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Information Processing by the Body
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G protein-coupled receptors

Largest superfamily of receptors -~ 800 in the human genome



Earl Sutherland

* Work done in the 1950-1960s
* Primary messenger: Epinephrine

o e * Bound to cell surface that led to
activation of adenylyl cyclase

Tocoptor ..

optmgtrioe ——— % * Second messenger: cyclic AMP

:ﬁ;glﬂﬁu .; e woepolie BF  —————3 pative onzyse
* Activation of glycogen
phosphorylase

https://www.nobelprize.org/



Martin Rodbell and Al Gilman

* Rodbell 1971 — Transduction
required the first messenger, a

) transducer that required GTP,
ot amplifier that generates second
1 / messenger
. * Gilman 1980 — Isolated
5 heterotrimeric G protein, which
G e requires GTP for activity

~ 7

Intracelliiar signal -Second messanger

https://www.nobelprize.org/



Bob Lefkowitz

* Developed radioligand binding

o, Bo Adrenergic Receptor

e 1971: Labeled B-adrenergic
receptors and demonstrated
their GTP regulation

e 1970-80s: Isolated and
determined their biochemistry

e 1980s: Cloned B2AR — receptor
superfamily

* 1990s: Arrestins




Richard Axel and Linda Buck

Odorant Receptors and the Organization of the Olfactory System

e 1991 — described the family of
odorant receptors (type of
GPCR)

* Found that every single olfactory
receptor expresses one and only
one odorant receptor



Brian Kobilka

e 1980s: Worked in Lefkowitz lab,
cloning the B2AR

e 2006: First structure of a non-
rhodopsin GPCR, the b2AR

* Followed this by structures of
other receptors, including those
complexed to heterotrimeric G
proteins



GPCRs are the most common receptors in the genome

o AR e e ~ 800 human GPCRs in 5 families
st e Glutamate (Family C)
e Rhodopsin (Family A)
* a,B,v, 6 groups
* Adhesion
* Frizzled/Taste2
e Secretin (Family B)

* 2004 Nobel Prize in
Physiology/Medicine: Axel and Buck

* 2012 Nobel Prize in Chemistry:
Lefkowitz and Kobilka

O Nonorphan/validated assay

© Orphan/validated expression

@ Nonorphan/nonoptimized assay
@ Druggable/no cDNA

https://gpcr.usc.edu/



Architecture conserved from bacteria
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https://www.ncbi.nlm.nih.gov/pubmed/26472483

Diversity of Rhodopsin family ligand binding

Monoamines Nucleosides Acetylcholine Lipids Peptides

S1P1 LOR

Nature Chemical Biology 8, 670—673 (2012)



Outline

* Introduction to GPCRs
 Basics of GPCR Signaling
* GPCRs in disease

* Drugs targeting GPCRs



GPCR Effectors

G protein



Extracellular

@ Ligand

G-protein

Intracellular

Modified from Dean Staus



Extracellular

@ Ligand

G-protein
Intracellular

2" Messengers
(cAMP, IP3, DAG, etc.)

“a
G-protein Dependent
Signaling

‘V
Cellular Response

Modified from Dean Staus



Extracellular

@ Ligand

G-protein
Intracellular

2" Messengers
(cAMP, IP3, DAG, etc.)

“ :
G-protein Dependent
Signaling

Y
Cellular Response

Modified from Dean Staus



Extracellular

@ Ligand

G-protein
Intracellular =y
@ Q‘?qf,." MAP Kinases
2% Messengers & Q B 3?(1:;]%
(cAMP, IP3, DAG, etc.) . NFB Pathway
g f
G-protein Dependent \4
Signaling Arrestin Dependent

Signaling
'i A"‘.-"
Cellular Response

Modified from Dean Staus



cAMP kinetics
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https://www.moleculardevices.com/en/assets/app-note/dd/flipr/live-cell-gi-and-gs-coupled-gpcr-second-messenger-signaling-on-flipr-tetra#tgref



Rhodopsin

— experimental WT (6P)
—simulated WT (6P)

doi: https://doi.org/10.1371/journal.pcbi.1001031.g004



Arrestin recruitment

Texas-Red NKA pArrestin2-EYFP

Stolen from Researchgate



Heterotrimeric G proteins

A o-helical domain

* 1950-60s: Hormone-stimulated 6 WP ;

production of cAMP (Nobel Prize Q‘S
for Sutherland)

e 1980s: Isolation of
heterotrimeric G proteins (Nobel
Prize for Gilman and Rodbell)

* Composed of
* Ga (16 different subunits)
* GB (5 different subunits)
* Gy (12 different subunits)

Christopher A. Johnston, and David P. Siderovski Mol
Pharmacol 2007;72:219-230



Activation of heterotrimeric G proteins

GTP GDP

2nd
GDP messenger
system

2nd
messenger

Heterotrimeric G-proteins: a short history, Volume: 147, Issue: S1, Pages: $46-S55, First published: 02 February 2009, DOI: (10.1038/sj.bjp.0706405)



Goa subfamilies

* Gs

» Stimulates adenylyl cyclase
(stimulates formation of cAMP)

* Gi/o

* Inhibits adenylyl cyclase
(decreases cAMP levels)

* Gg/11
* Activates phospholipase C

e G12/13
e Activates Rho GTPases

Heterotrimeric G-proteins: a short history, Volume: 147, Issue: S1, Pages: S46-S55, First published: 02 February 2009, DOI: (10.1038/sj.bjp.0706405)
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Family  Subtype

Gy Gyt
Gy
Gs(XLﬂ
Gt
Gi“.l,D! Gl, 100
Gl,zﬁf
Gipiaz
G,o
Gyt
(}gusl‘jc

Gq;‘ll‘l GqD!
G
G
G15->:
Gm-}:
Goryz
Gorys

Gioso

Gply Bis

Y1-12

Effectors

Adenylyl cyclases T(Gy gixwy,on)

Maxi K channel T(G,x)

Src tyrosine kinases (c-Src, Hek) T (Gya)
GTPase of tubulin T(Gyx)

Adenylyl cyclase | (Gi,,2)
RaplGAPII-dependent
ERK/MAPkinase activation T (Gjx)
Ca®" channels | (Gi,,2)

K" channels T (Gio,2)

GTPase of tubulin T (Gy)

Src tyrosine kinases (c-Src, Hek) T (Gio)
RaplGAP T (G,2)

GRINI1-mediated activation of Cdc42 T (G, ,2)
¢cGMP-PDE T (G )

Guat: 7

Phospholipase Cf 1soforms T
p63-RhoGEF 1 (Gyio)

Bruton’s tyrosine kinase T (Ggx)

K™ channels T (Gy2)

Phospholipase D 1

Phospholipase Ce T

NHE-I1 T

iNOS 1

E-cadherin-mediated cell adhesion: T
pl15RhoGEF T

PDZ-RhoGEF 1

Leukaemia-associated RhoGEF (LARG) T
Radixin 7

Protein phosphatase 5 (PP5) 1
AKAPI110-mediated activation of PKA 1
HSPY0 1

PLCps 1

Adenylyl cyclase T |

Adenylyl cyclases 11, TV, VII 1

PI-3 kinases T

K" channels (GIRK1,2.4) 1

Ca®*" (N-, P/Q-, R-type) channels |
P-Rex1 (guanine nucleotide exchange factor
for the small GTPase Rac)

c-Jun N-terminal kinase (JNK) T

Src kinases T

Tubulin GTPase activity 1
G-protein-coupled receptor Kinase recruitment to
membrane T

Protein kinase D 1

Bruton’s tyrosine kinase T

pl14-RhoGEF 1

Lxpression

Gz ubiquitous
Ggo: olfactory neurons, certain CNS ganglia;
digestive and urogenital tract

G150 neurons, neuroendocrine cells, astroglia,
heart

G;y 320 neurons and many others

G,o: platelets, neurons, adrenal chromaffin cells.
neurosccretory cells

Gy rod outer segments, taste buds

G cone outer segments

Ggyq2: sweet and/or bitter taste buds, chemoreceptor
cells in the airways

G110 ubiquitous
Gispie: hematopoietic cells

Ubiquitous

Biyi: retinal rod cells

Bayg: retinal cone cells

fs: neurons and neuroendocrine organs

fsuy: retina

Most cell types express multiple ff and y subtypes

Disease relevance

Gyxpyo: brachydactyly, trauma-related bleeding
tendency, neurological problems

Gyo: McCune—Albright syndrome, cholera,
pseudohypoparathyroidism type Ta/b,
testotoxicosis, adenomas of pituitary and thyroid
Gio: whooping cough, adrenal and ovarian
adenomas

G, congenital cone dysfunction, night blindness

Gyio dermal hyperpigmentation and
melanocytosis?

Recent SNPs identified but no disease correlation
yet

G fi5: atherosclerosis, hypertension, metabolic
syndrome

CTX = cholera toxin; PTX = pertussis toxin; T = enhances function; | = reduces function; YM-254890 = a cyclic depsipeptide isolated from Chromobacterium sp QS3666.

Pharmacological
modulation

Gy CTX
Goo: CTX

G[,(I.;z)f}:: PTX
G,],QOC: PTX

G, ?

Gy PTX, CTX
Gttt PTX

Gy YM-254890
G ?
Gysa: ?
GmD{: ?

G120C: ?
Gyao: ?

Gfiy: ?

s|ujsoy 3 7 UeSijIN D
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The Ga and GBy interaction motifs

B Br B By By Py B B Br Br By By Br B Br Br B By Br Br By Br By Br RRRRARR . .
o N-
G MAC.CLS...... EEAKE ARRI [NIDE| HH\IHﬁEKRD ----------------------- EYNLV N-terminus of Ga interacts
G,@ MAC.CLS...... DEVKE SKRI [NJAE |l E[KQL[RRD|KRD -+-e-reveresssseaveee EYNLV : B :
G, MGC.TLS. ..... AEDKAAVERS[KM| DIRN|L|RED|GEK -+---rereeeeeeesssesss DCGLF with the Y subunits
G,& MGC.TLS...... AEERAALERS|KA|l EKN|LIKED|GI § --verereeeeressssesss GCGLL _ _
G, M CLGNSKTEDQGRNEEKAQREANIKK|l E[KQIL|IQKID[K QY -srerrrerssscrernns QYELL e N-terminus is also
Go  MCA.GAS. ..... AEE. . . . KHS[RE|LEKK|L|KED|A EK-eerererrerrisssesas DCGLF
G MCGC.RQS...... SEEKE AARRS[RR|l DIRH|L[RSEE[S QR rreerrersnves Yl GLC pa|m|toy|ated or mynstoylated
i i !
z i
E E ; L] L ] L ] L ]
5 - e C-terminal helix interacts with

| oN [ Bl ol oA o02P4 o3 P5 oG o4 PG o5

the receptor

Heterotrimeric G-proteins: a short history, Volume: 147, Issue: S1, Pages: S46-S55, First published: 02 February 2009, DOI: (10.1038/sj.bjp.0706405)



Selectivity in GPCR—G-protein signaling

Y L b = : ) .
ik i i s * Many GPCRs couple to multiple

g= GPCR B,AR 5-HT; : B,AR .

E e e s b classes of G proteins

;s Ke N N .

: o | * Many G proteins couple to

2 | o D oe, (e multiple GPCRs

activation mechanism Multiple receptor types Same receptor interacts

ofGuby GPCRs  ineractvitn same Guproen - winmutecepoens @ Bjgjnformatics approach to
) crors ’ identify structural motifs
S responsible for the GPCR:G
protein interaction

For example

(L ® ® L
Ga,  Goy,  Gogyyy Goypg

G-protein families

T Flock et al. Nature 1-6 (2017) doi:10.1038/nature22070

nature



Subtype-specific residues and Ga selectivity barcode

* Interface positions are

Interface positions from protein complex

I s actisiar Al R primarily in helix 5 of Ga
B sBcalen o il o \While some residues are
s =Sy . highly conserved, others
' s are responsible for the
f specificity for GPCR:Ga
G, trace coupling

T Flock et al. Nature 1-6 (2017) doi:10.1038/nature22070 n‘a'[u e



Model for interaction between GPCR and Ga

@ An expanded lock and key analogy b oifferent receptors (keys) activate v, . € Same receptor (key) activates
same G protein (lock) p : many G proteins (locks) ’
) t Receptor

' N

Go protein
“ p

ﬁ,m - o E * o o
vme :

@ Other mechanisms that can influence binding

Positive and negative design of interface residues confer selectivity

I o BV

X +
\'4 IJ O Ll I.I Vv Vo dl O LAl VL O VL1
Go, Gog,, Go, Gy, Gor, Ga,
Positive design Negative design Negative design Positive design + Non-interface residues affecting receptor dynamics

or ligand-biased conformations, post-translational
modifications, alternative splicing, etc ...

T Flock et al. Nature 1-6 (2017) doi:10.1038/nature22070 nam e



Structural evidence for importance of a5CT

WT

G o

E355D/
Y356C/
N357G

E355D -

o-|o Gaq

Ga,

Y356C -

N357G -

o Lo I o | L

E355Q/
N357E

(o]
PEI L]

Ga

o
X XN
«

E355Q
Ga

N357E

o X

0 02 04 06 08 1.0
EC,, [CCK-8] (nM)

Nat Chem Biol (2021). https://doi.org/10.1038/s41589-021-00841-3



Assessing all 60 GPy combinations with GaoA

— Gy2
=
— Gy3
— Gy4
— Gy7
— Gy12
— yB

— Gy10
— Gy9

e
Gy11

Gy13

1]
60 combinations

v ] |
Y A B <
| >

\

Gp1
{ Gp4
Gp2

— Gp3
GB5

GaOA

Gp1
Gp2
Gp3
Gp4

Venus intensity

(%)
200
| 180
160
140

. 120

100

Response amplitude

Cell Syst. 2021 Apr 21;12(4):324-337.e5.



GPy: Translocation to different compartments

Dopamine

Plasma membrane

“"b‘l mmmmmm G

..................... .... l... .....................................

B b The amount of active Gpy
‘%.& Y

oy e M L fa,”
N N =i
o ) S
% N L Gg0A
x -

Endoplasmic
reticulum

2 8 3 74

: Organelle-

specific
targeting
molecule

20 40 60 80 100 140 180 220 260 300 (%)

Cell Syst. 2021 Apr 21;12(4):324-337.e5.



G protein-coupled receptor kinases (GRKs)

e 3 subfamilies
e GRK2

GRK famil : : : .
Systematic Alternative y * Contain a PH domain for interaction
names names with PIP2
N e with o
GRK3 [ L RH_]. KD [RHe|PHI C-tail | Ubiquitous Require recruitment by GBy to the
iﬁbundant in the tetsl'ntlsi( . i rece ptO r
ression in ney an
GRK4 RH “ KD IRHc] C-tail c%v'\!ee:é;l:- ession in the kidney a . GRK4
GRK4{ GRKS5 LR Ko JGAdca] iautous
GRK®6 ﬁ Ubiquitous * Palm itoylated
inkinase B ' 1 Visual; d e Vi
g {1 e ERI 0 G2 75 s v Visual
GRK7 conosse | DRI V1502 Sroressed * Only expressed in the visual system

* Prenylated

Pharmacological Research Volume 111, September 2016, Pages 1-16



Sangivamycin (Sgv): adenosine analogue

ACtlvat | on I\/I eC h an |S m Of G R KS :Igi;?nitlgg;lM inhibition constant (Ki)

Nature 595, 600—605 (2021)



GRK1 aN interacts with same cleft as Ga in Rho

Nature 595, 600—605 (2021)



Modeling the Rhodopsin C-terminus in GRK1

C  332--EASTTVSK(339)TE--341 d  337--VSK(339)TETSQVA--346

-4 A
)
N B eno

A s3ds7 /C tall

Nature 595, 600—605 (2021)



Different phosphorylation sites at the 2AR

* At the B2AR, different serines
are phosphorylated by GRK2 and
GRK6

* |n addition, there are
; phosphorylation sites for other
o kinases (PKA, ATM, etc.)

Seoeooty sececnecd B PKA * These different sites are
ATM/AT R Yepcennanad ¥

A responsible for homologous and
sacevi@os@uoclfds heterologous desensitization
GRK2 GRKBG

oo s o and specific interactions with B -
o T arrestins

Science Signaling
Kelly N. Nobles et al., Sci. Signal. 2011;4:ra51 A AAAS

©2011 by American Association for the Advancement of Science



Non-kinase activities of GRKs

. GRK Binding partner Function Reference
isoform
Gag Regulation of Gay signaling [27,28]
mGIuR1 Regulation of G protein signaling in a phosphorylation-independent manner [29]
GBy Regulation of GBy-stimulated signaling [31]
PDGFRB Phosphorylation of PDGFRB by GRK2 reduces PDGFR signaling [78,79]
GRK2 associates with and phosphorylates HDAC6 to enhance a-tubulin deacetylase activity and
HDAC6 o [81]
cell motility
Akt Interaction of GRK2 with Akt inhibits Akt activity [82]
p38 Phosphorylation of p38 by GRK2 impairs MKK6-induced p38 activation [88]
GRI2 APC Interaction of GRK2 with APC inhibits canonical Wnt signaling [89]
GIT Interaction between GRK2 and GIT1 is important for GRK2-mediated cell motility [90]
CDK2 Phosphorylation of GRK2 by CDK2 is important for cell cycle progression [91]
GRK2 negatively regulates CC chemokine ligand 2-induced ERK activation by the interaction
MEK ) [93]
with MEK
IRS-1 Phosphorylation of IRS-1 by GRK2 mediates endothelin-1-induced insulin resistance [94]
clathrin Interaction of GRK2 with clathrin promotes GPCR internalization [95]
PI3K Translocation of PI3K to the plasma membrane is involved in GPCR internalization [96]
Interaction of GRK2 with HSP90 at the mitochondria promotes pro-death signaling after
HSP90 ) S [100]
ischemic injury
B-arrestin1 Phosphorylation of B-arrestin1 by GRK5 down-regulates G protein-independent signaling [80]
HDACS Phosphorylation of HDAC5 promotes maladaptive cardiac hypertrophy [83]
p105 Interaction with p105 results in inhibition of lipopolysaccharide-induced ERK activation [84]
[kBa Regulation of NF-kB signaling [85,86]
RK
GRKS y-tubulin centrin Co-localization of GRK5 with y-tubulin, centrin, and pericentrin is important for regulation of 92]
pericentrin microtubule nucleation and cell cycle progression
p53 Phosphorylation of p53 by GRK5 inhibits DNA damage-induced apoptosis [106]
Grk5l, which is the closest homolog of GRKS in zebrafish, interacts with raptor, and
raptor ) ) [108]
regulates mTOR signaling
GRKG am GRK6 cooperates with GIT1 to enhance Rac1 activity, and promotes engulfment of 43]

apoptotic cells

Watari et al. Journal of Molecular Signaling 2014, 9:1



The B-arrestins

* Finger loop interacts with the GPCR transmembrane core

* Polar core between two globular domains binds to the
phosphorylated GPCR C terminus

* Acts as a scaffold for a number of signaling proteins

N-DOMAIN

Mdm2, ASK1 MAPK

W -EF

5 ~~Clathrin
Robert J. Lefkowitz, and Sudha K. Shenoy Science binding
2005;308:512-517




The Arrestin Fold

"° Visual/p arrestins
Light and hormaone sensing

Nutrient Sensing

Seq-»>  Beta-Arrl Beta_Arr2 arrestin-CS-arrestin TXNIP ARRDP1 ARRDP2 ARRDP3 ARRDP4 ARRDPS WP5S26A VP5268
AL A s bt -

Beta-Arrl | 5 0 010 009 011 011 011

Beta_Arr, 0.09 011 010 010

arrestin- 0.10 “ﬁﬁ‘_ 0.11
S-arresti 50 047 . 010 010 010
TXNIP . .08 . . 017 036 039 040
ARRDP1 D 019 018 020
ARRDPZ 011 011 010 010 036 019 D La_,gsg; 044

ARRDP3 011 010 008 010 039 u.ns[

ARRDP4  0.11 0.10 0.11 0.10 0.40 0.20 0.44

ARRDPS 0. 042 o011 013
VPs26A 011 0.10
vP5268 0.1 0.12

Yuri K. Peterson, and Louis M. Luttrell Pharmacol Rev
Copyright © 2017 by The American Society for Pharmacology and Experimental Therapeutics

2017;69:256-297

o arrestins
Diverse Scaffolding

011 |

0.10

0.10

0.09

0.12

0.11

013

013

Canis_lupus_familiaris
isoform_4 Homo_sapiens

isoform_b Mus_musculus
’_|—|; Rattus_norvegicus
isoform_X1 Mus_musculus

]—1sulo!mia Mus_musculus

Sus_scrofa
isoform_2 Macaca_mulatta
isoform_x1 Homo_sapiens
isoform_3 Homo_sapiens
isoform_X2 Homo_sapiens
isoform_2 Homo_sapiens
isoform_6 Homo_sapiens
isoform_3 Homo_sapiens
isoform_1 Homo_sapiens
isoform_5 Homao_sapiens

FASPET

PHARMACOLOGICAL
REVIEWS



Phosphorylation barcode for arrestin
Interaction

c K167
/ K168
Rhodopsin
C-tail loop
—@
—D
(- Arrestin e ]
Arrestin “reads” ! R N-terminal
phosphorylation '{'. B-strand
codes of a GPCR J
through three K] 4—@
code-sensing pockets

Rhodopsﬁl
C-tail B-strand

Arrestin mediated
pathways

Cell Volume 170, Issue 3, 27 July 2017, Pages 457-469.e13



B-arrestins interact with a wide array of proteins

A emscomen * Mass-spectrometry-based
T e, S interactome demonstrates a
R B wide array of proteins

(53%)
Nucleus
(26%)

subcellular distribution

interact with the B-arrestins
* Kinases, Phosphatases

Trafficking proteins

Small GTPases

Metabolic enzymes

Cytoskeletal proteins

- . OD
B-arrestin 35.:5% 14-3-3 15.8%

Kunhong Xiao et al. PNAS 2007;104:29:12011-12016 l N‘ l S



Functionally discrete arrestin pools

plasma membrane

PHARMACOLOGICAL

Yuri K. Peterson, and Louis M. Luttrell Pharmacol Rev % ASPET REVIEWS
2017;69:256-297 Copyright © 2017 by The American Society for Pharmacology and Experimental Therapeutics



Diverse cellular functions of arrestin scaffolds

plasma membrane

MICROTUBULE BOUND ARRESTIN

Regulate focal adhesion dynamics
Suppress basal ERK activity

Target Mdm2 to cytosolic substrates
Enhance p53 signaling

CYTOSOLIC ARRESTIN

Buffer Ca2+-CaM

Suppress NF«B signaling
Suppress p-catenin Signaling
Suppress JNK nuclear signaling
Activate cytosolic JNK

n
Ueclear Membrane

NUCLEAR ARRESTIN

Promote Bcl2-dependent survival signaling
Promote PcG transcription
Attenuate PPARy transcription

Yuri K. Peterson, and Louis M. Luttrell Pharmacol Rev
2017;69:256-297 Copyright © 2017 by The American Society for Pharmacology and Experimental Therapeutics

PLASMA MEMBRANE ARRESTIN

Promote GPCR desensitization
Promote 2nd Messenger degradation
Promote GPCR endocytosis
Mediate RTK ‘transactivation’
Mediate AKT survival signaling
Stimulate membrane ruffling
Stimulate cell migration

Promote chemotaxis

ENDOSOMAL ARRESTIN

Regulate GPCR recycling

Target ERK to cytosolic substrates
Increase Protein Translation
Promote Hedgehog signaling
Promote canonical Wnt signaling

PHARMACOLOGICAL
REVIEWS



RGS proteins — G protein deactivation

https://doi.org/10.3389/fnmol.2020.00005



https://doi.org/10.3389/fnmol.2020.00005

RGS proteins bind to specific sites in Ga

A

BRET ratio (%)

BRET ratio (%)

100 7

a0

60

40

20 1

100 5

a0 1

60

40 -

20

Gi2

— G2 wi
= G2 51845

o 10 20 30 40 80 &0 70

Time (s)

Gy

=— G wi
- Gog G1883

.

0 20 40 a0

Time (s)

Cell DOI: (10.1016/j.cell.2020.08.052)

B

Guaifo subfamily

Gug subfamily

RGS-insensitive Ga subunits

1/edeactivation (z7)

2 =

o o
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Specificity of RGS proteins
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Specificity of RGS proteins can be modified
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GPCRs in action: Regulation of thyroid hormones
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GoF mutations in disease

Table 1

Diseases caused by activating mutations in G-protein-coupled receptors (GPCR)

GPCR gene (OMIM)

Receptor (IUPHAR)

Gain-of-function disease

Reference

Family A GPCR
FSHR
KSHV-GPCR
MC2R

LHR

RHO
TSHR

Family B GPCR
PTHRI

Family C GPCR
CASR

Other GPCR
SMOH

follitropin (FSH)

melanocortin (MC»)

lutropin (LHCG)

rhodopsin

thyrotropin (TSH)

PTH/PTHrP (PTH,)

calcium-sensing (CaS)

smoothened (SMO)

ovarian hyperstimulation syndrome
Kaposi’s sarcoma

ACTH-independent Cushing’s syndrome
male-limited precocious puberty,
seminoma, Leydig-cell tumor

congenital stationary night blindness
hyperthyroidism, thyroid carcinoma

Jansens’s metaphyseal chondrodysplasia

dominant and sporadic hypoparathyroidism

sporadic basal-cell carcinoma

Smits et al., 2003; Vasseur et al., 2003
Arvanitakis et al., 1997

Swords et al., 2002

Shenker et al., 1993; Martin et al., 1998;
Liu et al., 1999a

Robinson et al., 1992; Rao et al., 1994
Parma et al., 1993; Russo et al., 1995

Schipani et al., 1995

Baron et al., 1996

Xie et al., 1998

Full-length receptor names are given under ‘Abbreviations’ at the beginning of the chapter.

Pharmacol Ther. 2004 Dec;104(3):173-206.



LoF mutations in disease

Table 2

Diseases caused by inactivating mutations in G-protein-coupled receptors (GPCR)

GPCR gene (OMIM)

GPCR (IUPHAR)

Loss-of-function disease

Reference

Family A GPCR
AGTR2
AVPR2
EDNRB
FPR1
FSHR
GNRHR
GPR54
LGRS
LHR
MCIR
MC2R
MC4R

P2RY12
OPNISW
RGR
RHO
TBXA2R
TRHR
TSHR

Family B GPCR
GHRHR

GPR56

PTHRI

MASS1 (VLGRI)

Family C GPCR
CASR

Other GPCR
FZD4
OAl

angiotensin (AT5)
vasopressin (V)
endothelin (ETg)

N-formyl-peptide (FPR)

follitropin (FSH)
GnRH (GnRH)
GPR54

LGRS (INSL3)
lutropin (LHCG)
melanocortin (MC,)
melanocortin (MC»)
melanocortin (MCy)

purinoceptor (P2Y,)
blue opsin

retinal GPCR
rhodopsin
thromboxane (TP)
TRH

thyrotropin (TSH)

GHRH
GPR56
PTH/PTHP (PTH,)
MASS1

calcium-sensing (CaS)

frizzled/wnt (FZDy)
ocular albinism type 1

X-linked mental retardation

nephrogenic diabetes insipidus (NDI), partial NDI
Hirschsprung’s disease

Juvenile periodontitis

ovarian dysplasia, amenorrhea, secondary amenorrhea
hypogonadotropic hypogonadism
hypogonadotropic hypogonadism

cryptorchidism

pseudohermaphroditism, hypospadias
UV-induced skin damage

ACTH resistance syndrome

dominant and recessive obesity

bleeding disorder

color blindness

retinitis pigmentosa

retinitis pigmentosa

bleeding disorder

isolated central hypothyroidism
hypothyroidism, thyroid hypoplasia

dwarfism

bilateral frontoparietal polymicrogyria
Blomstrand chondrodysplasia

febrile seizures, Usher syndrome

hyperparathyroidism

exudative vitreoretinopathy
ocular albinism

Vervoort et al., 2002

Rosenthal et al., 1992; Sadeghi et al., 1997
Puffenberger et al., 1994

Gwinn et al., 1999

Aittomiki et al., 1995; Beau et al., 1998
de Roux et al., 1997; Layman et al., 1998
de Roux et al., 2003; Seminara et al., 2003
Gorlov et al., 2002

Kremer et al., 1995; Misrahi et al., 1997
Valverde et al., 1995

Clark et al., 1993; Tsigos et al., 1993
Vaisse et al., 1998; Yeo et al., 1998;
Farooqi et al., 2000

Hollopeter et al., 2001

Weitz et al., 1992

Morimura et al., 1999

Dryja et al., 1990

Hirata et al., 1994

Collu et al., 1997

Biebermann et al., 1997

Wajnrajch et al., 1996

Piao et al., 2004

Jobert et al., 1998

Nakayama et al., 2002; Weston et al., 2004

Pollak et al., 1993

Robitaille et al., 2002
Bassi et al., 1995

Full-length receptor names are given under ‘Abbreviations’ at the beginning of the chapter.

Pharmacol Ther. 2004 Dec;104(3):173-206.



Multiple mechanisms underlie LoF mutations

Class Iil defects | Class IV defects
retention in the Golgi | |  Altered ligand binding
|Altered =zignal transduction
| Altered internalization

Class | defects | ' Class Il defects
loss of transcription | | mRMNA stability

. improper translation
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Pharmacol Ther. 2004 Dec;104(3):173-206.



V2 VasopresYsin receptor mutations

extracellular

. conserved residues within mammalian AVPR2 and fish vasopressin receptors
@ only two different residues within mammalian AVPR2 and fish vasopressin receptors
O position of a missense mutation found in NDI patients

position not analyzed in this ortholog screen

‘ total | hit by mutation
conserved residues 40% 62%
partially conserved residues 24% 26%
non-conserved residues 36%

12% Pharmacol Ther. 2004 Dec;104(3):173-206.



Expression and adenylyl cyclase stimulation
of V2R and V2R(R137H) in HEK-293 cells
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V2R(R137H) is not expressed at the PM
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Barrestin2-GFP and V2R or V2R(R137H)
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Barrestin2 association with and
phosphorylation of V2R and V2R(R137H)

Barrestin-GFP plus dvnamin(K44A)
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Expression of V2R, V2R(R137H,Ala6),
and V2R(R137H T362)

V2R(R137H,ALA6) V2R(R137H,T362)
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Rescue of the R137H mutation
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A pharmacological chaperone to rescue
R13/7H V2R expression

WT V2R  B-arr merge R137H V2R p-arr merge
+SR +SR
+AVP +AVP

From: Functional Rescue of the Constitutively Internalized V2 Vasopressin Receptor Mutant R137H by the

Pharmacological Chaperone Action of SR49059
Mol Endocrinol. 2004;18(8):2074-2084. doi:10.1210/me.2004-0080
Mol Endocrinol | Copyright © 2004 by The Endocrine Society



Rescue of receptor expression increases
cAMP response
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Mol Endocrinol | Copyright © 2004 by The Endocrine Society
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GPCRs are a common drug target in the genome

a Proportion of human protein drug Proportion of small-molecule drugs
targets in major families that target major families

B GPCRs (7TM1)
[ lon channels

[d Kinases
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[l Other
b 35 -
o
~o M Percentage of compounds in ChREMBL
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25 o
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Nat Rev Drug Discov. 2017 Jan;16(1):19-34



GPCRs are still an active area for drug discovery

Number of drugs

400

300 —

200

100

24
(6.6%)

362

Approval year

[ 2011-2015
[ 2006-2010
M 2001-2005
[] 1996-2000
M 1991-1995
M Before 1990

Nature Reviews | Drug Discovery

e GPCRs are still an active area for
drug discovery

e Still a number of orphan GPCRs
for which no endogenous ligand
have been identified

Nat Rev Drug Discov. 2017 Jan;16(1):19-34



GPCR drug targets

Established target families In-trial target families

Other
(phase Ill)

Neuropeptide Y (phase II)

Opioid
Other _ |Acetylcholine -

Dopamine Non-targeted

Class A orphans (phase Ill)
Ghrelin (phase Ill)
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(phase lll)

GPR18, GPR55
and GPR119
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Metabotropic
glutamate

(phase )
In trials i

Established Chemokine Melanocortin

5-Hydroxtryptamine (phase IIl) (phase IIl)

Adrenoceptors  Histamine

Nature Reviews | Drug Discovery
Nat Rev Drug Discov. 2017 Dec;16(12):829-842
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Table 1| New molecular entities acting via GPCRs approved by the FDA since 2014

Droxidopa Northera Orthostatic hypotension ADRB1-3,ADA2A/B/Cand 2014
ADA1A/B/D

Dulaglutide Trulicity Type 2 diabetes GLP1R 2014
Hydrocodone Hycodan Narcotic cough OPRD and OPRM 2014
bitartrate

Naloxegol Movantik Opioid-induced constipation OPRM 2014
Netupitant Akynzeo Nausea and/or vomiting NK1R 2014
Olodaterol Striv.erdi COPD ADRB2 2014

respimat

Suvorexant Belsomra Insomnia OXZR and OX1R 2014
Tasimelteon Hetlioz Non-24-hour sleep-wake disorder MTR1A and MTR1B 2014
Vorapaxar Zontivity Cardiovascular risk reduction PAR1 2014
Aripiprazole Aristada Schizophrenia 5HT1A, 5HT2A and DRD2 2015
lauroxil

Brexpiprazole Rexulti Depression 5HT2A,5HT1A,DRD2and 2015

S5HT7R

Cangrelor Kengreal Percutaneous coronary intervention P2Y12 2015
Cariprazine Vraylar Schizophrenia and bipolar disorder DRD3 and DRD2 2015
Eluxadoline Viberzi Irritable bowel syndrome OPRM and OPRD 2015
Flibanserin Addyi Hypoactive sexual desire disorder SHT2A and SHT1A 2015
Parathyroid Natpara Hypoparathyroidism PTH1R and PTHZR 2015
hormone

Rolapitant Varubi Nausea and/or vomiting NK1R 2015
Selexipag Uptravi Pulmaonary hypertension PIZR 2015
Sonidegib Odomzo Basal cell carcinoma SMO 2015
Lixisenatide Adlyxin Type 2 diabetes GLP1R 2016
Pimavanserin Nuplazid Parkinson disease psychosis S5HT2A 2016
Abaloparatide Tymlos Osteoporosis PTHR1 2017
Etelcalcetide Parsabiv Hyperparathyroidism CASR 2017
Naldemedine Symproic Opioid-induced constipation OPRM 2017

COPD, ct ic abstructi [ di : GPCR, G protein- led tor. *Listed using t} i i iProtr: .
et e e T PTAARIEES et PrARMACOLOCY (eoe e i NPAEREV Drtig Discov. 2017 Dec;16(12):829-842



Angiotensin

Apelin

Bile acid
Calcitonin
Chemerin

Chemokine

Class A orphans

Complement peptide
Free fatty acid

GPR18, GPR55 and
GPR119

Ghrelin

LPA

Melanocortin

Motilin
Prostanoid
Relaxin
Tachykinin

VIP and PACAP

AGTR2
APJ
GPBAR
CALCRL

CML1

CCR2,CCR4 and
CXCR1

GPR84, GPR35,
MAS and LGRS

C5AR1
FFAR2

GPR55

GHSR

LPAR1

MC1R, MC3R and
MC4R

MTLR

PD2R2 (GPR44)
RXFP1 and RXFP2
NK3R

VIPR1 and VIPR2

Table 2 | New GPCR target families and late-stage targets for agents currently in clinical trials

Catecholamine resistant hypotension

Cardiovascular disorders and insulin
sensitivity

Liver fibrosis
Migraine
Dry eye

HIV infection, cancer and type 1
diabetes

Ulcerative colitis, irritable bowel
syndrome, autoimmune diseases,
multiple myeloma and colorectal
cancer

Autoimmune diseases

Neutrophil-driven inflammation and
ulcerative colitis

Spasticity related to multiple
sclerosis and epilepsy

Appetite stimulant, antidiabetic,
cancer cachexia, gastroparesis and
digestive system disease

Pulmonary fibrosis

Sexual dysfunction, anti-obesity and
dermatological

Gastroparesis

Asthma and allergic rhinitis
Heart failure

Polycystic ovarian syndrome

Sexual dysfunction and hypertension

LJPC-501
Apelin

INT-767
Erenumab and ubrogepant
RX-10045

Cenicriviroc, mogamulizumab and
reparixin

GLPG1205, PA101B, TXA127
(angiotensin 1-7) and BNC101

CCX168
GLPGO0974

VSN16R, cannabidiol (GWP42003)
and cannabidivarin (GWP42006)

Unacylated ghrelin (AZP-531),
anamorelin, macimorelin and
ulimorelin

AM-152

Bremelanotide, RM-493 and
afamelanotide

Camicinal

Fevipiprant and setipiprant
Serelaxin

MLE-4901 and AZD4901

Vasomera (PB1046) and vasoactive
intestinal peptide

GPCR, G protein-coupled receptor; LPA, lysophosphatidic acid; PACAP, pituitary adenylate cyclase-activating peptide; VIP,
vasoactive intestinal peptide. *Listed using the protein name in UniProt: for details on receptor nomenclature, see the IUPHAR/
BPS Guide to PHARMACOLOGY (see Further information).

Nat Rev Drug Discov. 2017 Dec;16(12):829-842
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