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G protein-coupled receptor classes

Class A Class B Class €
(for example, M2 mAChR) (for example, CRFY) (for example, GABA,)

< Orthosteric e Allosteric ]

Conn et al. Nat. Rev. Drug Discov. 8: 41-54, 2009 .
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GPCR signaling pathways
e G,: CAMP decrease
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Wettschureck and Offermanns. Physiol Rev 85: 1159-1204 (2005) .
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GPCR structure history
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Venkatakrishnan et al. Nature 494: 185-194, 2013
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B adrenergic GPCR structure stabilization strategies

Thermostabilizing
mutations & ICL3 removal

T4L: a well-folded protein that adds a polar surface and simultaneously restricts the
movement of transmembrane helices linked by the inserted sequence

Science 318: 1258-1265 (2007), Science 318: 1266-1273 (2007), Nature 450: 383-388 (2007), Nature 454: 486-491 (2008). =
-
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Ligand binding in rhodopsin, B2 and A,, receptors

B arrows note movement of A,, helices (tan)

I ZM241385 relative to 2 (blue)

o

6A 1
4A
S >

Carazolol ==

Retinal and carazol bind in a similar fashion, while ZM241385 bind
perpendicular to these ligands and the plane of the membrane.

“Most of the structural divergence arises in the extracellular portions of
helices I, II, III and V, where the variation in the positions of helices II, III
and V appears to redefine the location of the ligand binding pocket.”
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Toggle switch model of activation
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Schwartz et al. Annu. Rev. Pharmacol. Toxicol. 46: 481-519 (2006) ‘
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GPCR structure - active conformation?

Crystals dissolve upon 1 min radiation with visible light.
Indicates conformational/structural change.

Okada and Palczewski. Curr. Opin. Struct. Biol. 11: 420-426 (2001)
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“Active” conformation by agonist and nanobody
N terminus

C terminus

Orange: B2-T4L-Nanobody with full agonist (in green)

Cyan: B2-T4L with inverse agonist (in yellow)

Not possible to make agonist structure in the absence of nanobody.
TM5 top moves 2 A inward, TM3-5-6-7 hydrogen bond network rearran
TM6 bottom moves 11A outward, TM5 & TM7 bottoms rearranged

Kobilka group. Nature 469: 175-180 (2011)
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Fully active conformation obtained with G

BI-187107

,AR-Gs PB,AR-Cz (inactive)

Nb35
Tricks needed: Activation:
N-terminal T4L (purple) 14 R movement of TM6

High affinity agonist (yellow)
Trimeric Gafys protein (yellow, cyan, purple)
Nanobody against G protein (red)

Kobilka group. Nature 477: 549-555 (2011) .
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Ligand pathway
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“We found that several beta blockers and a b'gt_a agonist all traverse the same well-defined,
dominant pathway as they bind to the ;- and ,-adrenergic receptors, initially making contact with
a vestibule on each receptor’s extracellular surface. Surprisingly, association with this vestibule, at a

distance of 15 A& from the binding pocket, often presents the largest energetic barrier to binding, e

despite the fact that subsequent entry into the binding pocket requires the receptor to deform and
the drug to squeeze through a narrow passage.”

Dror et al, PNAS. 32: 13118-13123, 2011 .
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Ligand pathway

0.00 us

Dror et al., PNAS 2011

~are

Dror et al, PNAS. 32: 13118-13123, 2011
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GPCR 3D structure status per April 2013
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Overview

+ Biased signaling
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Calcium-sensing receptor (CaSR) signaling pathways

CaSR L-a-amino acids Phosphorylated CaSR

Allosteric modulators

GRK2/3

G, protein / qu proteln 4
|/o protein \

/ Gy,13 Protein PLCB —> DAG B-arrestins

AC
Ras l l \ PKC l
l 1P,
1 Rho 4 \tg
cAMP v ERK1/2

pERKl/Z |p‘ e
Thomsen et al. Curr. Drug Targets 2012 [Ca?], .
@
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Biased signaling

Agonist 1 Agonist 2 Agonist 3

)
/LN /N

G,yyy Protein ERK1/2 Ggyy; Protein ERK1/2 Gy Protein ERK1/2
G

protein G, protein G/, protein

ifo

» Ideally, we would like to measure all possible pathways individually
for each ligand.
« Require efficient pharmacological assays. @

Thomsen et al. Curr. Drug Targets 2012 .
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Is CaSR signaling biased?

CaSR L-a-amino acids Phosphorylated CaSR

Allosteric modulators

GRK2/3

G, protein / G.‘,11 proteln
G, protein
/ 12/13 protein PLCB —> DAG B-arrestins
PKC
IP3
ERK1/2
pERKl/Z * @
Thomsen et al. Curr. Drug Targets 2012 [Ca?], .
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HTRF assay of IP, generation
Q
FRET

iy g @
© !'J

~a ”:>3 ‘.-.}

LiCl (P}
*—‘

D-myo-inositol

" 340 nm 62 V665 nm

384 well format
+ HEK293 cells in suspension
» Plates read on EnVision (PerkinElmer)
cAMP assay function in similar fashion @

Ngrskov-Lauritsen et al. Submitted. .
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HTRF assay of cAMP generation

7_Ll FRET @
L/@ e

@D - %\/@

A" 340 nm im  VYV»665 nm

384 well format
HEK293 cells in suspension
+ Plates read on EnVision (PerkinElmer) e

Ngrskov-Lauritsen et al. Submitted. .
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HTRF assay of ERK1/2 phosporylation
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 HEK293 adherent cells in 96 well plates
» transfer supernatant to 384 well HTRF assay plate
» Plates read on EnVision (PerkinElmer)

Ngrskov-Lauritsen et al. Submitted.
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Ca2* agonist response

IP, Response cAMP Response
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Thomsen et al. Cell Calcium 2012 .
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Agonist signaling bias (example of 12 tested agonists)

1P, accumulation

e Calcium
® Barium
_ + Spermine
& Neomycin
8
c:é ]
2
[Agonist], uM [Agonist), uM
ERK1/2 phosphorylation
1001 ; Ba2t is biased towards cAMP inhibition
& Ca2+ Ba2+
7. mM (%) mM (%)
£ P, 2.5 (100) 3.5 (42)
N cAMP 1.6 (100) 1.7 (84)
Cheonsn " pERK1/2 2.9 (100) 2.4 (40) @
Thomsen et al. Cell Calcium 2012 .

CAMP production
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Overview

e Real-time receptor activation measurements
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GPCR signaling pathways

CaSR L-a-amino acids Phosphorylated CaSR

GRK2/3

G, protein qu proteln

/‘3’1?

Gy protem

G,,43 Protein PLCB —> DAG B-arrestins
AC 1
Ras 1 \ PKC
l P
Rho {
cAMP v ERK1/2
p

ERK1/2 P, e
Thomsen et al. Curr. Drug Targets 2012 | [Cal‘]l | .
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Online measurements: fluorescent probes

A GPCR

Extracellular

Anion

Cell membrane transporter

Intraceliular © provenecid

(o Am] =% [Firo~]

d

44 om 44 [FoT7] % -s16 o .
Ca® FlexStation3
Assay probe binds calcium
and becomes fluorescent

Ca® g2
reticulum Ca™
Calcium is released from
the endoplamic reticulum
(o]
CH,COCH,0 0
O“ Intracellular
F F CHy eslorases CHy
o o e ocmcrw’i °o 9
(CH,COCH,0CCH,),N N(CH,COCH,0CCH,), N(CH,CO0"),
Fluo-4, AM
Hansen and Brauner-Osborne Methods Mol. Biol. 552: 269-278, 2009 .
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Measurement of [Ca2*]; in living cells:
example with mGIluR1 receptor

MGIuR1

i a e
28000 |- ww
L-Glu

v
26000 |- g [uM]
=) % m 0
T % v 1000
24000 -
22000 =
x
L 1 1 1 1 1 1
0 10 20 30 40 50 60
1 Time [sec]
Hansen and Brauner-Osborne Methods Mol. Biol. 552: 269-278, 2009 .
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GPCR signaling pathways

CaSR L-a-amino acids Phosphorylated CaSR

GRK2/3

G, protein /

AC

Ras PKC

/ G,,y3 Protein PLCB —_ DAG\‘

pERKl/Z |p‘ @
Thomsen et al. Curr. Drug Targets 2012 [Ca?], .
@
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ECq = 43 uM

— Forskolin 10 pM

Mathiesen et al. Methods Enzymol. 522: 191-208: 2013
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Measurement of cAMP in living cells:
example with B, adrenergic receptor

=& ISO10 p M in native HEK293 cells
=% 1SO10 puM in B, -AR-overexpr. HEK293 cells
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Mathiesen et al. Methods Enzymol. 522: 191-208: 2013
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GPCR signaling pathways

CaSR L-a-amino acids

Phosphorylated CaSR

Allosteric modulators

) GRK2/3

/ \

G, protein / Gq/ll PfOtem 1 \
G, protein

/ Gy,13 Protein PLCB —> DAG B-arrestins

h8 Ras 1 I{" \ PKC l
cAilP l e { \‘cERm/z

pERKl/Z |p‘ e

Thomsen et al. Cur}. Drug Targets 2012 [Ca”], .
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Online measurements:
label-free measurement of relocation of cellular constituents.

Dynamic mass redistribution measurement

GFUH
i A T
Gi Gs Gq G1213
\ / | |

Modulation of cell function
\/

Relocation of cellular constituents

Schroder et al. Nat. Chem. Biol. 28, 943, 2010
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Example of label-free measurements
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Schroder et al. Nat. Chem. Biol. 28, 943, 2010 .

UNIVERSITY OF COPENHAGEN

Overview

e Orphan receptors

5/6/13

17



UNIVERSITY OF COPENHAGEN

Orphan non-olfactory G protein-coupled receptors

GPCR classes

Inner circle: number of orphans*

Other 7TM protein: 5
Frizzled: 11

Class C: 22
Class B: 48
.\‘
79

Class A: 272

+ 358 GPCRs
» 127 orphans (35 %)
« Orphan GPCRs have unknown physiological ligand
« often the signaling pathway is also unknown a

www.iuphar-db.org .
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Deorphanization strategies

Ligand predictions

» Phylogenetic analyses (shared ligand (class) with homologous receptors

» Overlapping expression of receptor and endogenous ligand (peptide)

» Screening of potential endogenous ligands

» Computational predictions (modeling or pharmacolophores of surrogate
ligands)

Multi-pathways pharmacological assays

« Co-expression of receptor and promiscuous G-protein
» Special cell types (engineered yeast or melanophores)
» B-arrestin mediated signaling

» Label-free assays

5/6/13
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Family C of human G-protein coupled receptors
GPRC6A 524 14y
CaR_ / TIR2
mGIuR8 TIR3
mGIuR7
mGluR4 — _
mGIURE \~ _— GRBAg - 926 amino acids
mGIURS — S N - 7TM domain
_— - cysteine rich region
mGluR2 ) ), GABAg; - large amino-terminal domain
mGIuRS % aa identity
mGIuR1 / \
anen, w/ GPRC6A
GPRCSC GPRCSD CaR 34
GPRC58
o1 RAIGT T1R1 28
mGIuR1 24
5.24 45 e
Wellendorph and Brauner-Osborne Gene 2004 .
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Deorphanization approach: utilize current
knowledge about related family C GPCRs

Conserved L-a-amino acid binding motif e ? },»-w,

% aa identity || endogenous ww’ﬁ )
GPRC6A ligand(s) o
CaR 34 Ca*", L-aa Published crystal struc-
T1R1 28 aa ture of ATD w/ Glu
mGIluR1 24 Glu

Responds promiscuously

5.24 45 aa to L-a-amino acids
(L-Arg/L-Lys most potent)

G,q coupling gmes

Kunishima et al., Nature 407; 971-76 (2000)
Speca et al., Neuron 23; 487-98 (1999)
Kuang et al., J. Biol. Chem. 278; 42551-59 (2003)
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Development of pharmacological assay

Problem:

- mammalian cell culture media contains high levels of putative agonists
Solution:

Expression in Xenopus oocytes
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Deorphanization of GPRC6A using Xenopus oocyte
electrophysiology
5.24
uninjected mGPRC6A
N ArwauMB S ; —

\ L-Cit
< < 100 uM
%Fu‘ Arg 10 uM Lys 10 uM §LW;« ' f‘ '

L-Arg L-lys ;
100 uM 100 uM
L-Om
. 100 uM
5.24 signals through G,
_\ -Gl s ’ L-Glu
Release of Ca2* from ,Loff,:M uLoo,y.M \ 100 uM
intracellular stores ‘
L-Ala
100 uM
Opening of Ca2*-dependent §5mc
chloride channels >
Wellendorph et al. Mol. Pharmacol. 2005 .
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Gq - IP, pathway

mGPRC6A-CHO mGPRC6A-CHO
1500 - —e- L-Orn + 100 uM Compound 1 (GPRC6A antagonist)
l 8004 ©- L-Om
1000 . 600
2 T s
= c
a = 400
500 o
200
[ s v 01— T T v
g £ 1 10 100 1000
g
2 +
5 g % L-Omn (uM)
~ S Testosterone Osteocalcin
400=0~ L-Om + 1 yM UBO-QIC (Gq inhibitor - YM254890 analog)
—e= L-Om
=5
£
-
a
1
Qe OO OO~ O~O~0
T T T T T n
0.1 1 10 100 1000 10000
L-Orn (uM) @
Jacobsen, Ngrskov-Lauritsen, Thomsen et al. Submitted. .
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