Y25 G A8 AHX L
ECORNY, 38 H LT TR R E P S S 3 A A — ).
5 IERAL AN [ AL s 7k R 8 A8 4 (allosteric site),
HR A 45 A 76 24 57 5 H A2 A I8 5 R D e i AN [R], AR
P 5 71 33 B AR 2 35 50 350 950 AL ) L ] A5 ) 9
I (M ARAEF LG, positive allosteric modulator,
PAM) FIH 1 54 2 390 58007 1 I 1) 28 A 33 15 550) (o Ak AR
¥ 30§15, negative allosteric modulator, NAM). ZE#
PR PSS G AL T 2277 00, 8t B AT 254 &
AT IR TR 5 R (o A L e L B A R Ah
M (E2). TEFREHEZAM,R(M2 muscarinic recep-
ton) &5 K, 1 [ AR A4 1 4T FIL Y2 119620107 F 1 4M X,

B 2 ARFEEGPCRAAHTIFILE S, (a) MoREH M EhHiperoxo, IE MM IHTIFILY2119620 454 12 S HE5H(PDB ID: 4MQT). (b)
CRF,R 5 HASFMHIFICP-376395 454 (42 A #1454 (PDB ID: 4K5Y). (c) CCR2 S IEMIMHIFIBMS-681., ZEIMHIFICCR2-RA-[RIZS & =0
HEYSHI(PDB ID: 5T1A). (d) P2YREZEMIHIFIBPTUSS & E S A5 (PDB ID:4XNV). ZARLIIH ELIER, IEMEALIE GRLER,
A BEA LA AR R

Figure 2 Different binding sites of allosteric modulators in GPCR structures. (a) The structure of MR bound to the orthosteric agonist iperoxo and
the allosteric positive allosteric modulator LY2119620 (PDB ID: 4MQT). (b) The structure of CRF;R bound to the allosteric antagonist CP-376395
(PDB ID: 4K5Y). (c) The structure of CCR2 bound to orthosteric (BMS-681) and allosteric (CCR2-RA-[R]) antagonists (PDB ID: 5T1A). (d) The
structure of P2Y R in complex with allosteric antagonist BPTU (PDB ID:4XNV). MR, CRF,R, CCR2 and P2Y R are shown in cartoon representation
and colored in green, magenta, cyan and blue, respectively. Orthosteric ligands are shown in stick representation with magenta carbons and allosteric
modulators are shown in sphere representation with yellow carbons
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b F 1E M i Mkiperoxofy_F 5P ¥4k T Z A CCRS
(chemokine receptor) {7 #4 {1 i ] maraviroc fICRF,R
() 5 BT 77 i AR CP-37639543 -7 Uk 15 i M e v 5 3T g
P A o7 U2 i e R AR IR 2 R CCR2 5 IE A it
ABMS-681 . Z5Hg i #I7 CCR2-RA-[R1H =T E &Y
L5k, CCR2-RA-[RINE T2 R MMM, H4E TG
EAMGSAMED, x—aMBEeET S —#
kK F 32 A CCR9-vercirnon i) &5 #4 F 29, B84 A f5ii
), WERYRESZ (R P2Y R BC/ABPTU L K GCGRIY)
fit A MK 0893 HINNCO640 114 45 15 o7 1A F 7 Uk 155 s 1
JE () 0 26 1 193031 ik 46 GPCR 4 235 140 £ A K b fiE
T AATTX T GPCRECAAR LS A L AR, RJELEry
TR L T A G R

GPCR 9 il P IX B 171 3¢ 5 7T T 25007 2 1 45 6 LA
L 55, fEC T GPCREEH Hh, il N BRIX — %
ANEA ZHas ek JIE U i o- 2 5E . FLE R IR Y
Je&, TES-F )i 52 A (8-opioid receptor, 3-OR)*5#5Hi
naltrindoleZ & 1Y /51 70 HER f AR Z5# H, ICL3H A S
JEE DX 38 32 7K 43 F- 5 TMS, TM64 2 IR T 1 S S A
HAEH, famE TTMSFITM6MIA S, [F B A4 i 27 4
WO B 2. — B GPCRK A P & B T i 3~418]
A [F(RK)xx(FL)xxx] (of C R A B 2 1R P <7 7 51 1Y
o-BRTEAS B helix 8, AFFTIA Mhelix 855454 T if
BN R, TE 32 RS o AR b 3 B A
{633 o K Z B GPCREE# i helix 85 - 1 °F
17, ABZAE M5 B 40 % 11 Z K (angiotensin 1T type 2
receptor, AT,R)435)-5%5H05 compound 1512455 1)
HAEYEERH, helix 8i@iL 5TM3, TMS, TM6HY
PR 43 T AR B FH, K AT, RAR 2 78 2R BL TS 725
ARG, TRl i TS 4R T Rl E A AL E, B
1k T G A flarrestin iU F 5%, LL—Fh B F A0 i) 77 =X
IHIAT, RIS, DAESCE H I, Mhelix SH &M
IS A B M E)E, T4 A0S W2 EE, AT.R
ATDLVEHASE TR, SEfE 5%k, L, helix
S E “SFI ] BV A A, AT DUAR S HAS 1R 25 A
PRI PR B 18 428 52 (A A 35 P PR 25 ).

1.4 GPCRIEIEHLEI

1% 58 W WL £IA R GPCR HUAF T2 30 AR s PR
Pk 5000 SR, J5 A5 R I GPCRAN 43 LA —Fih
B — B O B AR RS AR, T 32 45 A i T
PR LA BT Ui 3500, 2 9 0 b 2 1 52 i Ak T 22 T 4 5
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75 ok 25 B8 R A # 2L 9R (nuclear magnetic
resonance, NMR)FIX L F- 34 (double electron-elec-
tron resonance, DEER)YGHEAG I A& B 1% A 454 B AR AY
Bo AR ZL AP A AR WG S AEAE, X P RIR S Z ()5
o EEAE]1 ms. BN A B 1] 3% 2 ) R el AR
TV, RGeS AR AR A S I A
SRIEE, SRR e, DIIHPRA . rhikk
AFPEEREIFCAREIAE, HAMABLIGE AW
HEEHUAA BB BLARFE E TE VG A, RIE ik, H
b B FCIR A5 ) B SR A AE D

e BAL G, G . GRK Mlarrestin4 A H A
AH [R)F4) 52 B 3405 A5 GPCR, 2 SR JC B i B GPCR X
e (s S s EEpLE]. RS B ATk A BN EE R,
(ERR2 NI Ik R N i I N2 O - = L e
Z R G B0 ITE ASGPCR. H — B AIF 5% 76 B HE B fip {4
FE W% O 1) 1 Hb 34005 T U G 2R 1138 % 5l 3% arrestindf %,
LR AR Ay i 19 #8877 (biased agonist)™”.

EAER, GPCRY T & H 1 2 & Y45 i bt
R TR, Cf B4 fgbr, B
B,AR-Gs!*”' | rhodopsin-arrestin®*!!| A, R-mini-Gf/J %
AW AR 45 # TR B K % GPCR (U LN
CTRHFIGLPIR 5 Gs 3 F 4514 19 52 5 W) il 1 0 Gl B 245
Fl3=91 Ay fp i s gk by, m DL & B — 4 L ] 5 B,
R AL F P4 6 R A GPCR 73+ B TMOE PN — i [a] S
sk, TE ML PO BT DL A GEE 1 B arrestin 1) 1 48,
L 35 28 A G5 GPCR 1 43 ) b A 350 RS Ak s
IR AL, BT LA A B0 5 28 37 0K ELAG AR DL A0 3%
TG HLE . EAA HE 0S8 % 89 rhodopsin AR 11 52 4
(adenosine A,, receptor, A;yAR)ZEMIH, BN FL TR
R*OSGES 2 [ B Tk, 2 R UE e AR TS IR
A, MTEX AP SZ AR AR RS S5 A b, %8 S b
., LAF] T TM6 B #8 G2 A5 Ak B H 5 R i 2000 8 1 Y
gEA U748 Fe N i % 32 1K (endothelin-1 receptor, ETg)
R A R R T s 3 S WO R AR AR A
WO 4% ) B, T BESE ISl A S TM6 [ AN T
FFRVE N S, R WOt B oA Sk 2 B2 A I 1 T 56
(switch).

B, FRATIARHIT (45 5 0B 3R 24K (glucagon re-
ceptor, GCGR)ZKHE B —4E45H, /R T BXRE
GPCRX 5 5 43 B 4 5 45 A A = DA B i 32 1R 1)
TEALTREALE], RO B Z AR E o /20K
4T H % ECD M TMD ) 3% 122 45 44 18 (linker domain,




IR

Bl 3 GCGRAKEHZMRER. LRI NAEKGCGREHS/Nr T EMAMHIFINNCO640 LI LA AmAbL 458 Y2 A Y) AhAL5 14 (PDB
ID: 5XEZ). 47 A4 KGCGRE H 5 ZRAIANNCIT02 456 1WAt AL5 4 (PDB ID: 5YQZ). 45H LU 3R, GCGRAYES B4 H4 i 2.
ARG, MAMEEOE 6, LA, AR X SR, NNC0640 LA (4 7R (ZE&D), HifkmAbl LUK £L6 R (Z2 ),
NNC1702 ARt R (). P 4% i A U4l IR

Figure 3 Crystal structures of full-length (FL) GCGR. The crystal structures of FL. GCGR in complex with a negative allosteric modulator NNC0640
and an inhibitory antibody mAbl1 (left, PDB ID: 5XEZ), as well as with a glucagon analogue NNC1702 (right, PDB ID: 5YQZ) are shown in cartoon

representation. The ECD and TMD of GCGR are colored blue and light orange, respectively. The linker domain (LD) is colored red. ECL1 is colored
green. NNC0640 and mAb] in the left figure are colored yellow and pink, respectively. NNC1702 in the right figure is colored orange. The two dashed

lines indicate cell membrane surfaces

LD)&R A T W AL AR L 3)P*). #EGCGR Y /)
I3 FANHIFINNCO640 L K FE Bt tE i A mAb 1 L [/l 45 &
AL, LD5 Z K TMDRY Hu A3 X A1 H 4%
fit, JF SECDR®4 A, W2 ke IR,
i 7E GCGR 5 £ KB /KNNC170245 4 10 5 A W 4514
H, LD&EA T BE M4 AR, H 454 h GCGR-
mAb1-NNCO0640%45 ¥4 o (1) BT B 4% 7%l ol e, I
BESS I I IT R, {52 14 B9 TMD A ECD 25 #4 35, 2 7] 1)
FXFECE KA T BORAR L, MR A7 R 5 £ KT
R BB A, FECZRME. A, %8 H MG i
55 22 JIK A r B X 38 A AH B A FE o 7 R s i 4 4 3
A S EATRE AR, SRR s 2 kG Ak, XAt a2
TRTE AL 2 25 K SR P PE VR s AL, A Bk — 25 %
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Figure 4 GPCR drug targets'*'. Established targets have approved drugs as defined in the Drugs@FDA database, and targets of agents in clinical
trials were collected from manual annotation of CenterWatch’s Drugs in Clinical Trials database, OpenTargets, Drugbank, Pharos and company press
releases. Established (red) and phase I-III (green) targets across the G protein-coupled receptor (GPCR) classes, ligand types and receptor families
(from the centre to the outer ring) are shown. The sizes of the circles represent the number of agents
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G protein-coupled receptors (GPCRs) constitute the largest membrane protein family in human body. Over 800 kinds of
GPCRs have been characterized in human and are divided into Rhodopsin, Adhesion, Secretin, Glutamate and Friz-
zled/Taste 2 families. GPCRs can be stimulated by a variety of cell signal molecules, including hormones, neurotrans-
mitters, ions, light etc. As the most widely distributed membrane proteins, GPCRs play important roles in almost all of
the physiological activities and serve as drug targets for many diseases, such as cardiovascular diseases, central nervous
disorders, inflammation, metabolic diseases and cancer.

Despite their pivotal roles in the physiological and pharmaceutical fields, structure determination of GPCRs remains to
be extremely challenging due to low protein yield when expressed in vitro, poor protein stability and multiple conforma-
tional states. To date, structures of 48 GPCRs have been determined, accounting for ~5% of characterized GPCRs. The
most important developments of technique include fusion partner insertion and lipidic cubic phase (LCP) crystallization.
Fusion partners, such as T4 lysozyme, thermo-stabilized apocytochrome b562RIL and flavodoxin etc, are inserted into
the N terminus or intracellular loops to replace the unstable regions and provide hydrophilic contact for crystal packing.
LCP is essential for crystallization as it mimics native environment of membrane proteins and is used to solve most of
GPCR structures. Besides, stabilization mutations and disulfide-bond engineering are also widely used for GPCR struc-
ture determination. The X-ray free-electron laser (XFEL) and cryo-electron microscopy (EM) pave the way for obtaining
high-resolution protein structure information from small size crystals or without the need for crystallization.

According to the solved structures, GPCRs share a canonical seven transmembrane architecture despite their sequence
diversity. However, the ligand binding pockets of different GPCRs vary in shape, size, location and electrostatics. The
binding sites of orthostreric and allosteric ligands locate at extracellular, middle, intracellular and even outside of the
transmembrane region. The diversity of the binding pockets provides structural basis for recognizing various ligands.

Upon activation, GPCRs undergo conformational changes including a large outward movement of TM6 on the intra-
cellular side, which exposes a pocket and engages downstream signal proteins. Three classes of downstream signal pro-
teins have been reported, namely G proteins, G protein-coupled receptor kinases (GRKs) and arrestins.

Approximate 34% of the US Food and Drug Administration approved drugs act at GPCRs. During 20112015, drugs
targeting GPCRs accounted for about 27% of the global therapeutic drugs market share. Biologics, allosteric modulators
and biased ligands are increasing in clinical trials targeting GPCRs, while major disease indications for GPCRs-targeted
drugs show a shift from traditional popular areas such as allergy and hypertension toward diabetes, oncology and central
nerves system disorders etc.

Recent breakthroughs on GPCR structural determination provide insights into the mechanisms of ligand recognition
and signal transduction, and facilitate structure-based drug design. However, more structural information is needed, in-
cluding the interaction patterns of GPCR with other G proteins and basis of biased ligand signaling, to fully understand
the superfamily membrane proteins. Here, we summarize the recent progresses on GPCR structural studies and drug dis-
covery, and give suggestions for future research directions.

G protein-coupled receptor, drug target, 3D structure, ligand, structure-based drug discovery
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