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Abstract

The ghrelin receptor (GRLN-R) was cloned in 1996 after theodesy that a series of
synthetic growth hormone-releasing compounds (the growth hormone gegreta) acted
through a receptor distinct from the growth hormone-releasing horraoaptor. In 1999
the endogenous ligand of the receptor, ghrelin, was discovesatlelhas stimulating
growth hormone release, ghrelin has been shown to be involveahiynn @ther processes
such as appetite stimulation and the regulation of energy hasepshaking the
ghrelin/GRLN-R system an attractive pharmaceutical tdayehe treatment of disorders
such as growth hormone deficiency, cachexia and obesity. Rh&R displays a high
level of ligand-independent (constitutive) activity and has Iseggested to couple to
Gagi1 Gain, Gasand Gi12/13G protein pathways, although little is known about the
signalling of ghrelin and the growth hormone secretagoguesbutaie Gq11 pathway.
Two of the growth hormone secretagogues, GHRP-6 and L-692,429, hawtekeghed
as ‘ago-allosteric modulators’ of the GRLN-R as, when co-abteired with ghrelin,
GHRP-6 and L-692,429 were reported to act both as co-agonisea@img the efficacy of
the ghrelin response) and as negative or positive (respectiegiylptors of the potency of
ghrelin. This study sought to investigate the pharmacologyec&BRLN-R through the
Gaiio pathway.

[3SS]GTP S binding assays were used to measure activation of;th@&@hway,
demonstrating that GHRP-6, L-692,585 (a commercially avaikmtdéogue of L-692,429)
and a third growth hormone secretagogues, MK-677, acted witlehefficacy than
ghrelin. At least in the system tested, upon co-adminigiratith ghrelin each of the
growth hormone secretagogues acted in a simple competiiviofawith ghrelin.
Radioligand binding experiments showed that the dissociatioridsrat[His[->3]]-

ghrelin from the GRLN-R were not altered by co-administratibthe growth hormone
secretagogues. Fitting data to a modified operational mbadibsterism demonstrated
that GHRP-6, L-692,585 and MK-677 were not ago-allosteric modulatdne GRLN-R

but simple orthosteric agonists.

In order to further examine the receptor-specific effectghoélin and the growth hormone
secretagogues, a Flp-In™ T-REx™ HEK293 cell line expressinGRIEN-R was
constructed.’S]GTP S binding assays confirmed that the GRLN-R was constytiv
active through both the 11 and Gi, pathways, demonstrated by an increase in

[**S]GTP S loading upon receptor expression which could be reduced by the



administration of the GRLN-R inverse agonist SPA. Upon espaof the GRLN-R a
considerable level of cell detachment was observed witrethaining cells appearing
rounded compared to parental HEK293 cells, an affect that agopteabe mediated by the

constitutive activity of the receptor.

In contrast to the’}S]GTP S assays used to measure activationgf G°S]GTP S assays
with a Gi-immunoprecipitation step demonstrated that the growth hormoretagogues
acted with equal efficacies to that of ghrelin, demonstdtinctional selectivity at the
GRLN-R. Intact cell assays were also used to measuye &d G, responses, however,
a Giio-mediatedesponse could not be measured in cAMP accumulation assayssisugg
that the GRLN-R could signal via activation of,®ut not Gj;-3. Although the activation
of the Gispathway by the GRLN-R remains controversial, in this studglin and the
growth secretagogues could evoke g @ediated cCAMP response (although L-692,585

acted with a lower efficacy than ghrelin).

Finally, two naturally occurring missense mutations ofGii_N-R (A204E in the second
extracellular loop and 1134T in the third transmembrane helix¢ @ralysed to investigate
whether these mutations led to retention of the receptor wihbiendoplasmic reticulum
and to investigate whether the mutations affected theyabilthe GRLN-R to signal to

the growth hormone secretagogues. The A204E mutation causednetetitibn of the
GRLN-R within the endoplasmic reticulum, whilst receptot thas transported to the
plasma membrane did not display any measurable constitutivitya¢n contrast, the
134T mutation did not alter receptor localisation, nor did iehay effect on the
constitutive or ligand-induced activation of the GRLN-R, hosveit appeared to lower the

efficacy of the inverse agonist SPA.



Contents
R 1 1 o o U ox 1 o o 19
1.1 Introduction to ghrelin and the ghrelin receptor ...... . oieieiiiiiiiinneee. 19
1.2 Ghrelin tissue diStriDULION.............uiiii e 24
1.3 GRLN-R tissue distribution ................. e e e e e 24
1.4 Biological actions of the GHS-R1D ...........iioeeeei e 25
1.5 Biological actions of ghrelin, the growth hormone secretag®gnd the GRLN-
R e e e e — e e e e et et e e e ettt aaaas 25
151 (€1 I 1= [T T 25
1.5.2 Appetite and energy hOmMeOSIaSIS ............ . ceeccmmee e 26
153 Other ghrelin/GRLN-R effeCtS.........ccoiiiiaieariii e 28
154 Existence of receptors for ghrelin/the growth hormone sgogies other
than the GRLN-R ... et e et e e e e e e et eeeeaa e eeennns 29
1.6 Ghrelin-null or GRLN-R-nUll ModelS..........coooviiee e 31
1.7  Clinical trials and therapeutic potential of GRLN-R agsrasitagonists.......... 33
1.7.1 (O Vo] 1) (= S 33
1.7.2 GH defiCIBNCY....cciiii it e 34
1.7.3 (@] 07=2S] | VPP PURRPPRTN 35
1.8 GPCR SITUCLUIE ...t i et ettt e e e e et e e et e e en e aeeaeees 36
1.8.1 Introduction to the G protein-coupled receptor superfamily............... 36
1.8.2 GPCR ClassSifiCation..........cuuuuiiiiieeiieiiii e 36
1.8.3 GPCR Crystal StIUCLUIE .........cuuieiiii e 38.
184 GRLN-R SIUCKUIE ..ot et 39
1.8.5 Residues contributing to the constitutive activitthefGRLN- R ............ 43
1.8.6 Ligand-binding pocket of the GRLN-R ............oceeeeee i, 45
1.8.7 Ligand-binding pocket for SPA ..........coouiii e 46
1.9 D1 1= 7= 14 0] o R 48
191 Introduction tO diMeriSatioN ..............uiiiiieeeeeee e 48
1.9.2 Dimerisation of the GRLN-R............cooitm e 49
1.10  GPCR SIGNAIIING. .. .ot e 50
1.10.1  IntroducCtion tO G ProteINS ........oceiiiiiiiietmmmmn e et eeeeeeenaans 50
1.10.2  Gprotein coupling of the GRLN-R ............cooiiiiii e 51
1.10.3 G protein-independent Signalling ................ oo eeeeeeeeiiiinine s 55
1.10.4 Desensitisation and eNdOCYLOSIS ............. oo seeeeeeeerirniinareeeeeeninnnnn. D0
1.10.5  CONSHIULIVE ACHVILY ... .. iiieeiiiiiiiiiimeee e 60
I O G Y |10 1S3 (=7 ¢ 1 PR 65
3 O 0T T=Tox A= 11 PSPPI 67
2 Materials and MethodS ..........oooiiiiiiiiiii e 68
2.1  Generateagents, enzymes and KitS ............ooeeiiiiiiieemce e e 68
2.2 Antibodies and @ntiSEra .........ccceuuuiiiiiieiiiiiiiii e 70
2.3 Pharmacological COmMpPoUNdS ..........coovuiiiiiiiiiieeeeie e 71
2.4 RaAdIOChEMICAIS ....ccoiiiiiiiiii et ettt et aaaa s 72
2.5  Tissue culture disposables and reagents........ccccccececvvvieeeiiiiieeeiiiie e, 72
2.6 Buffers and SOIULIONS..........coiiieiiiieiieet s e e eeeiiiise e e e eeeanii e eeeenn d 3
2.6.1 Molecular biology buffers and solutions .............ccccceeeeiiiiiieciiin e, 73
2.7 Molecular biology ProtoCoIS ...........viiiiiii e 74
2.7.1 Preparation Of LB PIAeS ..........ii oo e 74
2.7.2 Preparation of competent bacterial cellS...cooeeouvviiiiiiiiis 74
2.7.3 Transformation of competent bacteria.........coceeeecveeeviiiiiin e, 75
2.7.4 Preparation of plasmid DNA.. ... 75
2.75 Quantification OF DNA .....oouiiiii e crrme e 76

2.7.6 DNA digestion with restriction endonucleases .. . .ccccevvveiineeeeeee... 76



2.7.7 DNA gel eleCtrOpNOreSiS. .........iiiiiiiii e eeeeeeeeeeeeeeee 76
2.7.8 DNA purification from agarose gels..........comiiiiiiiiiiiiieeiiieiiie e 77
2.79 Ligation Of DNA........oii e eeeennni e e e eeeenen ]
2.7.10 Polymerase Chain reacCtioN............... .o eeeeeeeeremiiiaaaeeeeeennni e 77
2.7.11  PCR PUIICAIION .....cieiiiiiiiiii et eeeeee e 18
2.7.12  DNA SEQUENCING ...cevvtiuneeeeeiiiniitit s s oo eeesean e e e e eeeeanenn e eeeas 18.
2.7.13  Generation of the VSV-G-GRLN-R-eCFP construct.........................79
2.7.14  Generation of the HA-GRLN-R-A204E-eCFP constuct.................... 79
2.7.15 Generation of the HA-GRLN-R-1134T-eCFP construct ....................80
2.8  Cell culture ProtOCOIS .......cccouiiuiiiiie et 81
281 Maintenance of HEK293T CellS.........coeuun i mmmmmm e 81
2.8.2 Maintenance of Flp-In™ T-REx™ HEK293 cells.......commerrrrnnnnnn.....81
2.8.3 Passage Of CelIS......coooiii e 82
2.84 Transient tranSTECION ............uiiiiiit e e 82.
2.85 Generation of a Flp-In™ T-REx™ HEK293 inducible cell line...........82
2.8.6 Cell NANVESTING.....cieiiiiii e e 82
2.8.7 Pertussis toXin treatMeNnt...........oovvvvicceeeee e 83
2.9 Biochemical assays and other methods of analySiS...cucuuue.ooeeveeviiiiinineeeee... 83
2.9.1 Preparation of cell membranes.............ccceemeeiiiiie i 83
2.9.2 Preparation of cell lysates ............ooceeciiii i, 83
2.9.3 Bicinchoninic acid protein quantification.................cccooeveiiiiiiiiiienees 84
2.9.4 Deglycosylation with Endo H or PNGaseF .........ccccoiiiiiiiiiiciininnn, 84
2.9.5 Co-iImMMmMUNOPreCIPItAtION ........ccveiiie e e eee e e 84
2.9.6 Sodium dodecyl sulphide polyacrylamide gel electrophoreBiS-BAGE) .
....................................................................................................... 85
2.9.7 Western DIOtHING .......ccovvviiiii e 85
2.9.8 F°S]GTRSS binding assay with immunoprecipitation step.................86
2.9.9  [P°S|GTRES filtration bindiNG @SSAY .......e.veveveeeeeteeeemeeeeeeeeeeeeee e, 86
2.9.10 [°S]GTRES scintillation ProxXimity @SSAY ..........eveveeeceeeeeereeeereeeeenennn. 87
2.9.11  [Hisf*]]-ghrelin association and dissociation binding assay ...........87
2.9.12  Two point diSSOCIAtION @SSAY.........u.eeeees s e e e eeeeiaeeeeataeeeeeanaaeaenns 88
2.9.13  [Hisf*]]-ghrelin competition binding assay ............c.ccceceeveveeverennen. 88
2.9.14 Total inositol phosphate accumulation assay...........cccvvvviiiiieeeeenennnns 88
2.9.15 CAMP acCumulation @SSAY ............oieeeeeememmmieeeeeeeeeeiiaae e e e eeeeein e 89
2.9.16  Membrane STAINING «........oreeeeieeieiierermmm e e e e e 0.
2.9.17 Endoplasmic reticulum (ER) Staining.........cccuuuuuiriririiiiiiiiiiaeeeeeeeeiines 91
2.9.18 EPIifluOreSCenCe MICTOSCOPY .....cceeeerrrrrnns s e e e eeestiseeeeeeeeennnnaaeens 91
2.9.19 Analysis of cell surface and intracellular receptors..............cccceevvvnnnnn. 91
2.9.20  DAta @NAIYSIS ...covvuuniieeiieieii e 92
3 Investigating ago-allosteric modulation of the GRLN-Rag#vation of the Gy,
PATAWAY ...ttt e ettt et e e e e e e e e et en b e e aeene 95
3.1 11 0o [0 Tox i o] o IR PPPPT 95
3.2 RESUILS ..o a e 98
3.2.1 The GRLN-R can activate theyGpathway............ccccoeveeiiiiiiiiiiiceeeee. 98
3.2.2 The growth hormone secretagogues can activate thep&hway .......... 99
3.2.3 Effect of ghrelin on the potency and efficacy ofgrevth hormone
ST Tod (2] =0 [0 10 (1] PP 101
3.24 Effect of the growth hormone secretagogues on the poteneyjfizady of
ONIEIIN o e 109
3.25  Kinetics of [HisPA]J-ghrelin Binding.........ccvocveeeeeeeeeeee e, 115
3.2.6 Ghrelin and the growth hormone secretagogues compekiSBri]]-
ONrelin DINAING .....uee e 117

3.2.7 The growth hormone secretagogues do not alter the time oburse
[His[*2A]]-ghrelin diSSOCIAtION ............cviveveeeeeceeme e e ee et 120



4

6

3.2.8 The inverse agonist SPA competes with ghrelin and theélghmsmone

1T o3 (=] = T 00 [ U TP 123
3.3 3] Yo 03] o] o 129
3.3.1 AgOo-allosteric MOEIS .........coooiiiiii e 129
3.3.2 The growth hormone secretagogues act as super- agorhst&Gint
PATNWAY ... ettt nene e 130
3.3.3 GHRP-6, L-692,585 and MK-677 are not ago-allosteric modulaftding
GRLN-R—evidence from binding StUdI€S............ccooiiiiiiiiiiiie e 131
3.34 GHRP-6, L-692,585 and MK-677 are not ago-allosteric modulaftding
GRLN-R-evidence from functional studies..............ccceeveeriiiiiiiiieeiiie e, 134
3.35 SPA acts as a competitive antagonist at the GRLN:R...................... 137
3.4 SUMIMABIY e e e e e e e e e e e e e e e e e eenes 138
Construction of a Flp-In™ T-REx™ HEK?293 cell line expressingGReN-R ....140
4.1 T oo 18 ox 1o ] o IS 140
4.2 RESUIES oo e 142
4.2.1 Generation of an inducible cell line expressing GRLN-R................. 142
4.2.2 Testing VSV-G-GRLN-R-eCFP protein expression ...co................... 144
4.2.3 Localisation of VSV-G-GRLN-R-€CFP..........commeeeiieeniiiiieiiiiinaenns 147
4.2.4 Effect of the ghrelin, the growth hormone secretagcgugshe inverse
agonist, SPA, on GRLN-R localisation.............cccceoiuiiieeiiiiieeceie e 147
425 Response of GRLN-R throughiGactivation..............ccccccoeeeecivvienen.... 152
4.3 9] Yo 03] o] o 154
4.3.1 The Flp-In™ T-REx™ HEK293 cell line allows control of GRR
L oL (=151 [0 o I USRS 154
4.3.2 GRLN-R is modified by N-linked glycosylation ......cc...........cc.ccoounn... 154
4.3.3 GRLN-R expression can be altered by time or concemtratidoxycycline
L0 U111 o I PP 155
4.3.4 GRLN-R displays constitutive activity and internal@at..................... 156
4.3.5 Constitutive activity of GRLN-R appears to be detrimletiot HEK293 cells
..................................................................................................... 158
4.3.6 Ghrelin and the growth hormone secretagogues can interth&iSRLN-R
..................................................................................................... 158
4.3.7 Tagging the GRLN-R does not affect receptor pharmacolagy......... 159
4.3.8 SUMIMABIY .ot e e e e e e e er e e e ennnaeees 159
Exploring the promiscuous G protein coupling of the GRLN-R...................... 160
5.1 1o o 18 ox 1o ] o IS 160
5.2 RESUIES e e 162
5.2.1 Testing o coupling to GRLN-R ........oiiiiii e 162
5.2.2 Response of GRLN-R throughd activation................cccceeeiiiiinnne, 164
5.2.3 Whole cell assays to measutg/{BreSPONSE ..........cceeevvvvrririiieeenieeeeeennn. 169
5.2.4 Whole cell assay to measurgdactivation ...............cccoeeeevivieieenennne. 172
5.2.5 Whole cell assay to measure &tivation.............cccoeeeevviiieeiiiiieeeenns 173
TR T B Yo U 11 (o] PR 177
5.3.1 Comparison of signaling of the GRLN-R as measured Gsig and
Gaito [2°SIGTP S DINAING @SSAYS ... eveeeeeeeeeeeee e e eeeeeeeeeeeeeeeeeeeeeeeeseeeeane 177
5.3.2 The GRLN-R can activategs...........ccccvvvveiiiieiiiiiiiiiiiieeceee e 178
5.3.3 Inositol phosphate accumulation assays .........ccceeeuiiireeeeeeeeennnnnnn. 178
534 CAMP aCCUMUIALION BSSAYS.......uuuee e immmmmms e e e e e eeeeanniian e e e eeeeeanenans 179
5.3.5 The GRLN-R may be promiscuous in VIVO .........ccceuueiiiieeiiiiiiiiinnnnn. 181
5.3.6 Constitutive activity of the GRLN-R in thedai and Gs pathways....... 183
5.4 SUMIMABIY .t e et e e e e e e e e e e e e e eeenes 185
Effect of A204E and 1134T mutations on the function of the GRLN-R............ 187
6.1 T oo 18 ox 1o ] o ISP 187

6.2 RESUILS ..o e 190



7

8

6.2.1 Construction of a Flp-In™ T-REx™ cell line expressingGRLN-R-

1134T-eCFP or HA-GRLN-R-A204E-€CFP ........coii it 190
6.2.2 Glycosylation states of the GRLN-R, GRLN-R-1134T aiRl§8-R-A204E
..................................................................................................... 192
6.2.3 Localisation of GRLN-R-1134T and GRLN-R-A204E....................... 193
6.2.4 Testing the interaction of GRLN-R, GRLN-R-1134T &RLN-R-A204E
WITN CAINEXIN...cc e e e e e e e 195
6.2.5 Time course of GRLN-R-A204E folding ..........ccoovemmiiiiiiiineeiieieiinn, 197
6.2.6 Signalling of the GRLN-R-A204E in intact cells....cccc.ccociiiiiinn. 198
6.2.7 Signalling of the GRLN-R-A204E through thg,&athway.................. 200
6.2.8 Binding of [Hisf*3]]-ghrelin to membranes prepared from GRLN-R,
GRLN-R-1134T and GRLN-R-A204E CellS ........ccoieiiiiceeemmee e 201
6.2.9 Testing the response to GRLN-R-1134T in an intactasshy................ 202
6.2.10  Signalling of GRLN-R-1134T through.&a1 and G, pathways............. 204
6.2.11  Effect of ghrelin and the growth hormone secretagogui docalisation
of GRLN-R-1134T and GRLN-R-A204E ...........ooouuui s e eeeeeeeeiieneeeeeeeaennns 207
6.3 9 Yo 03] o o 213
6.3.1 The GRLN-R-A204E is partially ER-retained.......ccc....ccccooeveevinnees 213
6.3.2 Effect of the A204E mutation on the cell-surface expnessithe GRLN-
R-AZ204E ..o 215
6.3.3 The A204E mutation ablates the constitutive activith®GRLN-R.....215
6.3.4 The GRLN-R-A204E responds to ghrelin with a potency airtol that of
the GRLIN-R .o e e ara e 216
6.3.5 The GRLN-R-1134T is localised both at the cell-surfaeenbrane and in
VeSICles WIthin the CelIl..........oii i 218
6.3.6 The GRLN-R-1134T is constitutively active......ccccccuviiiiiiiiiieiiiiineen, 219
6.3.7 The GRLN-R-1134T is activated by ghrelin and growth hormone
TSI o3 (== T 00 [ U TS TP 219
6.3.8 Classification of the A204E and 1134T mutations ....eee.eveeeeeeenne..... 220
6.4  Summary and CONCIUSIONS .........cccoiiuituens s e e ettt e e e eeenie e e 221
FINAl ISCUSSION.......uiiiiiii e eeer e e e e e e e e e e et e eeeanneeeees 222
7.1 Ligand-induced activation of the GRLN-R ..o, 222
7.2 Constitutive activity of the GRLN-R ... 226
7.3 GRLN-R MULANTS ..ot 227
7.4 (0] o Tod U1 0] o P 229
Y] (=] (=] o = PSPPI 230



Tables
Table 1-1 — Ligands acting at the growth hormone secretagogiggaae. ..................... 20
Table 1-2 - Reported effects of ghrelin, the growth hormonetsgmogues and the GRLN-
R Dothin VIVO@ndin VILrO. ..........uuiiiiiiiii e e 30
Table 2-1 — Primary and secondary antibody dilutions used foemdsibtting.............. 85
Table 3-1 — Potency and efficacy of ghrelin and the growtinboe secretagogues as
measured using &°B]GTP S scintillation proximity assay..................ccemvse... 101
Table 3-2 — Potency and efficacy of GHRP-6 in the presehiceereasing concentrations
Of GRFEIIN. e e 103
Table 3-3 - Potency and efficacy of L-692,585 in the presenceasing concentrations
Of GRFEIIN. e e 104
Table 3-4 - Potency and efficacy of MK-677 in the presendecogasing concentrations
(o) e 11 £=1 1o PP 105

Table 3-5 — Parameters determined from fitting ti8](5TP S data (which investigates
the effect of increasing concentrations of ghrelin on concé@nratsponse curves to
the growth hormone secretagogues; Figure 3-4) with the modified miodel

o1 (0151 (=] 157 1 P PSPPSRI 106
Table 3-6 - Potency and efficacy of ghrelin in the presehagcreasing concentrations of
GHRP-6. ... e 111
Table 3-7 - Potency and efficacy of ghrelin in the presehagcreasing concentrations of
L-892,585. ... it a 112
Table 3-8 - Potency and efficacy of ghrelin in the presehagcreasing concentrations of
1 A A 112

Table 3-9 - Parameters determined from fitting i8]GTP S data (which investigates
the effect of increasing concentrations of the growth hormecretgogues on the
concentration-response curves to ghrelin; Figure 3-7) with the imddifodel of
o1 (0] (= 1 o T 115
Table 3-10 — Ghrelin and the growth hormone secretagogues cdiomiétis[**]-ghrelin
DINAING. . et 119
Table 3-11 — Potency values of SPA in inhibiting ard®ncentration of ghrelin, GHRP-
6, L-692,585 OF MK-B77. ..o 123
Table 3-12 - Interaction between the inverse agonist SPAghitelin and the growth
NOrMONE SECIEtagOQUES. ......uu i ceeee e e e e et e e e e e e e e e e 128
Table 3-13 — pl& and pK values of ghrelin, MK-677 and GHRP-6 competing for binding
against radiolabelled ghrelin............coooui i cceee e 133
Table 4-1 - Potency and efficacy values of ligands actingRNGR via Gy, activation as
measured using &°B]GTRYS DINAING @SSAY........vcveveereeeeeeeereees e eeeeenens 153
Table 5-1 — Potency and efficacy values of ligands acti@RaiN-R via Gqactivation as
measured using &°B]GTRS binding assay with immunoprecipitation step. ......... 166
Table 5-2 Potency and efficacy values of ligands actil@RitN-R as measured using an
inositol phosphate accumulation assay. . " ..170
Table 5-3 — Potency and efficacy values of Ilgands actlﬁﬂ%l.tN R as measured usmg a
CAMP aCCUMUIALION BSSAY.......cciiiiiiiniiieesceceee e e e e e 174
Table 5-4 — Potency of ghrelin and the growth hormone secretag@g measured in the
[3SS]GTFgS binding, inositol phosphate accumulation and cAMP accumulation
S S AY S ettt ettt et et e ——————— et e et e r e e e e 185
Table 5-5 — Efficacy of of ghrelin and the growth hormoneetagogues as measured via
[3SS]GTFgS binding, inositol phosphate accumulation and cAMP accumulation
S S AY S ettt ettt et et e ———————— ettt e e n e e e e 186
Table 6-1 — Effect of the A204E, F279L, 1134T and V160M mutations on the
pharmacology of the GRLN-R. ..........coiiiii e 189



Table 6-2 - Potency and efficacy values of ligands actingRuNGR-1134T via Gijo
activation, measured usingBF]GTP S binding assay. ............c.ccccoeevevevennen. 205.



10

Figures
Figure 1-1 - The structure of ghrelin, GHRP-6, L-692,585, MK-&1d SPA ................. 22
Figure 1-2 — Snake plot diagram of the GRLN-R .....occc..ooiiiiiiiiiii e 40.
Figure 1-3 — The G protein activation CYCIe. ...... e eereeiiiiiiiieeiiiii e 51
Figure 1-4 — Signalling pathways of the GRLN-R ... .ot 53
Figure 1-5 — Endocytosis of the GRLN-R ... 61
Figure 1-6 — The extended ternary complex model..... . .ooieeeiiieiiiiiiiineeeeieiinnnn... 63
Figure 3-1 - Ago-allosteric modulation of the GRLN-R ..., 96
Figure 3-2 - Testing the ability of the GRLN-R to couple t0oG......cvvvviiiiieriiiiiiiiienn. 98
Figure 3-3 - Testing the response of the GRLN-R throughatiziiv of the G, pathway in
response to ghrelin and the growth hormone secretagogues.....c................... 100
Figure 3-4 - Testing the effect of ghrelin on the respohtiee GRLN-R to GHRP-6, L-
692,585 AN MK-BT77 ...ttt s s 102

Figure 3-5 — Testing the effects of ghrelin on the respohdee GRLN-R to A. GHRP-6
B.L-692,585 or C. MK-677 using a modified operational model of t@fasn. .....107
Figure 3-6 — Data simulated with an operational modell@$tarism with the parameter

ab constrained to describe competitive or allosteric modéegerfaction............... 108
Figure 3-7 - Testing the effect of GHRP-6, L-692,585 and®K on the response of the
GRLN-R 10 ghrelin. oo e 110

Figure 3-8 - Testing the effect of A. GHRP-6, B. L-692,588 &. MK-677 on the
response of the GRLN-R to ghrelin using a modified operatimoae! of allosterism.

..................................................................................................................... 113
Figure 3-9 — Data simulated with an operational modella$tarism with the parameter
ab constrained to describe competitive or allosteric modegeraction............... 114
Figure 3-10 - Association of [His[1]]-ghrelin to the GRLN-R............cccooviiiiiiccenes 117
Figure 3-11 - Dissociation of [HiS[1]]-ghrelin from the GRLN-R ...................ccooe. 118
Figure 3-12 - The specific binding of [Hi8]I]-ghrelin is inhibited by the presence of
ghrelin and the growth hormone secretagogues. . ..120
Figure 3-13 - L-692,585 does not affect the dissociation raﬁdlqﬂfSI]] ghrelln from the
GRLIN-R Lo et 121
Figure 3-14 - GHRP-6, L-692,585 and MK-677 do not affect the dssokirate of
[His[*23]]-ghrelin from the GRLN-=R .........covieieeeeeteeeeeee oo ee e 122
Figure 3-15 - SPA competes with ghrelin and the growth boesecretagogues for
binding to the GRLN-R ......coouiiii e e eaaas 124
Figure 3-16 - SPA competes with GHRP-6 binding in a cond#ntrdependent manner..
.................................................................................................................... 126
Figure 3-17 - SPA acts as a competitive antagonist in @miigg the effects of ghrelin,
L-692,585 @N0 MK=-B77 .. ..ceiiiieiiiiiie ettt reee s ettt e e e e e e ee e e e e e aeeees 127
Figure 3-18 — The allosteric ternary complex model. . o .veeeeeiiieeeriiiiieeeiiinen... 136
Figure 4-1 - Schematic diagram of the GRLN-R CONStIrUCt.............coovviiiiiriiiiiiinnnn. 142
Figure 4-2 - Schematic diagram illustrating the construaifdhe Flp-In T-REX
HEK293 CeIlI lIN@...nieeeiiee e e e e e eees 143
Figure 4-3 - Testing doxycycline induction in the Flp-In™ Ex®" HEK293 cell line
expressing VSV-G-GRLN-R-€CFP ... 144
Figure 4-4 - Brightfield microscopy images of GRLN-R seifi their basal state and upon
[ToT=] o) (ol Q=Y d o (= ETS] (o] o [PPSR 145
Figure 4-5 - Optimising the time and concentration of doxyogalequired for GRLN-R
L0 T (=151 [ TR P OEPTRRSSN 146
Figure 4-6 - Epifluorescence microscopy of GRLN-R cellheirtbasal state (-
doxycycline) and after induction with doxycycline..........cccceeeiviiiiiiiiiee e, 148

Figure 4-7 - Localisation of GRLN-R after treatment wgtirelin, GHRP-6, L-692,585,
MEK=B77 OF SPA ...ttt smmmmme e e e e e e e e e e e e e e e aeeeeeeeteeeeeaeeeteeeeeeaannnnes 149



11

Figure 4-8 - Proportion of GRLN-R detected at the plasmalnane after the treatment of
GRLN-R cells with ghrelin and the growth hormone secretagogues............... 151
Figure 4-9 — Testing the ability of ghrelin and growth-horma@wretagogues to evoke a
[**S]GTRSS response in GRLN-R cells transfected to exprass.G................... 152
Figure 5-1 — The GRLN-R can couple to thgdpathway .................ccccviiiiin, 163
Figure 5-2 - The GRLN-R can respond to ghrelin in the rd=sef exogenous G protein.
.................................................................................................................... 164
Figure 5-3 - Ghrelin and the growth hormone secretagoguesa@asefS|GTRS
binding via activation of the £31: pathway in membranes prepared from GRLN-R

(07| PSSO PP PPTPPPPPPI 165
Figure 5-4 — The’fS]GTRSS binding assay with immunoprecipitation step solely measures
activation of the Gy11 PAtNWAY..........cccviiiiiiii e 167

Figure 5-5 — The 611 inhibitor YM-254890 inhibits the response of the GRLN-R to
ghrelin in F°S]GTRSS binding assays performed using an immunoprecipitation step.

.................................................................................................................... 168
Figure 5-6 — Ghrelin and the growth hormone secretagogues clag @vesponse in

inositol phosphate accumulation aSSAYS..........coivicceerrremiiiiie e 169
Figure 5-7 — Both YM-254890 and SPA can reduce the constitatitwty of the GRLN-

R in inositol phosphate accumulation eXperiments......ccccccceoee e, 171
Figure 5-8 — lllustration of the AlphaScreen cAMP technology............ccccevvivuineenn. 172
Figure 5-9 - The GRLN-R does not signal through thg @athway in an intact cell assay.

..................................................................................................................... 173
Figure 5-10 — The GRLN-R can signal through thegathway after challenge with

ghrelin and the growth hormone secretagogues in an intaetssay..................... 175
Figure 5-11 — The GRLN-R does not appear to constitutidlyade the G, pathway in

AN INLACE CEII @SSAY.....cuvneiiiii e e e e e e e aees 176
Figure 6-1 — Structure of the GRLN-R identifying the knowssanse mutations of the

GRLN-R L 188
Figure 6-2 - Schematic diagrams of the HA-GRLN-R-113€FE and HA-GRLN-R-

A204E-CFP CONSIIUCTS ...ttt eeenns 190
Figure 6-3 - Testing doxycycline induction in GRLN-R-1134T &RLN-R-A204E cells.

..................................................................................................................... 191
Figure 6-4 - Effect of deglycosylation with Endo H or PN&asn the molecular mass of

GRLN-R, GRLN-R-I1134T and GRLN-R-A204E ..........ootteceeeiieieeieaeee e 193
Figure 6-5 - Epifluorescence microscopy images showing thedatiah of the wild-type

GRLN-R, the GRLN-R-1134T and the GRLN-R-A204E........ccccoeeeiiiiiininen. 194
Figure 6-6 - Co-localisation of GRLN-R, GRLN-R-1134T and GQRR-A204E with a

Marker Of the ER ... e e eees 196
Figure 6-7 - Interaction of GRLN-R, GRLN-R-1134T and GRENA204E with the ER

chaperone protein CalNEXiN.........c.uii i 197
Figure 6-8 - Time course of folding of GRLN-R-A204E mutant...............cccceeeeeeen. 198
Figure 6-9 - Response of GRLN-R-A204E to ghrelin and SPA asuned using an

inositol phosphate accumulation assay .. ..199
Figure 6-10 - Testing the ability of the GRLN- R A204E tcmlee'a f5S]GTP S response

through activation of Gyo pathway............cooeoiiiiiiiii e e 200
Figure 6-11 - Binding of [Hléfp A]]-ghrelin to membranes prepared from GRLN-R,

GRLN-R-I1134T and GRLN-R-A204E cells..........cooiiii o 201
Figure 6-12 - Response of GRLN-R-I1134T to ghrelin and SPA asursusing an

inositol phosphate accumulation assay. . : ..203

Figure 6-14 - Testing the ability of ghrelin and the growth hmmsecretagogues to evoke
a [°S]GTP S response in GRLN-R-1134T cells transfected to express.G....... 204

Figure 6-15 - Response of the GRLN-R-1134T via activatiomefG;, pathway as
measured using &B]GTP S DINAING @SSAY. .....veuveveeeeeeeeeeeeeeeeese e s e e 206



12

Figure 6-16 - Localisation of GRLN-R-A204E after treatmeith ghrelin, GHRP-6, L-

692,585, MK-B77 OF SPA. ... e ettt e et e e e e e et r e e aa e 208
Figure 6-17 - Localisation of GRLN-R-1134T after treatmeithwghrelin, GHRP-6, L-
692,585, MK-B77 OF SPA. ... ettt et e et e e e e e e e e e aa e 210

Figure 6-18 - Proportion of GRLN-R-A204E and GRLN-R-1134T detecteldeaplasma
membrane after treatment with ghrelin, the growth hornsesestagogues or the
INVEISE AgONIST SPA. ... ittt e e ettt e e e e e eeanna e aeeenee 212

Figure 7-1 — Use of an asymmetrical homo-dimer to investitigee pharmacology of the
GRLIN-R. L e 224



13

Acknowledgements

Throughout this project | was lucky enough to work with some outstasdiagtists who
have helped me immensely along the way. | would like toktifaof. Graeme Milligan for
giving me the opportunity to study in his laboratory and for hiig &ed guidance
throughout the course of this project. Along with Graeme | woulddikbank my
industrial supervisor Dr. Alan Wise for his support and encaumagt, especially during
the time | spent at GlaxoSmithKline.

| would like to say a big thank you to all the memberst pad present, of the Milligan
lab, especially to Dr John Pediani for help with gatheaing quantifying images using the
epifluorescence microscope, Dr Joris Robben for advice oensissnutations, Dr
Richard Ward for help and advice with molecular biology and idold Smith for proof-
reading this thesis. | would also like to thank Dr Chris Laggdn(formally of

GlaxoSmithKline) for his advice and help with analysis ofatesterism work.

Throughout this project | have made many friends both within tharid throughout the
department. | would like to thank these people for their continsupgort throughout

these last 3-4 years, especially to Laura, Leigh, Shifleg,and Geraldine.

Finally | would like to thank my family who, as ever, haupported me in every way
possible. Thank you.



14

Author’s declaration

The work presented in this thesis was conducted by the authep{exicere otherwise
acknowledged) and has not previously been submitted for a degiigdoona at this

University or any other institution.



Abbreviations
Abbreviation Full name
[*S]GTPgS guanosine 5-O-(3-[*>S]thio)triphosphate
AC adenylate cyclase
AGRP agouti-related protein
ANOVA analysis of variance
AP2 adaptor protein 2
ATia angiotensin Il type 1A receptor
ATP adenosine triphosphate
AR » adrenergic receptor
BCA bicinchoninic acid
BSA bovine serum albumin
ca’’ calcium
[Ca’T], intracellular calcium
CAMP cyclic adenosine 3’,5'-monophosphate
CART cocaine-and amphetamine-related transcript
CD36 multi-functional class B scavenger receptor
CHO Chinese hamster ovary
CDNA complementary deoxyribonucleic acid
CGMP cyclic guanosine 3’,5-monophosphate
CMV cytomegalovirus
C-terminus carboxy terminus
DAG 1,2 diacylglycerol
DNA deoxyribonucleic acid
DMEM Dulbecco’s modified Eagle’s medium

15



Abbreviation Full name

DNTP deoxynucleoside triphosphate

ECFP enhanced cyan fluorescent protein

ECL extracellular loop

EEAl early endosome autoantigen 1

Endo H endo- -acetylglucosaminidase H

ER endoplasmic reticulum

ERK1/2 extracellular signal regulated kinases 1 and 2
FBS foetal bovine serum

FFA1 Free fatty acid receptor 1

FRET fluorescence resonance energy transfer

FRT FIp recombinase target

G protein guanine nucleotide binding protein

GABA g-aminobutyric acid

GAP guanosine 5'-triphosphate activating protein
GDP guanosine 5’-diphosphate

GEF guanine nucleotide exchange factor

GFP green fluorescent protein

GHRP-6 growth hormone-releasing peptide 6

GHs growth hormone secretagogues

GHs-R1la growth hormone secretagogues receptor type la
GHs-R1b growth hormone secretagogues receptor type 1b
GHRH growth hormone releasing hormone

GOAT ghrelin O-Acetyltransferase

GPCR G protein-coupled receptor

GPR38 motilin receptor

16



Abbreviation Full name

GPR39 putative obestatin receptor

GRK G protein receptor kinase
GRLN-R ghrelin receptor

GTP guanosine 5'-triphosphate
GTPgS guanosine 5’-O-(3-thio)triphosphate
HA haemagglutinin protein

HBSS Hank’s buffered saline solution
HEK human embryonic kidney

HRP horse radish peroxidase

ICL intracellular loop

IP3 inositol [1,4,5]-triphosphate

JINK c-Jun N-terminal kinase

LB medium Luria-Bertani medium

MAPK mitogen-activated protein kinase
MEM minimal essential medium
mMRNA messenger ribonucleic acid
N-terminus amino terminus

NBCS newborn calf serum

NPY neuropeptide Y

PBS phosphate buffered saline

PCR polymerase chain reaction

PEI polyethylenimine

PIP, phosphatidyl inositol [4,5] bisphosphate
PKA protein kinase A

PKC protein kinase C

17



Abbreviation Full name

PLA, phospholipase A,

PLCb phospholipase Cb

PNGaseF peptide-N*-(acetyl- -glucosaminyl)-asparagine amidase

POMC pro-opiomelanocortin

PTx Bordella pertussis toxin

REM rapid eye movement

Rho GEF rho guanine nucleotide exchange factor

RIPA radioimmunoprecipitation assay buffer

RGS regulator of G protein signalling

SDS sodium dodecyl sulphate

SDS-PAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis

S.EM standard error of the mean

siRNA small interfering ribonucleic acid

SPA substance P analogue ([D-Arg",D-Phe®, D-Trp’”,Leu']-substance
P)

TAE Tris acetate-EDTA

TE Tris-EDTA

TeTO, tetracycline operon system

™ transmembrane

Tr-FRET time resolved fluorescence energy transfer

VSV-G vesicular stomatitis virus glycoprotein

WGA wheat germ agglutinin

18



19

1 Introduction

1.1 Introduction to ghrelin and the ghrelin recepto r

In 1981 the ability of two enkephalin analogues, met-enkephalitearenkephalin, to
stimulate growth hormone (GH) release in primary cultureatgdituitary cells was
described (Momany et al., 1981). Seven years later Bowersadiedgues described the
first synthetic GH-releasing hormone peptide (GHRP-6) displaginyo GH-releasing
activity; both in human and animal models (Bowers et al., 1984 lattempt to increase
bioavailability the structure of GHRP-6 was used asmplate in the development of a
series of synthetic ligands, termed the ‘growth hormone sgogias’ (GHs; in which
GHRP-6 is usually included), including the benzolactams L-692,42&H{®t al., 1993)
and L-692,585 (Jacks et al., 1994) and the spiroperidine MK-677 (Ratthét 1995)

(Table 1-1 lists some of the growth hormone secretagogues).

Around the same time as the studies by Bowers and colleaguasirally occurring
hypothalamic hormone, growth hormone-releasing hormone (GHRH), s@s/dred
(Rivier et al., 1982; Guillemin et al., 1982). However, #sxclear that the growth hormone
secretagogues were mediating their GH-releasing etterciggh a distinct pathway from
the GHRH (Smith et al., 1996). For exampf&S[-MK-677 binding was competitively
inhibited by L-692,429 but not by GHRH (Pong et al., 1996).

In 1996 the receptor for the growth hormone secretagogues was clahedraed the
‘growth hormone secretagogues receptor’ (GHs-R) (Howard di98l6). The GHs-R was
shown to belong to the G protein coupled receptor (GPCR) suplgrfarfamily of
receptors characterised by the presence of 7 transmengbipspanning alpha helical
domains separated by 3 intracellular loops and 3 extraceldps.| The GHs-R gene is
located at the chromosomal location of 3g26.2 and consistsingla intron of around 2
kb that divides the open reading frame into two exons, or@ergeTM I-V of the GHs-R
and the other encoding TM VI-VII (McKee et al., 1997). Two typkesDNA arise from
the gene by alternative mRNA processing; the cDNA for thddntith GHs-R (GHs-R1a;
366 amino acids in length) and cDNA for GHs-R1b, a truncatexptec (289 amino acids
in length), which, as the intron is not removed (probably due tosthefuan alternative
splice site and an alternative polyadenylation site), encdeseptor containing TMI-V
fused to a short conserved reading frame of 24 amino acide/éallby a translational stop
codon (Howard et al., 1996; McKee et al., 1997). GHs-R1b hasshe&m to be unable to
bind MK-677 and GHRP-6 (Howard et al., 1996).



Table 1-1 — Ligands acting at the growth hormone se

cretagogues receptor

20

Agonists (‘the growth hormone Company Ligand type Reference
secretagogues’) (where
appropriate)
Met-enkephalin Peptide Momany et al.,
1981
Leu-enkephalin Peptide Momany et al.,
1981
GHRP-6 Peptide Bowers et al.,
1984
GHRP-1 Peptide Bower, 1993
GHRP-2 Peptide Bowers, 1993
Examorelin/hexarelin Mediolanum Peptide Deghenghi et
Farmaceutici al., 1994
L-692,429 Merck Benzolactam Cheng et al.,
1993
L-692,585 Merck Benzolactam Jacks et al.,
1994
MK-677 Merck Spiropiperidine Patchett et al.,
1995
SM-130686 (partial agonist) Sumitomo Oxindole Nagamine et
Pharmaceuticals | derivative al., 2006
Antagonists
BIM-28163 (also binds to somatostatin Only detail given | Halem et al.,
receptors) is that BIM-28163 | 2004
is a ghrelin
analogue
YIL-781 Bayer Quinazolinone Esler et al.,
Healthcare derivative 2007
Inverse agonists
[D-lys®]-GHRP-6, originally classed as Merck Peptide Chan et al.,
an antagonist by Cheng et al. (1993) 2004
[D-Argl, D-PheS,D-Trp7'9, Leu“]- Merck Peptide Holst et al.,
substance P, originally classed as an 2003

antagonist by Cheng et al. (1997)
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Interestingly cloning of GHs-R1a from other species has denadedtthat the sequence of
the GHs-R1a is highly conserved, with mouse, ferret, pigjtrabd rat cDNA showing

over 90 % sequence homology to the human receptor.

The GHs-R1a remained an orphan receptor (i.e. the endogerend le@gmained
unknown) for a further three years until Kojima and colleagusated a peptide from rat
stomach extract that could activate the GHs-R1a, a peplid they called ghrelin
(‘ghre’ from the Proto-Indo-European root of the word ‘grow’) (K@ et al., 1999). This
led to the suggestion that the GHs-R1a should be renamgtirélen receptor (GRLN-R)
(Davenport et al., 2005).

The human ghrelin gene is located at a chromosomal locat@qP&f56 and comprises
five exons and three introns (Soares and Leite-Moreira, 2008) eflobbdes mMRNA for
pre-pro-ghrelin, a 117-amino acid ghrelin precursor (Kojima e1899). Pre-pro-ghrelin
contains a 23 amino acid signal peptide and a 94 amino acidgepbd-ghrelin (Soares
and Leite-Moreira, 2008). Pro-ghrelin consists of the 28 amimblaeg mature ghrelin
(see Figure 1-1) plus a 66 amino acid ‘tail’ (Kojima et #099; Jeffery et al., 2005) and is
cleaved by pro-hormone convertase 1/3 to generate mature défaliet al., 2006). Like
the GRLN-R, ghrelin appears to be highly conserved acrosgptawdpecies, with human
and rat pre-pro-ghrelin showing 82.9 % sequence homology, withwalgrhino acids

replaced in the 28-amino acid ghrelin segment (Kojima €1899).

Interestingly ghrelin undergoes a unique modification at serineeBenthe residue is
octanylated (the hydrogen atom is replaced byt 4O moiety; see Figure 1-1) (Kojima
et al., 1999), a modification that appears to be essentidddadtivity of ghrelin as
removal of the octanoyl group decreases the potency of ghrefimohbs/ than 2300-fold
(Matsumoto et al., 2001). In 2008 the acyltransferase respofwititee octanylation of
ghrelin was identified and named ghrelin O-Acyltransfer@OAT) (Yang et al., 2008), a
member of the membrane bound O-Acyltransferase familyatteath fatty acids to lipids
and proteins (Hofmann, 2000). GOAT appears to be located enttaplasmic reticulum
(in stomach and pancreas of humans; Gutierrez et al., 20083 Wwhets to octanylate pro-
ghrelin before pro-ghrelin is transported to the Golgi and ctkevéorm mature ghrelin
(Yang et al., 2008). Interestingly, although ghrelin is a pefiided, there is some
evidence to suggest that ghrelin can cross the blood-braiemaeia saturatable

transporter system (Banks et al., 2002).
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A

pre-pro-ghrelin

1 24 51 117
signal peptide 3’extremity
pro-ghrelin
1 29 94

GS%IFLSPEHQRVQQRKESKKPPAKLQPI:? #NAPFDVGIKLSGVQYQQHSQAL

(I) ghrelin obestatin
C”:_(CHz)s_ CH3

B His - D-Trp - Ala - Trp - D-Phe - Lys - NH,

GHRP-6

MK-677

D-Arg - Pro - Lys - Pro - D-Phe - GIn - D-Trp - Phe - D-Trp - Leu - Leu - NH,

SPA

Figure 1-1 - The structure of ghrelin, GHRP-6, L-69 2,585, MK-677 and SPA. A. Pre-pro-ghrelin

comprises of a 23 amino acid signal peptide and pro-ghrelin. Pro-ghrelin is cleaved by pro-

hormone convertase 1/3 to form mature ghrelin (which undergoes octanylation at the third residue,

S), whilst processing of the 3’ extremity results in the formation of obestatin (adapted from De
Vriese and Delporte, 2008). B. The structure of the growth hormone secretagogues GHRP-6, L-

692,585, MK-677 and the inverse agonist SPA (adapted from Moulin et al., 2007). A basic amine

group is conserved across GRLN-R ligands and is required for their bioactivity.
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Alternative splicing of pre-pro-ghrelin results in the fotioa of the biologically active
peptide des—GIﬁ—ghreIin, which is also octanylated at serine 3 but lackstamic acid
residue in position 14 (Kojima et al., 1999). Des*Glyhrelin appears to possess the same
hormonal activities as ghrelin (Hosoda et al., 2000). Procee$ihg 66 amino acid tail of
pro-ghrelin results in the formation of obestatin (Soareé®ie-Moreira, 2008) — a ligand
proposed to be the endogenous ligand for a receptor related t&ti-IE GPR39

(Zhang et al., 2005; Zhang et al., 2008) although this needs fath&rmmation as there

are now reports that obestatin does not activate GPR39 @ialst 2007; Chartrel et al.,
2007).

Interestingly, the GRLN-R can signal in the absence dalfhand the growth horomone
secretagogues i.e. the receptor exhibits a high levelrsiticutive (ligand-independent)
activity, which has been shown to be a key requiremenbfustitutive (ligand-
independent) receptor internalisation (Holliday et al., 2007). Depgmuii the system
used, the constitutive activity of the GRLN-R has been dsxbto be up to 50 % of the
maximum activity measured in the presence of ghrelin (Hokst,e2003). This ligand-
independent activity was shown to be reduced by administratiarswstance P analogue
(SPA) (Holst et al., 2003); thus demonstrating that SPAzacts inverse agonist,
favouring the formation of an inactive receptor state. Intnigiyi the constitutive activity
of the GRLN-R appears to be importamtzivo as naturally occurring point mutations of
the GRLN-R which ablate the constitutive activity of theegtor, whilst preserving the
reponse to ghrelin, are associated with the development afyoaed short stature (Pantel
et al., 2006; Wang et al., 2004).

The GRLN-R has become an attractive therapeutic tageainly due to its effects on
growth hormone release (per mol, ghrelin is more potent atilstimg GH release than
GHRH; Gil-Campos et al., 2006) but also because ghrelin andRh&I<R have been
demonstrated to possess a wide-range of other central aplgpal actions, ranging from
modulating appetite and energy homeostasis to opposing inflamroatios

cardiovascular system (van der Lely et al., 2004).

The aim of this chapter is to provide background on the distribatidrbiological effects
of ghrelin and the GRLN-R, before focusing on the structuresamalling mechanisms of
the GRLN-R.
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1.2 Ghrelin tissue distribution

The main source of endogenous ghrelin appears to be from X/Adlilsein the oxyntic
mucosa of the stomach (Date et al., 2000). However ie& that there are other sources
of ghrelin as plasma ghrelin levels increase after agasttectomy (Hosoda et al., 2003)
suggesting that other tissues can compensate for the los®hf ginoduction (Moller et
al., 2003). Indeed ghrelin mRNA has also been detected patiereas (Date et al.,
2002b), placenta (Gualillo et al., 2001), the adrenal glands, oesophdpeytes, gall
bladder, muscle, myocardium, ovary, prostate, skin, spleen, tihweoid gland, blood
vessels (Gnanapavan et al., 2002), T-lymphocytes, B-lymphaayteseutrophils (Hattori
et al., 2001). However the levels of ghrelin expression in tesges is relatively low

compared to that of the stomach (van der Lely et al., 2004).

Ghrelin has been detected in the brain (e.g. the pyuitarbonits et al., 2001) using
MRNA amplification and immunofluorescence histochemistry (Hal.e2006). However
GOAT, which is responsible for the octanylation of ghrebmot expressed in mouse
brain, therefore casting doubts on whether brain cells produaglually active ghrelin
(Yang et al., 2008).

1.3 GRLN-R tissue distribution

In contrast to ghrelin, levels of GRLN-R are higheghia central nervous system. GRLN-
R mRNA expression has been recorded in the hypothalamus (dgpbeiarcuate
nucleus) and pituitary gland with GRLN-R expression also repartether brain areas
such as the hippocampuym&rs compactaf thesubstantia nigrathe ventral tegmental
area, and in the dorsal and medial raphe nuclei (van deet.aly, 2004). In addition

much lower levels of mMRNA expression (than seen in thetaif)iare detected in
peripheral organs and tissues, such as: the thyroid gland, asarepéeen, myocardium
and adrenal glands (Gnanapavan et al., 2002). Specific bindiffde§hrelin to the
GRLN-R has also been detected in the aorta, pulmonameartesaphenous veins, and the

arcuate arteries of the kidney (Katugampola et al., 2001).

Interestingly although GHs-R1b does not signal to ghrelin (Leunig @087) or the
growth hormone secretagogues (Howard et al., 1996) the receptach more widely
expressed than the GRLN-R; being detected in the skin, mdiooa pituitary, thyroid,
pancreas, ileum, colon, liver, breast, spleen, duodenum, plakergaadrenal glands,
buccal mucosa, the stomach (fundus and antrum), lymph node, gallrb kziiden,
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lymphocytes, kidney, bladder, prostate, fallopian tubes, veirngleusvaries, testes, fat,
oesophagus and jejunum (Gnanapavan et al., 2002).

A study by Gnanapavan et al. (2002) revealed that GHs-R1b ndRpynumber varied
depending on the tissue measured, from an mRNA copy number (pergdissue) of 1
in jejunum to 10in skin. GRLN-R mRNA copy number (per totaj tissue) varied from
10° in adrenal glands to 1@n the pituitary. In some tissues, such as the myagardi
GHs-R1b mRNA copy number was greater than GRLN-R mRNA capyoer (GRLN-R
mRNA copy number = whilst GHs-R1b copy number = )qGnanapavan et al.,
2002).

1.4 Biological actions of the GHs-R1b

The exact function of the GHs-R1b remains unknown. In HEK293 trafisfected to
express the GHs-R1b, the receptor was detected predomieaptBssed in the nucleus of
the cells but some receptor was also detected at the daltesiceung et al., 2007). There
is some evidence that GHs-R1b inhibits growth hormone secretagowdated calcium
mobilisation in HEK293 cells transfected to express thereaabGRLN-R (Chan and
Cheng, 2004). Meanwhile, another report has suggested that theorenght act as a
dominant negative mutant of the GRLN-R (Leung et al., 2007fitiding is further

discussed in section 1.9.2).

1.5 Biological actions of ghrelin, the growth hormo ne
secretagogues and the GRLN-R

The two most studied actions of ghrelin and the GRLN-R angoidulating GH release

and in the regulation of appetite and energy homeostasis.

1.5.1 GH release

GH is released by somatotroph cells in the anterior piyugand in response to hormones
produced from the hypothalamus, such as GHRH and somatostatirpl&sitidies have
demonstrated that ghrelin and the growth hormone secretagogustsualate GH release
from somatotrophs vitro (Kojima et al., 1999; Sartor et al., 1985; Bowers et al., 1991).
In vivo, administration of the growth hormone secretagogues has beenstested to

have a synergistic effect on GH-release mediated by tHeHG{Bowers et al., 1991; Wu

et al., 1994). In contrast to GHRH, which increases GHasela vivo, somatostatin acts to

inhibit GH secretion (Brazeau et al., 1973). There is evEelémsuggest that, in addition to
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increasing GH release, the growth hormone secretagoguessoacato antagonise the
inhibitory effect of somatostatin on GH release, by counteigds hyperpolarising effect

on somatotroph cell membranes (Goth et al., 1992).

As well as acting on the anterior pituitary there is evigeto suggest that ghrelin and the
growth hormone secretagogues act directly at the hypothalamusxdmple, GH-
releasing activity of the growth hormone secretagogues isgiedtypothalamic-pituitary
preparations than in pituitary preparations (Mazza et al., 198®tWH release is
reduced, but not completely abolished, in animals with lesibtige@ituitary stalk
(Fletcher et al., 1994; Hickey et al., 1996). Indeed it is evitheitan intact GHRH system
is required for the effects of ghrelin and the growth hormonesspogue# vivo. For
example, GH release pulsatility and responsiveness areaded by the administration of
antibodies against GHRH in rats (Pandya et al., 1998). In huntamegponse to the
growth hormone secretagogues is inhibited in subjects wittielefies in the GHRH

receptor (Maheshwari et al., 1999).

The main target of ghrelin action in the hypothalamus isntgage nucleus of the
hypothalamus where it may bind and activate the GRLN-R, Heedigand the growth
hormone secretagogues act to increase the electricatyaatidc-fosexpression (a marker
of neuronal activity) in a subpopulation of cells, of which sameGHRH neurones
(Dickson et al., 1995a; Dickson et al., 1995b). Activation of GHRbtlucing neurones in
the arcuate nucleus amplifies the effect of GHRH in sontgibg (Lengyel, 2006).
Interestingly, a recent study has shown that GHRH carsaat agonist of the GRLN-R,
binding to an area on the receptor distinct from the ghretidifg pocket where is acts to
increase the binding capacity or the potency of ghrelindrpithways tested (i.e. it acts as
an allosteric modulator; see section 1.10.6) (CasanueVva 20@8). Thus GHRH could
potentially act on the GRLN-R to further increase GH is@avivo.

1.5.2  Appetite and energy homeostasis

Evidence for the role of ghrelin in appetite regulation was diogained by Arvat and
colleagues whose studies on the effect of ghrelin in human velsrgbowed that, when
injected with ghrelin, along with a prompt, marked increasBH release, three out of the
four healthy participants also reported the feeling of hungesfet al., 2000). In 2000-
01 further reports were published demonstrating that ghrelin wasv@d/ol the
hypothalamic regulation of energy homeostasis (Wren et al., 20@0 &Y al., 2001,

Nakazato et al., 2001). For example, exogenous ghrelin was foinmaaase adiposity in
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rodents by stimulating an acute increase in food intake dssvetducing fat utilisation
(Nazazato et al., 2001; Wren et al., 2000; Tschop et al., 20@8nEet al., 2001; Asakawa
et al., 2001). This effect appeared to be mediated by the GRabl
intracerebroventricular injections of ghrelin strongly stimediafieeding in rats in a dose-
dependent manner, causing an increase in body weight gaineantkeéit was suppressed
by an antagonist/inverse agonist of the GRLN-R ([D}&HRP-6; Cheng et al., 1989)
(Nakazato et al., 2001).

Further studies have demonstrated that plasma ghrelin Ereetiependent on food-intake,
with ghrelin levels rising before a meal and declining shaafilgr eating, suggesting that
ghrelin plays a major role in meal initiation (Cummings et2001). After a meal the
depth and duration of ghrelin suppression is related to thgyeimtake (Callahan et al.,
2004). Ghrelin has also been shown to stimulate gastricsacrétion and motility in rats
(Masuda et al., 2000) and circulating ghrelin levels are ae@with gastric emptying
time in humans (Tschop et al., 2001). Factors that promotdrghegretion include
fasting, hypoglycaemia and the hormone leptin whilst the maiibiting factors are food
intake, hyperglycaemia and obesity (Cummings et al., 2001; Tsthadp 2001; Toshinai
et al., 2001; Shiiya et al., 2002). Interestingly during prolongdthépan eight-fold
increase in expression of the GRLN-R in the hypothalamus leasrheasured (Kim et al.,

2003). Together these studies demonstrate that ghrelin is @vishappetite stimulation.

The cellular mechanism underlying the orexigenic effect of ghhels been clarified.
Ghrelin travels in the bloodstream to the arcuate nuclugeediypothalamus (Hewson and
Dickson, 2000). Here the major target for ghrelin appears tioebappetite-stimulating
neuropeptide Y- (NPY) and agouti-related protein- (AGRP) contaim&gones which
increase their firing rate in response to ghrelin (Cowleyt.eP003). The appetite-
supressing pro-opiomelanocortin- (POMC) and cocaine- and amphetayginated
transcript- (CART) containing neurones do not possess GRLN-Reveowprojections
from the NPY/AGRP-containing neurones terminate on POMC/CA&Taining
neurones which are indirectly inhibited by ghrelin by the rele&sige inhibitory
neurotransmitteg-aminobutyric acid (GABA) (Cowley et al., 2003). Other peeigth
hormones that are involved in appetite and energy regulation inelpiie, insulin and
PYY3.36 Which all act to decrease food intake (Schwartz et al., 20005 on NPY/AGRP
containing neurones ghrelin and the GRLN-R provide the only hormppatite-
stimulatory input to counterbalance the inhibitory signals (Sdavedral., 2000; Holst and
Schwartz, 2004).
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Following food ingestion signals from the gastrointestinal ae conveyed to the nucleus
solitary tract in the brain stem through afferent vagale®and other sympathetic nervous
system afferents (Gil-Campos et al., 2006). In addition telghtravelling in the
bloodstream, it appears that an intact vagus nerve is redoiredogenous ghrelin to
stimulate appetite in both man and rodents (Date et al., 2@0Raux et al., 2005)
suggesting that a neuronal pathway (involving the vagal nerwves)alternative and
important mechanism for ghrelin signalling. As GRLN-R aswdbund near the nucleus
solitary tract (such as in the dorsal vagus complex; Datk,2002a) several sites other
than the hypothalamus may be important in regulating ghrelin-gtappetite (Holst and
Schwartz, 2004). Indeed recently the area postrema was shboerekeited by stimulation
with ghrelin in a concentration-dependent manner, thus ghreljrpardéially regulate

appetite regulation via the area postrema (Fry and Ferguson, 2008).

Interestingly, ghrelin levels are low in obese and high in Iedividuals, suggesting that
ghrelin is not only important for the acute regulation of food mtalt also plays an
important role in the regulation of long term energy homeisst@simmings et al., 2005).
Ghrelin levels increase in response to weight-loss restutting, for example, low-energy
diets, cancer cachexia and anorexia (Cummings et al., 2005atHa@tval., 2001; Tolle et
al., 2003; Soriano-Guillen et al., 2004); suggesting that it sighalseed to conserve
energy. Indeed plasma ghrelin concentration rises rapidlyfafitng in normal weight
animals but is delayed in fatty Zucker rats suggesting buat-term energy storage is
modified by an excess energy deposit (Ariyasu et al., 2002apkritoneal injection of
ghrelin in mice was shown to decrease energy expenditur&gazet al., 2001); in rats
and mice ghrelin was shown to reduce fat catabolism angidipdTschop et al., 2000;
Muccioli et al., 2004) (although this may be via a non-GRLN-R ntedienechanism as
GRLN-R has not been detected in adipose tissue) and chronial @inistration of

ghrelin in rats has been suggested to decrease adipocyte ap(ifitoset al., 2004a).

1.5.3  Other ghrelin/GRLN-R effects

As well as the effects of ghrelin and the GRLN-R on GHasdeand appetite/energy
homeostasis there has been a wealth of studies linkingrghralithe GRLN-R to a
number of other functions such as regulation of sleep, bonafiemand gonadotroph
secretion; these studies are summarised in Table 1-2. Stiéution of the GRLN-R
supports the idea that ghrelin has functions in additiongila&on of GH release and

appetite regulation/energy homeostasis.
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1.5.4  Existence of receptors for ghrelin/the growth hormone
secretagogues other than the GRLN-R

There is increasing evidence to suggest that the GRLN-R thengble receptor for
ghrelin and/or the growth hormone secretagogues. For exampeghrelin (a
concentration of ghrelin which has been shown to be maximadigtefé at stimulating
human GRLN-R-mediated inositol phosphate accumulation in HEK283 Eflist et al.,
2005) exerts a cardioprotective effect in H9c2 cardiomyocg#ds, that do not express the
GRLN-R (Baldanzi et al., 2002). Meanwhile, in CALU-1 lung aaoma cells, DNA
synthesis and proliferation was inhibited by peptidyl growth hornsecestagogues (at a
concentration of 1 nM to 1M) but not by ghrelin or the non-peptidyl growth hormone
secretagogues (Ghe et al., 2002). Interestingly in the hbartliag site for peptidyl
growth hormone secretagogues has been identified as CD3&{kilm 2005), a multi-
functional class B scavenger receptor (also known as glycopt¥deivhich has been
implicated in multiple physiological functions (e.g. celhdahesion and fatty acid
transportation) and pathological functions related to macrophage dell formation and
pathogenesis of atherosclerosis (Bodart et al., 2002). Thuspbeed effects of ghrelin
and the growth hormone secretagogues in some cases may h&eth#ddiough a distinct
GRLN-R subtype or by a completely different receptor.
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hormone secretagogues and the GRLN-R

Effects

Details

Reference(s)

Ghrelin defends
against depressive-
like symptoms of

chronic stress

Ghrelin administered in a rodent model of depression
produced anxiolytic and anti-depressive-like responses
in elevated maze and forced swim tests. GRLN-R-null

mice showed deleterious effects of chronic defeat.

Lutter et al., 2008

Ghrelin controls
hippocampal spine
synapse density and
memory

performance

Circulating ghrelin enters hippocampus, binding to
neurones of hippocampal formation where it promotes
dendritic spine synapse formation and generation of
long term potentiation, paralleled by enhanced spatial
learning and memory. Disrupting ghrelin gene in mice
impairs performance in behavioural memory testing, an

effect reversible by ghrelin administration.

Diano et al., 2006

Ghrelin influences
gonadotroph

secretion

In rats intracerebroventricular injection of ghrelin
decreases frequency of pulsatile luteinising hormone
secretion, probably reflecting a modulation of the
activity of the gonadotrophin releasing hormone pulse

generator.

Furuta et al.,
2001;
Fernandez-
Fernandez et al.,
2004

Constitutive activity
of the GRLN-R
attenuates apoptosis

Cadmium-induced activation of caspase-3 (a protease
involved in apoptosis) is attenuated in HEK293 cells
expressing the seabream GRLN-R but not in wild-type
HEK293 cells. GRLN-R ligands have no effect on

caspase-3 activation.

Lau et al., 2009

MK-677 increases
rapid eye movement
(REM) sleep

In humans MK-677 was shown to increase REM sleep
both in healthy young adults as well as in elderly

subjects.

Copinschi et al.,
1997

Ghrelin has diverse
cardiovascular

effects

In vitro ghrelin inhibits apoptosis of cardiomyocytes.
Ghrelin may also oppose inflammation of the
cardiovascular system as it inhibits NF-kB activation in
human endothelial cells. Ghrelin exerts an
endothelium-independent vasodilatory effect. Ghrelin
administration decreases mean arterial pressure
without changing heart rate and improves cardiac
contractility and left ventricular function in chronic heart

failure.

Isgaard and
Johansson, 2005
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Ghrelin stimulates

bone formation

Ghrelin stimulates proliferation and differentiation of
oestoblasts in vitro. Proliferation of osteoblasts was
inhibited by the GRLN-R antagonist [D-Iys3]-GHRP-
6. In vivo ghrelin increases bone mineral density in

both normal and GH-deficient rats

Fukushima et al.,
2005

Ghrelin may inhibit

insulin secretion

Depending on the system used to measure the
response, ghrelin has been shown to both increase

and decrease insulin secretion. For example, in rat

Broglio et al.,
2001; Date et al.,
2002b; Broglio et

pancreatic islets and in vivo ghrelin was able to al., 2003; Salehi
increase insulin secretion. In humans acute et al., 2004
administration of ghrelin inhibits both spontaneous
and arginine-stimulated insulin secretion.
Ghrelin increases Along with a transient decrease in insulin secretion, Broglio et al.,
glucose release acute ghrelin administration in humans increases 2003

plasma glucose levels.

Ghrelin can increase
cell proliferation in
some cell lines, but
the GHs may have an

anti-proliferative effect

Ghrelin and the GRLN-R have been detected in a
number of neoplastic cells and in vitro experiments
suggest that ghrelin and GHs can modulate
proliferation of several human tumour cell lines.
However, GHs have been shown to have an anti-
proliferative effect in breast cancer cell lines not
expressing the GRLN-R. DNA synthesis and
proliferation of CALU-1 lung carcinoma cells that do
not express the GRLN-R were shown to be inhibited
by peptidyl GHs but not by non-peptidyl GHs and

ghrelin.

Ghe et al., 2002;
Cassoni et al.,
2004; Ghigo et al.,
2005

1.6

Ghrelin-null or GRLN-R-null models

There have been multiple studies investigating the eftédtsocking-out the GRLN-F

vivo. Initially the physiological importance of the GRLN-R in tiypothalamus of rats

was tested by using antisense GRLN-R mRNA expression undeontrel of a tyrosine

hydroxylase promoter, to impair GRLN-R function in the ateuaicleus (Shuto et al.,

2002). This confirmed that ghrelin and the GRLN-R were involmezhiergy homeostasis
and appetite stimulation as rats with attenuated GRL)XgRession displayed lower body
weights, less adipose tissue, reduced daily food intakenaalies birth weights than their
wild-type counterparts. In contrast to the wild-type rats, advnation of exogenous
ghrelin or growth hormone secretagogues failed to increadmfeén female rats GH

secretion and insulin-like growth factor-1 levels were reducedgever there was no effect
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in males, suggesting that the ghrelin/GRLN-R system is mpioysiologically important in

the regulation of GH secretion in females.

The development of complete GRLN-R knock-out animals showed th&Rh&l-R is
essential for the stimulatory effects of ghrelin on GEfestion and orexigenic properties
(Sun et al., 2004). However, GRLN-R-null mice showed no differémdody
composition or growth compared to wild-type mice littermates & al., 2004);
suggesting that the GRLN-R does not have a significantmdleei determination of body

composition or growth.

In studies of ghrelin-null mice, one group showed that: size, groate, food intake, body
composition, reproduction, gross behaviour and tissue pathology westngdishable
from wild-type littermates (Sun et al., 2003). Another group sugdedhle only difference
between ghrelin-null mice and their wild-type littermatesshe preferential use of lipids
rather than carbohydrates in maintaining energy balance partycunder high fat
conditions; which led to a trend towards ghrelin-null mice havingeebody composition
after 6 weeks on a high-fat diet (Wortley et al., 2004). Hawgavis possible that other
hormonal systems may compensate for the lack of ghrelin didanability of the GRLN-

R to respond to ghrelin.

In contrast to the previous studies, Zigman and colleagumsrdgrated that GRLN-R-null
mice did not show any differences in body weight and composition gechpawild-type
mice until 19 weeks of age. After 19 weeks on a calorieaddiet, GRLN-R-null mice
showed significantly less accumulation of body weight and bodyf#ent; in female
mice body fat mass was almost 50 % less than wild-type (digman et al., 2005).
Several suggestions were given as to why the results dittiig were different to
previously published studies. These included the duration of exposait@gh-fat diet,
animal age when the high-fat diet was administered an@fétt of the food (Zigman et
al., 2005). Indeed, in a follow-up study in ghrelin-null mice Wortled colleagues
demonstrated that exposure of ghrelin-null mice to a high-¢atadlia young age (6 weeks
of age) reduced the weight gain (associated with deeckadiposity, increased energy
expenditure and increased locomotor activity) compared to wile-tyice (Wortley et
al.,2005). These studies suggest that ghrelin/GRLN-R playle &nrenergy regulation

causing an increase in adiposity

In a different approach, transgenic animals were engin¢éem@ckr-express the GRLN-R

in GHRH neurones; these animals showed a basal up-regulatetivity in the GHRH-
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GH axis and a reduction of adiposity (particularly in fermats) without effect on other
GRLN-R-mediated signals (Lall et al., 2004). In mice engiee¢o display increased
ghrelin expression and production in the stomach and braieaised circulatory ghrelin
was associated with hyperphagia, increased energy expenditigese intolerance,
decreased glucose-stimulated insulin secretion and reduysteddensitivity (Bewick et
al., 2009). By knocking-out the gene for the G progesubunit G11 in neuronal and glial
precursor cells of mice, Wettschureck and colleagues demtektiat mice died 3-6
weeks after birth as anorectic dwarfs. Both plasma GHgpdthalamic GHRH were
reduced and postnatal proliferation of pituitary cells wamgly impaired. The effects of
ghrelin were reduced at the hypothalamic level due to impairoféeSRLN-R signalling
which may have contributed to the GHRH deficiency and abrideeding behaviour
(Wettschureck et al., 2005).

Together these studies support the role of ghrelin/the GRLNaRpatite regulation and
energy homeostasis but also demonstrate that other mechanigrtakenaver to
compensate for a lack of ghrelin or its receptor. Interglst two of these studies have
also shown that is a difference in ghrelin/GRLN-R regulatietween sexes as the GRLN-
R seems to be more important in maintaining body weight andiateégy GH secretion in
female rats and mice than in males (Shuto et al., 2002;azigrhal., 2005). This,
potentially, could lead to differences in the effectiveradsghrelin/GRLN-R treatments in

males and femalealthough further studies are needed to investigate this.

1.7 Clinical trials and therapeutic potential of GR  LN-R
agonists/antagonists

Due to the affects of ghrelin and the growth hormone secretagjogaeplifying GH
release and appetite stimulation, it has been suggestejtmasts of the GRLN-R would
be clinically useful in the treatment of GH deficiency araltteatment of cachexia whilst
inverse agonists could potentially be useful in the treatofesttesity; here the reasoning
behind these suggestions are briefly discussed.

1.7.1 Cachexia

Cachexia is a syndrome of muscle wasting, increased metadtteliand a decrease in
appetite that accompanies a variety of chronic diseasesasweancer and heart failure
(Tisdale et al., 1997). Thus agonists of the GRLN-R could bkiluis the treatment of

cachexia by increasing appetite and muscle mass. Indeeédra phase Il study into the
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effects of the growth hormone secretagogues, RC-1291, showedé¢hdi2aiveeks of
administration in subjects predominantly presenting with lungea RC-1291 led to a
significant improvement in total body mass as well asralttewards increased lean mass
(Garcia et al., 2007). An increase in appetite was also egportanother study where
subjects with melanoma or breast or colon cancers werednedtea single intravenous
infusion of ghrelin, this led to a 31 % increase in food iatiaka single meal compared to

subjects receiving placebo (Neary et al., 2004).

1.7.2  GH deficiency

GH deficiency in children is usually treated by GH injectiadministered daily; although
this is effective it has a number of drawbacks including tleel fer parenteral
administration and high cost (Chapman et al., 1997). This makesthgeptidyl growth
hormone secretagogues attractive targets for the treatih@&iit deficiency. In one small
trial (9 men) oral administration of MK-677 for four days sfgmaintly increased GH and
insulin-like growth factor-1 levels in men with childhood onset @dficiency (Chapman
et al., 1997). In a study of 18 children with idiopathic GHdeficy treatment with MK-
677 increased GH and insulin-like growth factor-1 levels. Howeérndehe most severely
GH-deficient children there was an apparent lack of resporid& 1677 (Codner et al.,
2001). The authors of this study suggested that the lack of aBMNKesponse in these
children was due to a disconnection between the hypothalamus aitarpiCodner et al.,

2001), although this was not demonstrated directly.

GH secretion decreases with age, leading to decreasssfiad (muscle) mass (Zadik et
al., 1985; Janssen et al., 2000), which is a major risk famtdrdilty, loss of independence
and physical disability in elderly persons (Fantin et281Q7). This makes the GH
releasing effects of ghrelin and the growth hormone secretagatitegive therapeutic
targets for the treatment of age-related GH decreashoA-term (2 year) pilot study (65
people) by Nass and colleagues on the effects of MK-677 in hexddtayadults
demonstrated that subjects who received MK-677 showed sustaaredses in the
amplitude of pulsatile growth hormone secretion and insulin-likevtp factor 1 levels to
those seen in young adults. MK-677 also increased fat-freecoagsmred to placebo,
likely due to the concomitant increase in intracellulatex. Possibly as a result of appetite
stimulation, body mass increased more in MK-677 recipientsethdeeported side-effect
of MK-677 was a feeling of increased appetite which subsittedafew months of
treatment (Nass et al., 2008).
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1.7.3 Obesity

Due to the high constitutive activity of the GRLN-R a compounad &cts as an efficient
inverse agonist could be used as an anti-obesity agenheatral antagonist may not be
effectivein vivo (Holst et al., 2003). However, a naturally occurring mutaticthe
GRLN-R, which results in the change of an alanine rediolue glutamic acid residue in
ECL2 of the GRLN-R, has been associated with the developphantobese phenotyjre
vivothat develops during puberty (Pantel et al., 2006). This sughesthe constitutive
activity of the GRLN-R is importanh vivo and that other mechanisms may compensate
for the loss of constitutive receptor activity leading to arselghenotype. However, the
obese phenotype could be due to the persistent lack of constictiviey of the GRLN-R
in a particular period in the development of the carrier @{oild Schwartz, 2006).
Interestingly, a vaccine against ghrelin has been developkh @adult male rats this has
the effect of slowing weight gain by decreasing feed efficy (Zorrilla et al., 2006).
However the benefits were not passed on to humans, with paaddl clinical trials
showing ghrelin vaccination had no effect on weight loss
(http://www.cytos.com/doc/Cytos_Press_E_061107.pdf); perhaps nottpassg when
food intake in humans is not always driven by hunger but by comfdrit@redom-

eating’.

Future anti-obesity therapies may now focus on inhibiting therectf GOAT, as
inhibiting GOAT is predicted to decrease the amount of octead/lghrelin in the body,

leading to a reduction in the orixegenic effects of ghiieliwivo.
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1.8 GPCR structure

1.8.1 Introduction to the G protein-coupled recepto r
superfamily

The GRLN-R belongs to the G protein-coupled receptor (GPCR)yfatme largest
superfamily of cell surface receptors, encoded for by appraeiyna-4 % of the human
genome (Foord, 2002). The GPCR superfamily includes receptornvéosaltypes of
endogenous ligands, such as amines, peptides, amino acids, getepmtostanoids,
phospholipids, fatty acids, nucleosides, nucleotides and a vafisgnsory stimuli such as
odorants, pheromones and photons of light (Kristiansen, 2004). An#meé& suggests,
GPCRs transduce an extracellular signal into a cellulporess via activation of guanine
nucleotide binding proteins (G proteins) (although there is alsieeee that GPCRs may

signal through G protein-independent pathways, see section 1.10.3).

GPCRs are an important pharmacological target as mutatitniea GPCR genes have
been linked to the development of many diseases such adiggiiginentosa, hypo- and
hyper-thyroidism, nephrogendiabetes insipiduand even carcinomas (Schoneberg et al
2004). Indeed of the clinically marketed drugs around 30 % ayetéat against GPCRs,
however, out of the 800 or so receptors that make up the Ge@fRRfamily these drugs
only act on approximately 30 receptors (Wise et al., 2004) leaviognous potential for

this family in future drug discovery programmes.

1.8.2 GPCR classification

Members of the GPCR family can be split into threeomeliasses (classes A-C) and three
smaller classes (D-F), with receptors within a class sigpgreater than 20 % sequence
homology within the TM domains (Kristiansen, 2004). Apart fromATk! architecture

there are no obvious similarities between classes.

1.8.2.1 Class A

The GRLN-R belongs to the class A or rhodopsin-like receptors.iFthe largest and
most studied class of GPCRs, consisting of around 670 humanaec@Gloriam et al.,
2007). Within the class A GPCRs the GRLN-R belongs to subaket of receptors for
peptide hormones and neuropeptides, which include the motilin re¢(&RB38), the

putative obestatin receptor (GPR39), neurotensin receptors2 artithe neuromedin
receptors 1 and 2 (Camina, 2006). The GRLN-R shows the higggstnce homology
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with GPR38, showing 52 % overall homology or 87 % sequence homoldigy Wie TM
domains (Peeters, 2005). Unlike the GRLN-R, GPR38 does not exiytibastitutive

activity.

Class A GPCRs contain highly conserved residues, mainlynttieir TM domains. Thus
to facilitate comparison of residues across class A GPB8Rllesteros and Weinstein
devised a numbering system that assigns two numbers toeszae within the TM
domains. The first number refers to the TM domain the ressdioeind in i.e. 1 for TMI.
The second number is relative to the most conserved rasithe helix, which is assigned
the number 50; with the numbers decreasing towards the Naigsrand increasing
towards the C-terminus (Ballesteros & Weinstein, 1995). The higisty conserved
residues in each TM domains are: an asparagih&)(\esidue in TMI; an aspartic acid
(D*% in TMII; an arginine (R®) residue in TMIII; a tryptophan (%9 in TMIV and
proline residues in TMV, TMVI and TMVII (F°, P*°and P-*). Where appropriate,
Ballesteros-Weinstein numbering will be used throughout thissth@allow comparison
of residues in the GRLN-R with other class A GPCRs.

1.8.2.2 Class B

Class B GPCRs consist of the secretin and adhesion fafm#dgeptors — including
receptors such as the GHRH receptor. The receptors aeethesed by a long N-
terminus which (in almost all cases) contain conservediogstesidues that form a
network of three disulphide bonds — creating a globular domain invoivaghnd binding

(Bazarsuren et al., 2002).

1.8.2.3 Class C

Class C GPCRs (also known as the glutamate family) cafs2& receptors including
those for the neurotransmitters glutamate (the eight metabogiypamate receptors) and

-aminobutyric acid (GABA — the GABAreceptors). Members of this class have a large
N-terminus region comprising of the ‘Venus Fly-trap’ domain. @ibmain comprises two
lobes with a cleft in between which forms the ligand-binding 8tnding of a ligand leads
to closure of this domain, resulting in activation of theeptor. For the majority of class C
receptors the Venus Fly-trap domain is connected to the Burdle by a cysteine-rich
region (Pin et al., 2004).
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1.8.2.4 Classes D, E and F

There are a few minor groups of GPCRs which have no appacgrrse identity with
the other classes, these are the pheromone receptordXchass the frizzled/smoothened
receptors (class E) found in yeast as well as the cAMPt@se(class F) found in

Dictyostelium discoideurfBockaert and Pin, 1999).

1.8.3 GPCR crystal structure

Until recently, the only high-resolution structural information@®?CRs was limited to
that of the rhodopsin receptor (determined by Palczewski, &080), a naturally abundant
receptor that is highly specialised for the detection of ljgbbilka and Schertler, 2008).
GPCRs for diffusible hormones and neurotransmitters have beenldifficrystallise due
to their inherent structural flexibility (Kobilka and Schertl2008). However, in 2007 the
second GPCR crystal structure was published, that of tharyradrenergic receptor
(b2AR) (Rosenbaum et al., 2007; Cherezov et al., 2007; Rasmusser2@03@), a receptor
more typical of the GPCR superclass in the sense tHagatsls, adrenaline and
noradrenaline, are diffusible and the receptor is expressethtwely low levels in native
tissue (Cherezov et al., 2007). To stabilise the recspiactureb,AR crystals were
generated in two ways; with a monoclonal antibody (Fab S¢daagainst the flexible third
intracellular loop (Rasmussen et al., 2007) or with the thirdcellular loop replaced with
the small soluble protein T4 lysozyme (Rosenbaum et al., 20@fe&ov et al., 2007).
The receptor was also further stabilised by the bindingdiffasible ligand (the partial
inverse agonist carazolol), which had the effect of stbgithe receptor in one

conformation, aiding receptor crystallisation (Cherezov.e2@D7).

2008 saw the publication of the crystal structure of the bovine ogpseptor in complex
with the carboxy terminus of the G protein transducin (Pagk €2008), which is expected
to represent the active state of the rhodopsin receptor (the ridepsptor consists of
the protein opsin and the covalently bound ligand molecule called Té&tmal which
prevents the protein from signalling; Schwartz and Hubbell, 2Q088 also saw the
publication of the crystal structure of the turk®yadrenergic receptor in complex with the
antagonist cyanopindolol (Warne et al., 2008) and the adenosimedeptor in complex
with the high-affinity antagonist ZM241385 (with the third intdadar loop replaced with
T4 lysozyme and the C-terminus tail deleted; Jaakola,e2G08). All these structures

have provided new information about the structural organisatiof?@fR3 and the
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potential mechanisms involved in receptor activation and willifeussed with respect to
the GRLN-R.

1.8.4 GRLN-R structure

1.8.4.1 TM domains

The GRLN-R, like all GPCRs, is predicted to comprise shidismembrane (TM)-
spanninga-helical domains, connected by three intracellular loops (ICL) anee
extracellular loops (ECL). This results in the N-terminus thiedC-terminus being on
different sides of the plasma membrane, with the N-ternteursy located on the
extracellular side and the C-terminus being located on trecailular side (Figure 1-1).
The membrane orientation of the GRLN-R has been confirméeigyhner and colleagues
who demonstrated, using indirect immunofluorescence, that an antéiedy against a
predicted intracellular peptide (from the C-terminus of@GfLN-R) only reacted upon
permeabilisation of HEK293 or COS-7 cells transfected to espheshuman GRLN-R. In
contrast an antibody raised against a predicted extraceiidide (part of ECL2) reacted

without prior cell permeabilisation (Feighner et al., 1998).

Although to date no crystal structure is available for th& &R, it is expected that the
TM helices of the GRLN-R will be slightly ‘kinked’ due the presence of glycine and
proline residues and tilted from the plane of the membrapeadiction based on the
findings from the crystal structures of the rhodopsin receptoh.#i®, theb;AR and the
adenosine A receptor (Palczewski et al.,2000; Cherezov et al., 2007; Rosemalm
2007; Rasmussen et al., 2007; Warne et al., 2008; Jaakola22&0&). These kinks are
thought to enable the structural rearrangements requiredgost€n activation
(Yohannan et al., 2004).

The GRLN-R contains the highly conserved E/DRY motif atntwcellular end of TMIII
(conserved among 72 % of class A GPCRs; Kobilka and Deupi, 2007[E/DieY
sequence may be critical for G protein binding. For exampi¢éating R136*in the
motilin receptor, GPR38, to either an alanine or a histidis&lue inhibits the signalling of
the receptor to motilin (as measured through calcium moliigatithout affecting the

affinity of motilin for the receptor (Tokunaga et al., 2007).
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Figure 1-2 — Snake plot diagram of the GRLN-R.  Residues that are conserved throughout class
A GPCRs and used for Ballesteros-Weinstein numbering are shown outlined in red (N in TM1; D in
TMII; R in TMIIl and P in TM V-VII). Also shown (in yellow) are residues that are typically
conserved throughout class A GPCRs. These include two asparagine residues in the N-terminus
(occurring as part of the N-X-S/T motif) that are predicited to undergo N-linked glycosylation; two
cysteine residues (top of TMIIl and in ECL2) that are predicted to form a di-sulphide bond; E/DRY
and NPXXY motifs in TMIII and TMVII, respectively, that are thought to be important in stabilising
the inactive state of receptors and a CWLP fingerprint motif (TMVI) that is thought to act as a
rotomer toggle switch important for receptor activation. Helix VIII is predicted to form between the
serine residue (S327) and a proline residue (P342) in the C-terminus of the GRLN-R (marked by a
red dotted line). Also shown are several serine and threonine residues within the C-terminus tail
that are predicted to undergo phosphorylation by second messenger kinases and G protein
receptor kinases. PKC phosphorylation sites (S/T-X-R/K) are marked with a bracket. A di-leucine
motif (LL) and a tyrosine-based motif (YRVAV; boxed) are thought to be important in binding the
adaptor protein AP-2, leading to internalisation of the receptor. Lastly, residues shown in black (a
glutamic acid residue in TMIIl and phenylalanine residues in TM VI-VII) are thought to be important
in receptor activation (the glutamic acid residue forms a salt-bridge with the positively charged
amine group of ghrelin and the growth hormone secretagogues; whilst the phenylalanine residues
are thought to be important in maintaining the constitutive activity of the GRLN-R).
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In the rhodopsin receptor an interaction between a glutamicesiitlie 134 (£*) and an
arginine residue (B9 in the E/DRY sequence with a glutamic acid residdéJEand a
threonine residue €% at the cytoplasmic end of TMVI, is predicted to stakilihe
inactive state of the receptor by allowing the formatioarofionic lock’. Breakage of the
ionic lock is thought to occur upon receptor activation. In suppdhigtonstitutively
active mutants (CAMSs) can be generated by the neutralisatiaspartic acid/glutamic
acid charges at the cytoplasmic end of TMVI. This hamliEemonstrated for a number of
receptors e.g.,AR (Rasmussen et al., 1999); rhodopsin (Cohen et al., 1993) and the
muscarinic M receptor (Lu et al., 1997). In theAR the arginine residue in the E/DRY
sequence (R13%9 is not close enough to EZ68in TMVI to form a hydrogen bond, thus
the ionic lock is not formed. It has been suggested thdatkeof an ionic lock may be due
to the receptor being partially constitutively active onalling through interaction with
scaffold proteins (Lefkowitz et al., 2008). However the sattdwiis lacking in the
structure of thé;, AR and the Aareceptor, receptors that lack any measurable constitutive
activity, thus suggesting that the ionic lock is not an essdasiilre of maintaining class
A GPCRs in their inactive state (Warne et al., 2008kdka et al., 2008).

The GRLN-R contains a highly conserved class A motif, the NPX6tif, in TMVII
which is thought to be important in stabilising the inactiatesof receptors by allowing
TMVII to interact with TMVI. The GRLN-R also contains &ML P fingerprint motif,
which may play an important role in receptor activatioingcas a rotomer toggle switch.
The CWLP motif and residues that are involved in the maintsnahthe constitutive

activity of the GRLN-R are discussed in section 1.8.5.

1.8.4.2 Extracellular regions

As with the vast majority of class A receptors, the GRRNontains two cysteine residues
that are predicted to form a disulphide bond. One cysteine rasitheted at the top of
TMIII (C116%%) whilst the other cysteine residue is located in ECL2 (CIB}s
disulphide bond appears to be important for correct protein foldingeddRLN-R as
Feighner and colleagues have shown mutation of €216 A116 disrupted cell surface
trafficking of the GRLN-R (Feighner et al., 1998).

Virtually all GPCRs, from all classes, possess at leasN-linked glycosylation site (an
oligosaccharide linked to the nitrogen in the side chainlarmi an asparagine residue) in
their extracellular region$N-linked glycosylation occurs at the consensus sequence: N-X-

S/T, where X can be any amino acid except proline or agiparéKristiansen, 2004).
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Mutagenesis of the consensus sequence shows that glycosylaftahfisr the cell-
surface expression of some receptors e.g. the angiotensieptae(Lanctot et al., 2006)
but has no significant influence on the distribution of otherstieegmuscarinic M2
receptor (van Koppen and Nathanson, 1990). There are two predititéatd
glycosylation sites in the GRLN-R located in the N-tenns of the receptor at N13 and
N27. Deletion of amino acids 1-35 in the N-terminus of th&. IR has no effect on the
cell surface expression or the ligand-dependent and independetitrgigofathe receptor
(Holst et al., 2009) thus it appears glycosylation has no effetiie cell surface
expression of the GRLN-R.

The crystal structure of tH®AR demonstrated that the ECL2 contains a helix that pgrmi
extracellular ligands access to the ligand-binding site (Chereézdy 2007), which is in
contrast to the rhodopsin receptor that displays a bbriteet structure in this region
(Palczewski et al., 2000) which effectively shields the binditegfrom the extracellular
compartment (Lefkowitz et al., 2008). Basing the folding of thesBlgments of the
GRLN-R on the structure of the rhodopsin receptor and modellingxth@membrane
regions to different templates to favour local homologiedrdtg and colleagues predict
that, in the inactive state, ECL2 of the GRLN-R pdlstipenetrates the TM domains
forming the upper part of the polar ligand-binding pocket. Howenehe closed state the
receptor ECL2 forms a more folded conformation, which resulEdL2 moving away
from the TM domains (Pedretti et al., 2007).

1.8.4.3 Intracellular regions

The crystal structures of theAR and the Aareceptor reveal that ICL2 forms a small
helix which disrupts the formation of the ionic lock betweenBHgRY sequence at the
base of TMIII with residues in TMVI (Warne et al., 200&kala et al., 2008). However,
the crystal structure of the constitutively actbh#R reveals that ICL2 does not form a
helix (Rosenbaum et al., 2007; Cherezov et al., 2007; Rasmetsslen2007). This
suggests that ICL2 may act as a control switch, faciiga® protein interactions (Jaakola
et al., 2008). The conformation of ICL2 in the GRLN-R has nbbgen established.

In addition to the 7 TM spanning domains, crystal tructureéeeofhodopsin receptor, the
b,AR and theb;AR demonstrated the presence of a small helix, helik pérpendicular
to the membrane at the intracellular end of TMVII. K&lill is believed to be common to
all class A GPCRs (Katragadda et al., 2004). In the rhodopsaptor palmitoylation (the

attachment of a palmitic acid via a thioester bond) of aystedsidues 322 and 323
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anchored the helix to the membrane - effectively creatfiogh intracellular loop
(Palczewski et al., 2000). Using the structure of the rhodeopseptor as a template,
Pedretti and Vistoli modelled the GRLN-R and predictedhieéix VIl was formed from
S327 to P342 and was located perpendicular to helix VII (Pednetti/istoli, 2007).
Predicted helix VIII is rich in positively charged resid{€828; R329; R331; R336),
which may anchor the helix to phospholipidic heads (Sakmar, @082) making the C-
terminal tail of the GRLN-R (after helix VIII) shortéhan the average GPCR, consisting
of less than 30 amino acids (Holliday et al., 2007). Intexgigtputative Helix VIII in the
GRLN-R has also been described to contain the proposed nlodaksation sequence
KKYR (Lee et al., 2004).

In addition, in the C-terminal tail of the GRLN-R multiptesidues are found that are
thought to be important in the termination of receptor signallindydimy several serine
and threonine residues, a di-leucine motif (LL) and four poteRK& phosphorylation
sites (S/T-X-R/K) (see section 1.10.4 for further dejail

1.8.5 Residues contributing to the constitutive act ivity of the
GRLN- R

Previous studies have indicated that the activation of GRGRIves an inward
movement of TMVI and VII towards TMIII in the main ligandabling pocket at the
extracellular sides of these helices (Elling et al., 1€8nouni et al., 2001). This led to
the development of the global toggle-switch model for the aativati GPCRs (Elling et
al., 2006) where TMVI (and to some degree TMVII), is prextidd perform a vertical see-
saw movement around a pivot point located close to the middhe ehembrane (where
the conserved proline residue is located; Schwartz et al., 2B96jing of TMVI around
P**%results in the extracellular side of TMV!I tilting intoet main TM bundle, whilst the
intracellular end of the helix tilts away from the maid Bundle. In support of the global
toggle-switch for receptor activation, the crystal strieetfrbovine opsin receptor shows
that, compared to the inactive rhodopsin receptor structure, BkidIs a large tilt,
accompanied by a smaller motion of TMVII at the intradal side of the receptor (Park et
al., 2008; Schwartz and Hubbell, 2008).

Several micro-switches (residues highly conserved during eenjutiat switch between
substantially different conformations in the inactive versiive receptor states are
believed to be integral components of the global toggle-switathel for GPCR activation
(Nygaard et al., 2009). One of these micro-switches%&*W the conserved CWLP motif.
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The GRLN-R contains the conserved CWLP fingerprint motif inVIMn the rhodopsin
receptor inactive structure the indole side-chain of \§%55 situated vertically at the
interface between TMIIl and TMVI, stabilised by an iatgtfon with a structural water
molecule, preventing the movement of the outer segment of T8MIet al., 2002;
Schwartz et al., 2006). It has been suggested tfiaf fahctions as a rotomer toggle
switch as upon receptor activation, the rotomeric statieeoihdole side-chain alters,
allowing the indole side-chin of W®to interact with £+’ in TMV (Nygaard et al., 2009).
This moves the side-chain away from the interface betWd#H and TMVI straightening
the proline kink of TMVI (Schwartz and Rosenkilde, 1996; Schwarét. e2006).

In the GRLN-R the ligand-independent signalling of the receptpears to be controlled
by a cluster of aromatic amino acid residues locatdueanterface between TMIII, TMVI
and TMVII. Using a systematic mutagenesis approach Holst@lehgues demonstrated
that aromatic-aromatic interactions between residues’P27809-*andrF312** could

act as a tethered agonist, stabilising the receptor iactive conformation in the absence
of agonist by stabilising the active, inward-bend conformation¥ Tobtaining
constitutive activation of the rotamer toggle switch (Hetsal., 2004; Schwartz et al.,
2006). The aromatic-aromatic interactions appeared to be impfotanaintaining the
constitutive activity of the GRLN-R as constitutive aityi of the GRLN-R could only be
observed if the residue at position 342was a phenylalanine residue or a tyrosine residue.
By changing the size and hydrophobicity/aromaticity of the sidasf F278°in the
presence of large hydrophobic residues at F¥athd F312% the constitutive activity of
the receptor could be ‘tuned’-up or down (Holst et al., 2004). Thasibeen suggested
that these large aromatic side chains act as tethered tsgonibtain constitutive
activation of the toggle switch (Holst et al., 2004; Schavattal., 2006).

Interestingly two naturally occurring missense mutations@fGRLN-R have been
identified which appear to ablate the constitutive actiofthe receptor. These mutations
are A204 to E204 in ECL2 and F2P4to L279°"in TMVI (Wang et al., 2004). The
F279L mutation is within the cluster of amino acids showoetamportant for the
constitutive activity of the GRLN-R. However, the A204Etation is distinct from
residues shown to be important for maintaining the constitutiwataof the GRLN-R, so
the mechanism of how mutation of this residue affects theitidgna activity of the
GRLN-R is unknown. Interestingly for the free fatty acidegtor 1 (FFA1) two glutamic
acid residues in ECL2 are thought to form interactions witharginine residues located
in the TM domains (R183° and R258%) to create two ionic locks. These ionic locks are

broken upon agonist binding, whilst mutation of the glutamic asatlues to alanine
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residues results in constitutive receptor activation (Sum,et@9). Thus it is conceivable
that the alanine residue in ECL2 of the GRLN-R is requioedonstitutive activation of
the receptor by disrupting the formation of an ionic lock betvi&@b2 and a residue in

the TM domains.

1.8.6  Ligand-binding pocket of the GRLN-R

Interestingly comparison of the cDNA of the human GRLN-Rhtoteleost puffer fish
GRLN-R reveals that there is 58 % homology between thesestveptors. Furthermore
the growth hormone secretagogues MK-677, GHRP-6 and L-163,540 were ail &hoev
capable of activating the puffer fish GRLN-R indicating tifn&t ligand-binding pocket of
the GRLN-R has been conserved for at least 400 milliorsy&mith et al., 1999).

Studies into ghrelin and the growth hormone secretagogues have thlab\tire presence
of a basic amino acid group is important for their bioactightpmany et al., 1984; Smith
et al., 1993; McDowell et al., 1995; Patchett et al., 1995). Mu@gjs studies have shown
that a glutamic acid residue in TMIII (E12%) of the GRLN-R appears to be a key residue
for the binding of these ligands (Feighner et al., 1998) and is&xpto be similarly
disposed (but not identical) to D% in theb,AR which forms a salt bridge with the
positively charged amine group of the catecholamines. Indeed imguEdt24 > to

Q124-* (which alters the charge at this position) ablates GRL#gnalling to ghrelin,
MK-677, GHRP-6 and L-692,585. Restoration of function of the E¥3#@utant can be
achieved by a complementary change in the MK-677 ligand throughioatidifi of its
amine side-chain into the corresponding alcohol (Feighner, 498I8). Mutating E124°

to D1243 (which conserves the charge at this position) has been deatedgo be non-
disruptive to ligand binding and receptor activation (Feighnat.1998). Thus E134°

in the GRLN-R acts as a key charge-charge interaction, mattilising the positive
charge of the basic amino group in ghrelin and the growth horsemmetagogues.
Interestingly this residue is also conserved in GPR38 (Ef1@here it has been shown to
be a key charge-charge interaction for small molecule agaiiie receptor, such as
erythromycin (Xu et al., 2005).

Besides E12%* ghrelin and the growth hormone secretagogues GHRP-6, MK-677, L-
692,429, SM-130686 and SM-157740 also appear to interact with residild¥in
(F279°% R283°°and F286°% and TMVII (Holst et al., 2009), thus the main ligand-
binding pocket of the GRLN-R appears to be confined to th€actbetween the
extracellular ends of TMIII, TMVI and TMVII (Holst et al2006).
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Ghrelin also appears to make contact with residues iBE@es as substitution of Q302 to
a A302 in ECL3 and E197 to Q197 in ECL2 had a small effect@padtency of ghrelin
(causing around a 5-6 fold decrease in the potency of ghrelindt(etadl., 2009); this fits
well with the concept that larger, peptide ligands teneliploit mainly residues at the
most extracellular end of the helices and the extracellulaatheniSchwartz and Holst,
2006).

The growth hormone secretagogues share overlapping, but not ideiniitag [sites with
ghrelin on the GRLN-R, with the differences mainly in tesidues with which they

interact with in TMVII. Here MK-677 and L-692,429 were showré&oaffected by
substitutions at N305° and F308°°, whilst SM-130686 and SM-157740 were affected by
substitutions of (the more deeply located) F3T2Holst et al., 2009). In TMIV

substitution of 1178%affected the growth hormone secretagogues but to differesmitext
having a large impact for GHRP-6 (130-fold decrease in pofdnatynot so much on the
response to MK-677 (5.3-fold decrease in potency). The samelm®skeken for mutation

of D99*°in TMII where the potency of MK-677 was decreased by grehan 1300-fold,
whereas the potency of L-692,585 was actually increased by @Holst et al., 2009).

Interestingly two naturally occurring missense mutations@fGRLN-R have been
identified that appear to affect the signalling of theeptor, either ablating the response to
ghrelin (1134*3to T134*3 or by increasing the potency of ghrelin (Vi6tto M160"*)
(Liu et al., 2007). The effect of these mutations on theadligg of the growth hormone

secretagogues has not been studied to date.

1.8.7  Ligand-binding pocket for SPA

Like ghrelin and the growth hormone secretagogues, the invesasa§PA is positively
charged but mutation of the glutamic acid residue E¥2#124Q) does not affect
signalling of SPA as much as mutation of B%&o0 an N9§®. Indeed mutation of
E1243 only causes around a 14-fold decrease in SPA potency whereai®motat
D99 causes a 47-fold change in potency (Holst et al., 2006). Thpgeaes that the
SPA binding pocket extends towards TMII and that the negativelgetd»93°° makes a
charge-charge interaction with the positively charged amnioop of SPA (Holst et al.,
2006). Indeed the SPA binding pocket also appears to extend towakdswitil mutation
of 1178"%°to A178"*causing a 22-fold decrease in the potency of SPA.
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It is predicted that the central aromatic tripeptide BASWFW) interacts with the
aromatic cluster in TMVI and VII of the GRLN-R thus pratiag the inward movement of
TMVI and TMVII (Holst et al., 2006), thereby preventing the ditntve activation of the

receptor.
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1.9 Dimerisation

1.9.1 Introduction to dimerisation

Although GPCRs are often thought of as acting as monomers sheergealth of evidence
to suggest that many GPCRs can form dimers, or higher-oidenwrs, that may be
important for their function (Milligan et al., 2006). Dimerisatimay occur between
identical receptors (homo-dimerisation) or between non-idengcaptors (hetero-
dimerisation) and has been established in class A (e.gh#mokine receptors CXCR1
and CXCR2 receptors; Wilson et al., 2005), class B (e.gdbeetireceptor; Harikumar
et al., 2008) and class C GPCRs (e.g. the metabotropic gletaeeaptors; Kniazeff et al.,
2004).

Dimerisation of GPCRs in the endoplasmic reticulum (ER)deas shown to be required
for the maturation and cell-surface expression of many GPB&srger et al., 2005). A
classical example of this is the GABAeceptor. The GABAreceptor was cloned in 1997,
however, expression of the receptor in a heterologous systenedeisuh discrepancy
between the binding affinities of agonists for the receptor eoeapto those measured
from the endogenous GABAeceptor expressed in the brain (Kaupmann et al., 1997).
Within a year after the cloning of the GABAeceptor, three groups simultaneously
published that the functional receptor is actually composadhetero-dimer between two
receptor subunits: GABA and GABAs, (White et al., 1998; Kaupmann et al., 1998; Jones
et al., 1998). The endogenous ligand GABA binds to GAB®ith the GABAg, subunit
coupling to a G protein and acting as a chaperone. The GA®Mdunit contains an ER-
retention motif within the C-terminal tail, the interact@hGABAg; with the C-terminal

tail of GABAg, masks the ER-retention motif allowing the hetero-dimer texported

from the ER and trafficked to the cell surface (Paganb,&2@01; Margeta-Mitrovic et al.,
2000).

As well as affecting receptor trafficking, dimerisation o been shown to modify
receptor signalling. For example, the orexin-1 antagonist SB-674042) fdmscno affinity
for the cannabinoid receptor €Bvas shown to decrease the potency of a &fnist

(WIN 55,212-2) when the cannabinoid receptor, @Bd the orexin receptor orexin-1 were
co-expressed in HEK293 cells. This effect was dependent onciyetoes forming a
hetero-dimer and demonstrates that the formation of dimers aldigand at one receptor
to modulate the function of a receptor for which it has no sggmtiand inherent affinity
(Ellis et al., 2006).
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1.9.2 Dimerisation of the GRLN-R

Akin to the GABAs receptor, dimerisation of the GRLN-R has been suggestassl to
important for the correct trafficking of the receptor toplesma membrane. The GRLN-R
has been demonstrated to form a homo-dimer in two independensdiiidigy et al.,

2006; Leung et al., 2007). As the GRLN-R contains a potential nlolesisation signal
(KKYR) in putative helix VIII (Lee et al., 2004) the GRLN4{Ray need to exist as a dimer
to mask the nuclear retention signal, to allow traffickihthe receptor to the plasma

membrane (Leung et al., 2007).

As well as forming homo-dimers the GRLN-R has also beported to form hetero-
dimers; both with the GHs-R1b (Leung et al., 2007) and with thendiopaD1 receptor
(Jiang et al., 2006). It is thought that hetero-dimerisatiaheofGRLN-R with GHs-R1b
reduces the cell surface expression, and hence constitutivieyaof the GRLN-R by
translocating the receptor to the nucleus (acting as a dotmiegative mutant of the
GRLN-R), although there needs to be a 13-fold excess of GH$eRfhb GRLN-R for this
to occur (Leung et al., 2007). Thus the formation of a GRLN-RABHIb hetero-dimer
could fail to mask the nuclear localisation signal atGherminus of the GRLN-R causing
nuclear retention of the dimer (Leung et al., 2007). Indeed AfeNboth the GRLN-R
and the GHs-R1b have been described to co-exist in thetissues (Gnanapavan et al.,
2002) and in the same cells, for example, in a cell-linegpespfrom pancreatic
adenocarcinoma cells, thus it is possible that GRLN-R/GHs{Retero-dimers exigt

vivo (Duxbury et al., 2003).

When the GRLN-R and the dopamine receptor D1R are co-expregbedsame cells, the
addition of ghrelin appears to amplify dopamine signallingh@t al., 2006). This
mechanism involves dimerisation of the GRLN-R with the D&Ri¢h has been
demonstrated to occur in co-immunoprecipitation and saturatitumiiicescence
resonance energy transfer experiments). As the GRLN-R andii2léd-expressed within
the same neuron@s vivo (and have also been shown to co-localise in a SK-N-SH
neuronal cell line which endogenously expresses both receptors) €0ang2006) it

suggests that ghrelin can amplify the signalling of the DiRvo.
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1.10 GPCR signalling

This section will focus on the G protein-dependent and indepésidmalling of the
GRLN-R. Following this, the mechanisms that can modulate GRL\gnalling
(desensitisation/endocytosis; constitutive activation and aliosterdulation) will be

discussed.

1.10.1 Introduction to G proteins

Ligand-induced activation of the GRLN-R causes a profound chiaribe TM helices
which affects the conformation of ICLs and uncovers maskptb@in binding sites
allowing interaction with heterotrimeric G proteins (Camip@06). Heterotrimeric G
proteins consist of three suburétsb andgand act to couple changes in receptor
conformation into cellular responses within the cell vidvatibn of second messenger

pathways.

In its inactive state, a G protein has a molecule of guaedsidiphosphate (GDP) bound.
Receptor activation (via ligand binding or constitutive activiggults in a conformational
change that allows the receptor to associate more efflyotith G proteins. The receptor
acts as a guanine nucleotide exchange factor by promoting thsaeliethe molecule of
GDP from the G protein, which is exchanged for a molecutpiahosine 5’ triphosphate
(GTP). As GTP is present at a higher concentration wittgrcell than GDP this leads to
fast binding of GTP. Binding of GTP leads to a conformationahgk causing the
dissociation of the heterotrimer into two signalling subuiits: subunit and a

complex. These subunits can then interact with their effetborause amplification in
signal via second messenger pathways.a Babunit has intrinsic GTPase activity and so
hydrolyses the terminal phosphate of GTP to form a molecul®éf @G R), which returns
thea subunit into an inactive state and promotes the reassoacidtiothebgcomplex —

ceasing signalling (Figure 1-3).

The GTPase activity of thesubunit can be modified by the binding of proteins known as
G protein Activity modifying Proteins (GAPS) including the Rigors of G protein
Signalling (RGS) family of proteins. The RGS proteins redheesignal transmitted by
thea subunit by increasing the rate of GTP hydrolysis, returnipgo®&in to the GDP-

bound state in a shorter time scale (De et al., 2000).
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Figure 1-3 — The G protein activation cycle (adapte d from Milligan and Kostenis, 2006). In the
inactive state the a subunit of the G protein has a molecule of GDP bound and is able to associate
with the bgcomplex. Upon activation the GPCR undergoes a conformational change that results in
an increase in affinity for the G protein. As a result the GDP molecule is exchanged for a GTP
molecule on the a subunit. This reduces the affinity of the a subunit for the bgcomplex, leading to
dissociation into two signalling complexes (the a and the bg complexes) which can interact with
their effectors, transducing the external signal into an intracellular response. Signalling is halted by
the hydrolysis of GTP to GDP (+ Pj) by the intrinsic activity of the a subunit. RGS proteins can
increase the rate of GTP hydrolysis, returning the G protein to the GDP bound state in a shoter
time scale.

Interestingly several studies have suggested that givet&in may not always dissociate
into a andbgcomplexes upon G protein activation; instead there may é&r@ngement
in the conformation of these subunits (Bunemann et al., 2003; EBtahk 2005). However
this may be specific for the g1 (Galés et al., 2005) and.fgfamily (Bunemann et al.,
2003) (see below) as activation of another G protein family (@s been shown to be
consistent with the classical model of G protein subunit diagoni(Janetopoulos et al.,
2001).

1.10.2 G protein coupling of the GRLN-R

There are 21 G proteinsubunits encoded for by 16 genes resulting in subunits that range
in size from 39-52 kDa (Downes and Gautam, 1999). Teigbunits can be classified,

based on sequence homology, into four subfamilies: &0, Gagrrand Giziz with

even the most diversesubunits exhibiting 50 % sequence homology (Milligan and
Kostenis, 2006).
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1.10.2.1  Gaqu

The Gy family consists of G, G 11, G 14, G 15 and Gy With G /11 ubiquitously
expressed and &1 expressed in hematopoietic cells (Milligan and Kost&86). This
family activates phospholipase @PLCb) isoforms which hydrolyse phosphatidyl inositol
[4,5] bisphosphate (P#Pinto 1,2 diacylglycerol (DAG) and inositol [1,4,5] trisphosghat
(IPs). IP; binds and activates $Bensitive C& channels on the ER, releasingOahich
causes an elevation in intracellular f{34[Ca®'];), whilst DAG activates the downstream
enzyme protein kinase C (PKC) (Figure 1-4). Activation ef@y11 G protein family can
be specifically blocked by YM-254890 (isolated fr@@hromobacteriunsp), which
specifically blocks the exchange of GDP for GTP on the G pratsubunit (Takasaki et
al., 2004).

Cloning of the GRLN-R revealed that the GRLN-R was coupletedzq11 pathway;
more specifically, the GRLN-R was found to couple t@:But not G4 (Howard et al.,
1996) Since then, coupling of the GRLN-R to thgy@ pathway has been confirmed in
numerous other studies, which have used calcium mobilisation ariwlipb®sphate
assays to measure activation of the GRLN-R, both upomtesatwith ghrelin and the
growth hormone secretagogues (McKee et al., 1997; Kojima, 4198I9; Holst et al., 2004;
Holliday et al., 2007; Holst et al., 2009).

Although the GRLN-R is expected to couple principally t@/{z there is also evidence
that the GRLN-R is able to couple to, and activate, mul@feotein pathways, i.e. the
receptor appears to be promiscuous. Promiscuity has been dextezh&ir a number of
other GPCRs, for example: theAR activates both Gzand G, (Kilts et al., 2000); the
metabotropic glutamate la receptor can activaie@ Ggq11 (Hermans et al., 2000) and
the muscarinic 1 receptor is preferentially coupled $9:&but can also activate
(Offermanns et al., 1994). Indeed, it appears that receptyrslisplay multiple active
conformations as situations in which a ligand acting at a poomiss receptor can
preferentially activate one G protein pathway over anothex haen described, a property
termed ‘functional selectivity’ (Urban et al., 2007). This baen demonstrated for the
serotonin receptor 5-HE where the ligand DOI was shown to preferentially activat
over Ggz11 (Berg et al., 1998).
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Figure 1-4 — Signalling pathways of the GRLN-R. A.  Signalling through the G,q11 pathway.
Activation of the G,q11 pathway activates PLCb, which hydrolyses PIP; into IP; and DAG. DAG
activates the downstream kinase PKC whilst IP; can activate |IP3 sensitive channels on the ER
causing an increase in [Ca2+]i. B. Signalling through G,s and G,j, pathways. Activation of the G,
pathway stimulates adenylate cyclase, which generates cAMP from ATP. cAMP activates the
downstream kinase protein kinase A (PKA). The G,j, pathway acts to inhibit adenylate cyclase
activation. C. In the G,1,/13 pathway, G protein activation causes the activation of Rho guanine
exchange factors (Rho GEFs), which are linked to the activation of Rho. Rho activates rho-
dependent kinase (ROCK), which stimulates c-Jun N-terminal kinase (JNK) and the formation of
stress fibres and in part, through these events, activates serum response factor transcription.
Activation of G,s; G.in and G,1,13 remains little studied for the GRLN-R.
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1.10.2.2 Gy

The G family is named due to their ability to stimulate adatg/icyclase. The family
consists of Gysy G su); G sxv) and Gorr — with G sbeing ubiquitously expressed and
expression limited to olfactory neurones, certain centrajonsrsystem ganglia, digestive
tract and urogenital tract (Milligan and Kostenis, 2006). Thgaanily acts to stimulate
adenylate cyclase activity, which converts ATP to cAMRe Tise in cCAMP in the cytosol

activates protein kinase A (PKA) (Figure 1-4).

In vivo studies of the GRLN-R have suggested that the receptobenable to couple to
the G;sG protein family. In rat NPY-containing neurones, ghrelin-induzaddium
mobilisation has been proposed to occur through activation of thEatway as a protein
kinase A inhibitor (H89) reduced the ghrelin-induced calcium regp@fshno et al.,
2003). In ovine somatotrophs, growth hormone secretion in responsattoeng with
GHRP-6 and GHRP-2 has been suggested to be mediated thraugticecof the Gs
pathway (Wu et al., 1997). The ability of the human GRLN-R to etgpGsin
recombinant systems remains controversial, with some studigesting the GRLN-R can
couple to G (Rossi et al., 2008; Caminos et al., 2005) whilst others sutigest cannot
(Cunha and Mayo, 2002; Casanueva et al., 2008).

1.10.2.3  Gaipo

The Gj, family is named due to their ability to inhibit adenylayelase activation (Figure
1-4) and consists of &, G o2, G i1-i3, G 7, G w2 and Ggust Subtypes. Ga.2is expressed in
neurones, neuroendocrine cells, astroglia and the hearti§expressed in neurones,,G
in platelets, neurones, adrenal chromaffin cells and neusiseccells, Gy in rod outer
segments and taste buds;,@ cone outer segments andytain the sweet and bitter taste
buds and the chemoreceptor cells in the airways (Milligarkarstenis, 2006). Pertussis
toxin (PTx) can catalyse the ADP ribosylation of a cysteasedue 4 amino acids from the
C-terminal which prevents functional interaction of theubunit (apart from G) with the

receptor.

As well as activating the gpathway, the GRLN-R has been demonstrated to activate the
Gaio pathway in cell lines endogenously expressing the GRLN-R @iat., 2004;
Maccarinelli et al., 2005). For example, ghrelin suppressi@iuabse-induced insulin
release in rat pancreatic isketells was shown to be mediated through the G protein

subunit Gz, as ghrelin suppression of insulin release was sensitiveatmment with PTx
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and completely abolished by treatment with the antisengeralcleotide specific for the
Gaiz subunit (but not by antisense oligonucleotides specific fara® G,is) (Dezaki et al.,
2007). Furthermore this suppression of glucose-induced insulineelessreduced by
treatment with the GRLN-R antagonist [D-fj$SHRP-6 (Dezaki et al., 2007) suggesting
ghrelin was exerting its actions through the GRLN-R coupled,o BGhe ability of the
GRLN-R to couple to the £, pathway has also been demonstrated in recombinant
systems expressing the human GRLN-R (Camina et al., 2007)exipeessing the human
GRLN-R and G; (Bassil et al., 2007).

Although it may appear counter-productive for a receptor to be@lbteuple to both G
and Gs the ability of the GRLN-R to couple to these proteins magdémn their local
and subcellular concentration. Indeed there is considerablenegitie suggest that GPCR
signalling components are organised together into lipid raft&sh can act to regulate
GPCR signal transduction (Insel et al., 2005).

1.10.2.4  Gaiona

The Gia3family is the least understood G protein family; it is ubiousty expressed and
associated with communications between heterotrimeric G praehsellular reponses
mediated by monomeric GTP-binding proteins (Rho), including morphotagydctin
reorganisation) and cell proliferation (Riobo and Manning, 2005u(Ei1-4).

The GRLN-R has been proposed to activate the serum respensnéimediated
transcription mainly through activation of g(Holst et al., 2004) although this pathway
may also be activated by various G protein systems such,a&6and G proteirbg
subunits (Mao et al., 1998; Gruijthuijsen et al., 2002; Nid.eP&03).

1.10.3 G protein-independent signalling

1.10.3.1 The mitogen-activated protein kinase casca de

Extracellular-regulated kinases (ERKs) belong to a langéyaof kinases collectively
known as the mitogen-activated protein kinases (MAPKSs) (Malfet Lefkowitz, 2001).
The activation of ERK1/2 occurs via activation of the Rgseddent cascade. Classically,
activation of the Ras-dependent cascade occurs via G proteiatian, which leads to
activation of Raf-1, a MAPK kinase kinase, which phosphorykiesiownstream MAPK
kinases MEK1 and MEK2. MEK1 and MEK2 can then phosphorylate ERKER#K
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(Miller and Lefkowitz, 2001). ERK1/2 activation leads to thenslocation of the active
cytoplasmic kinase to the nucleus where it activates numaensription factors
involved in mitogenesis and proliferation (Miller and Lefkow2901). Theb-arrestins
serve as multifunctional adaptors, scaffolding and/or sigaasttucers that connect the
activated receptor with diverse signalling molecules withencell (Lefkowitz and
Shenoy, 2005; Reiter and Lefkowitz, 2006) including members of tike MRPK signal

transduction pathway, such as the non-receptor tyrosine kinageu8rell et al., 1999).

For some GPCRs, such as the angiotensin Il type 1A red@itex), ERK1/2 activation
has been demonstrated to occur via a G protein-independent palimnaatudy by Wei et
al. (2003) -arrestin was shown to act as a signal transducer entigdpendent of G
protein activation. Using a modified angiotensin Il peptiGadjlle* 11®-angiotensin I1),
which is unable to activate G protein, recruitment-afrestin 2 to the receptor led to
activation of ERK1/2, although this was only to a level aroun®o5if that achieved by
wild-type angiotensin Il (Wei et al., 2003). Further studi¢s ERK1/2 activation by
angiotensin Il (acting on the A1 receptor) have demonstrated that activation of ERK1/2
occurs in a biphasic manner, with a rapid and transient respoediated via G protein
activation, and a slower, more prolonged response-aigestin activation (Ahn et al.,
2004).

1.10.3.2 G protein-independent signalling of the GR  LN-R

In addition to signalling via activation of G proteins, thRL®BI-R has also been
demonstrated to signal through a G protein-independent pathway tedeold-arrestin 1
andb-arrestin 2 (Camina et al., 2007). The activation of ERK&rs in a biphasic
manner, with the rapid ERK stimulation occurring via a G pmedependent mechanism
(through the coupling to £g11 and G, pathways), with the slower, persistant activation
of ERK1/2 being dependent on bdttarrestin 1 and 2. It is thought that thearrestin-
dependent ERK1/2 activation occurs via a mechanism that invehigsof the GRLN-R
into a multi-protein complex with Src-1, Raf-1, ERK1/2 and peshather components of
the MAPK cascade (Camina et al., 2007).

1.10.4 Desensitisation and endocytosis

The signalling response mediated by receptor activation chaltael at the level of the
receptor through the physical uncoupling of the receptor from the Eimpratprocess

known as desensitisation. Desensitisation acts as a pretemithanism against receptor
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over-stimulation allowing a fast attenuation (within seconfithesignal after agonist
exposure, allowing the cell to respond to several successnaeetular stimuli over time
(Chuang et al., 1996). There are two mechanisms of deseimitigeterologous and

homologous desensitisation.

Heterologous desensitisation occurs when an activated GR@Rsdesensitisation of
surrounding receptors. Binding of an agonist causes activatiocaidenessenger
kinases, for example, PKA and PKC. Once activated, PKAP&@ can phosphorylate
serine and threonine residues in the C-terminal tail an@ EIGPCRs, resulting in a 40-
50 % loss of receptor function (Chuang et al., 1996). As they ddistotguish between
activated and non-activated receptors, this can lead te#@nsitisation of surrounding

inactive receptors.

In contrast to heterologous desensitisation, homologous deseiwsitisahe specific
desensitisation of active receptor. Following activation, ¢ieeptor is phosphorylated at
serine and threonine residues in the C-terminus and ICL3 égtsrcond messengers
produced via G protein activation (such as PKA and PKC) or pyo@in receptor kinases
(GRKs). GRKs are proteins that are recruited to theptecafter receptor activation, at
least partly by dissociated,gBSubunits (Kristiansen, 2004). GPCR phosphorylation causes
minimal desensitisation, but increases the affinity of goeptor for the binding of

cytosolic proteins named arrestins.

There are two main classes of arrestins — the visual amdagcogstins and thearrestins
(which are ubiquitously expressed outside the retina, with liigtiest expression in
neuronal tissue and in the spleen; Attramadal et al., 1992)plRbrgtation of active
receptor by GRKs causes arrestin translocation fromytiosa@ to the plasma membrane

where arrestin binds to the receptor, physically uncoupling thet@in-receptor complex.

Following desensitisation the receptor may become physiaatipved from the cell
surface into intracellular membrane vesicles, a process kaswndocytosis. The classical
pathway in which an activated GPCR is endocytosed is throudbrthation of clathrin-
coated pitsb-arrestins 1 and 2 contain two recognition sites whiagwathem to link
GPCRs with two components of the endocytic machinery; atesimd theb2-adaptin
subunit of the clathrin adapter protein 2 (AP-2) complex (Gooddreet al., 1996;

Laporte et al., 1999). The AP-2 complex also binds to clagimthdynamin (Kirchhausen,
1999). Dynamin is a GTPase that pinches off the vesiclikotw transport of the clathrin-
coated vesicle into the cytosol (Hinshaw and Schmid, 1995; Bakéi, 1996). Once
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internalised a receptor can then either be recycled batle tcell surface or targeted to the

lysosome for degradation.

Interestingly, for the GRLN-R the process by which thejpéar is internalised in response

to ghrelin differs to that involved in the constitutive imigisation of the receptor.

1.10.4.1 Ghrelin-mediated GRLN-R desensitisationan d
endocytosis

The GRLN-R appears to undergo homologous desensitisation as, upon expaguelin,
a rapid attenuation of the ghrelin response is observed, reduttmg combination of
uncoupling of the receptor from G protein and internalisatioheféceptor into
intracellular compartments (Camina et al., 2006). Althoughether several potential PKC
phosphorylation sites in the C-terminal tail of the GRLN-R (Ggere 1-2), the
homologous desensitisation of the GRLN-R does not appear to batetedy PKC, as
pre-treatment with the phorbol ester phorbal-12-myristate-13-ad@t&tA), which
activates PKC, failed to reduce specific binding of [HRj]-ghrelin to the GRLN-R
(which shows the receptor is still located at plasma mang)r(Camina et al., 2004).
However PKC was shown to cause heterologous desensitishiorraunding receptors
susceptible to regulation by PKC, such as the lysophosphatidi¢L&th) receptor
(Camina et al., 2004).

Two studies have suggested that ghrelin-activated GRLNReishalised principally by a
clathrin-coated pit mechanism (Camina et al., 2004; Holletaf., 2007). Ghrelin
stimulation of the GRLN-R has been shown to cause receptoplpbry$ation, recruiting
b-arrestin 2 to the receptor. The recegiearrestin 2 complex is then internalised via
vesicles that co-localised with transferrin — a mad€eslathrin-mediated endocytosis and
recycling compartments. It appears that the clathrin-coatedhgih become early
endosomes by dropping their clathrin coat, as the GRLN-R cadesakith an early
endosome marker ‘early endosome autoantigen 1’ (EEA1) (Camaha 2004) and the
monomeric G protein Rab5a (which is essential for docking oflEi6Ahe endosomal
membrane; Patki et al., 1997; Simonsen et al., 1998; Midlk,et998; Christoforidis et al.,
1999). It is suggested that ghrelin then dissociates frometeptor in the acidified

endosomal compartments where it is subsequently degraded by the lgsdfaguare 1-5).

Following internalisation, the GRLN-R appears to recytlack to the plasma membrane

as, in one study, 360 min after ghrelin stimulation, inpifressence of cyclohexamide



Kirstie Ann Bennett, 2009 Chapter 1, 59
(which blocksde novoprotein sysnthesis) the level of GRLN-R measured apldmma
membrane in radioligand binding studies was close to the nesatured before ghrelin
treatment (Camina et al., 2004). In support of this Hollidaycatidagues demonstrated
that the GRLN-R was found localised in Rab 11a-positive cameats, compartments
that mediate slow recycling such as the perinuclear regycbmpartment (PNRC)
(Holliday et al., 2007).

Receptor re-sensitisation determines the frequency of ghiesponse (Camina et al.,
2006). In a study by Camina et al. (2004) the maximal internaimsat the GRLN-R (in
CHO and HEK293 cells transfected to express the GRLN-R)pbsesrved within 20 min

of the ghrelin stimulus whilst the whole recycling process stesvn to take around 3-6 h.
This fits in well with physiological studies, which have shdahait growth hormone release
in response to ghrelin is blunted if one pulse is given 60 man aft initial pulse, whereas
the full GH response is seen if the pulses are separated pb24B0Or 360 min (Tolle et al.,
2001).

Depending on their association witkarrestins, GPCRs can be classed into one of two
classes; class A or class B. Class A receptors hawgharhaffinity forb-arrestin 2 thai-
arrestin 1; whereas class B receptors have equally gfforib-arrestins 1 and 2 (Oakley
et al., 2000). As class A receptors bindbtarrestin 2 in a transient manner the receptor-
arrestin complex dissociates rapidly when the receptatasnalised (Pierce and
Lefkowitz, 2001; Luttrell and Lefkowitz, 2002). In contrast clas®8eptors exhibit
slower recycling kinetics as they form more stable recdptmrestin complexes, resulting
in internalisation of the whole complex into endosomes (&lhitind Lefkowitz, 2002).
Due to the extremely slow recycling kinetics of the GRRN:ompared to other GPCRs
(Luttrell and Lefkowitz, 2002), it appears that the GRLN-khternalised via a class B

mechanism, however, this needs to be further explored.

1.10.4.2 Constitutive GRLN-R endocytosis

Although the ghrelin-induced internalisation of the GRLN-R wlagwn to bév-arrestin 2
mediated, the constitutive internalisation of the GRLN-Riptad in the presence of a
dominant negative version bfarrestin that competes for interaction with clathrin
(Holliday et al., 2007). Indeed constitutive internalisatiorhefGRLN-R was also
detected in mouse embryonic fibroblasts that lack bedfrestin 1 and 2 (Kohout et al.,
2001) that had been transfected with the GRLN-R (Hollida}.e2007). However,

constitutive internalisation of the GRLN-R was mediatedugh clathrin-coated pits (e.g.
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the internalisation was dependent on both Rab 5 and Rab 11); dppeérs that the
constitutive internalisation of the GRLN-Rhsarrestin-independent but may instead
internalise through interaction with, for example, AP-2 (Holligdaal., 2007) (Figure 1-5).
Indeed it is possible that AP-2 interacts directly with tiRL8-R, as the C-terminus of the
GRLN-R contains a dileucine motif (LL) and a tyrosine-basetfriYRVAV) that can

act as binding sites for AP-2 (Kirchausen et al., 1997; Hellatal., 2007).

Upon treatment for 15-30 min with the inverse agonist SPA,dhstitutive internalisation
of the GRLN-R was ablated (Holliday et al., 2007; Holstlet2004). This suggests that
the constitutive internalisation of the GRLN-R occura &dster rate than the 3-6 h
measured for the ghrelin-induced internalisation, although medéestare needed to
compare both ligand-dependent and ligand-independent receptor iisegroaliwithin the

same study.

Interestingly, the C terminal tail of the GRLN-R has bskawn to contain information
that leads to the constitutive internalisation of the receptarexample, Holliday and
colleagues conducted a study with chimeric receptors, wheretdren@al tail of the
GRLN-R (from the NPXXY motif) was swapped with the Crbémal tail of the related
(and constitutively active but not constitutively internalised) peareGPR39 (and vice
versa). Unlike the wild-type GRLN-R, which was predominalitated in intracellular
regions of cells, the GRLN-R receptor with the C-terrhiaé of GPR39 was localised
primarily at the plasma membrane. The converse chimera3&Rih the GRLN-R C-
terminal tail) showed reduced cell surface expression, bepter that did reach the
surface was constitutively internalised (Holliday et al., 208@) the GRLN-R, the
constitutive activity of the receptor appears to be necgbshimot sufficient for GRLN-R
endocytosis, as blocking the constitutive activity of the GHRMWith SPA leads to a
redistribution of the GRLN-R to the plasma membrane. Howievitre GRLN-R receptor
chimera with the GPR39 tail constitutive endocytosis istiyeaduced suggesting that

other regulatory elements in the C terminus are also nebidddlay et al., 2007).

1.10.5 Constitutive activity

1.10.5.1 Introduction to constitutive activity

In 1989 Costa & Herz introduced the concept of constitutive activi which a receptor
can form a spontaneously active conformation in the abserigaidl) after the discovery

that the opioid receptor could signal in the absence of ligand (Costdlarz, 1989).
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Figure 1-5 — Endocytosis of the GRLN-R (adapted fro m Holliday et al., 2007). Endocytosis of
the GRLN-R occurs via two distinct pathways. Ligand-dependent internalisation occurs via
interaction of the activated receptor with b-arrestin-2 (and presumably AP-2). The receptor is
internalised via clathrin-coated pits, which discard their clathrin coats to become early endosomes
(as demonstrated by co-localisation with the early endosome markers EEA1 and Rab 5). Itis
thought that ghrelin dissociates from the receptor in the early endosomes and is subsequently
degraded in lysosomes. The internalised GRLN-R is expected to be able to signal via G protein-
independent mechanism to activate the MAPK pathway. Receptor is then recycled back to the
plasma membrane via recycling endosomes such as the peri-nuclear recycling compartment
(PNRC) (where the GRLN-R co-localises with Rab 11). This cycle shows very slow kinetics (3-6 h),
which suggests the receptor internalises via a class B mechanism. The constitutive internalisation
of the GRLN-R does not require b-arrestins. Instead it has been suggested that AP-2 can bind to
the C-terminus of the GRLN-R to internalise the GRLN-R via a clathrin-coated pit-mediated
mechanism. Once again the clathrin-coated pits are expected to become early endosomes by
shedding their clathrin coat and the receptor is recycled back to the plasma membrane via a Rab
11-positive compartment. The constitutive internalisation and recycling of the GRLN-R appears to
be much faster (15-30 min) than the ligand-induced internalisation/recycling of the GRLN-R.
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Since then many GPCRs, across all classes have been whbg/nonstitutively active
including the class A,AR (Milano et al., 1994); the class B calcitonin receptor (Qadte
al., 1997) and the class C metabotropic glutamate recepteeéeret al., 1996).

Naturally occurring mutations in receptors that cause ligadelpendent activation have
also been identified and linked to diseases such as corgegitablindness (in the case
of the rhodopsin receptor; Rao et al., 1994). Indeed there mraabelieve that a degree
of constitutive activity occurs in all GPCRs (the one pxoa being the highly-specialised

rhodopsin receptor) (Bond and ljzerman, 2006).

The methods used to study constitutive activity rely heavilyafitro studies, which may
lead to over-expression of the receptor and, consequently,tatwstreceptor activity
may be an artefact of the expression system (SeifeM\amdel-Seifert, 2002).
Nevertheless, studies of GPCRs in native systems (e AR in turkey erythrocyte
membranes; Mewes et al., 1993) and intact orga#dxin normal heart tissue; Varma et

al., 1999) have clearly demonstrated that constitutive actieiturs in native systems.

1.10.5.2 Receptor activation models and receptor th  eory

Various models have been proposed and modified to explain thetiactidhGPCRs as

our knowledge of receptor activation has expanded (Rang, 2006). @eesimplest

models is the two-state model, which states that a recexigts in equilibrium between an
inactive (R) and an active (i state. In the absence of agonist, the majority of recept
exists as Rwhilst binding of an agonist alters the equilibrium to faimumation of R.

To incorporate binding of G protein, the extended ternary compleximagegormed

(Figure 1-6; Samama et al., 1993), which takes into account #ragtibns between
receptor and G protein in addition to interactions betweempt@cand agonist, thus
allowing a receptor to form a;Rtate that can couple to G protein (and transduce asignal

in the absence of agonist (i.e. it incorporates constitutiveptor activation).

Ligands acting on GPCRs can be characterised by the wdtineir effects, governed by
affinity (how tightly a ligand binds to a receptor) and efficéibe ability of a ligand, once
bound, to elicit a response) (Kenakin, 2001). Thus ligands can Isdiethsas agonists
(full or partial), inverse agonists (full or partial) or agaaists. A full agonist (which
displays high affinity for the Rstate) is able to produce a system maximal response,
whereas a partial agonist would produce a measurable but submeegpa@ise. An

inverse agonist has higher affinity for thesRate rather thanRthus it favours formation
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Figure 1-6 — The extended ternary complex model.  The model describes the spontaneous
formation of an active receptor state (R,) from inactive receptor (R;) according to the allosteric
constant L. The active receptor can form a complex with G protein spontaneously (R,G) or after
agonist (A) activation (AR,G). K4 and Kg are the equilibrium dissociation constants of the ligand-
receptor and G protein-receptor complexes, respectively. The term a refers to differences in affinity
for a ligand for R, over R;, whilst g denotes the multiple differences in affinity of the receptor for G
protein when ligand is bound to receptor.

of R;, blocking constitutive receptor activation. Like agonists, is@@gonists can be
classed either as full inverse agonists (fully able to btagistitutive activity) or as partial
inverse agonists (those which only partially block constitudistévity). An antagonist is a
ligand which has equal affinity forilRnd R, thus it produces no change in the equilibrium
between Rand R (i.e. it has no efficacy), but can block the actions aigonist either

reversibly (a competitive antagonist) or irreversibly (nompetitive antagonist).

1.10.5.3 Constitutive activity of the GRLN-R

Before 2003 the majority of studies into the pharmacology oGREN-R focused on
measuring calcium mobilisation as a read-out of receptoradictiv In this assay the
GRLN-R appeared to be devoid of any constitutive actititwever, in 2003 Holst and
colleagues discovered that the GRLN-R was constitutivelyeain inositol phosphate
accumulation assays (i.e. via activation of thgpathway) and in assays measuring
cAMP-responsive element (CRE) binding protein phosphorylation (whedsures
activation of both the 11 and Gs pathways) (Holst et al., 2003). Thus the lack of
constitutive activity of the GRLN-R in the calcium mosdtion assays appeared to be due
to the fact that calcium has to be kept within striatgins within cells (Holst et al., 2003).
A year after the first reports of the constitutive atyiwdf the GRLN-R, constitutive
activity of the GRLN-R was also measured in the seresponse element-mediated

transcription pathway, a pathway which is expected to be tedivey Gisfor the GRLN-
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R (Holst et al., 2004) (but may also be activated RyGG,; Mao et al., 1998;
Ponimaskin et al., 2002; Gruijthuijsen et al., 2002; Niu e2803).

To investigate whether the receptor was truly constitutivetiye, gene-dosing
experiments were performed showing that constitutive CRE-biruivtgin
phosphorylation increased in COS-7 cells as GRLN-R cDNA n@sased; although the
same was not true for the motilin receptor, GPR38, in whietbasal activity of the
receptor remained the same (Holst et al., 2004). This cldanhpnstrated that the
constitutive activity of the GRLN-R was not an artefacteafeptor over-expression.
Furthermore as downregulation of CRE-mediated gene traneariptis shown to be a
major signal transduction pathway for the effects of theedizdnormone leptin in
NPY/AGRP-containing neuronés vivo, it suggests that constitutive activation of CRE-
mediated gene transcription by the GRLN-R (Shimizu-Albergire., 2001) played an

important role in appetite regulation (Holst & Schwartz, 2004).

Generally it is very difficult to determine thre vivo physiological importance of
constitutive activity (Holst et al., 2003). However, ratimerestingly, analyses of
naturally occurring missense mutations at the GRLN-R (wHitdtethe ligand-
independent activity of the GRLN-R) have been associatedtétidevelopment of an
obese/short stature phenotypevivo (Wang et al., 2004; Pantel et al., 2006), thus
demonstrating that constitutive activity appears to samienportant functionn vivo.

Whilst the finding that a high level of GH secretion couldriEasured in isolated pituitary
cells that express the GRLN-R (Cervia et al., 2002) wihastgultured isolated cells should
mean they are devoid of any hormonal tone, suggests the GH rislbagey mediated via

the constitutive activity of the GRLN-R and this likely acgin vivo.

It is worth noting that the GRLN-R does not appear to dispigycanstitutive
activity/constitutive internalisation when expressed in Giéds (i.e Camina et al., 2004;
Camina et al., 2006). This appears to be a cell-speciBicteds constitutive activity has
been measured in other recombinant expression systems $dEK233 cells (Holliday et
al., 2007) and COS-7 cells (Holst et al., 2003; Holst et al., 2&@d)may reflect the
absence of machinery required for signal generation or receptaraligation.
Furthermore the GRLN-R does not appear to constitutivelyadetihe MAPK pathway
(as measured through ERK1/2 phosphoryation) (Holst et al., 2004). 8wnrtor this is
not clear as constitutive activation of the MAPK pathway loe measured for other

constitutively active receptors, such as the virally encodeeptor ORF-74 (Smit et al.,
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2002). On the other hand, other regulatory mechanisms mayplacato stop excessive

ERK activation, regulating constitutive signalling of the lBRR.

1.10.6 Allosterism

1.10.6.1 Introduction to allosterism

The primary binding site for the endogenous ligand on a GPCR isdeh@m®rthosteric
site, however ligands may also bind to a topographically distitecon the receptor; a site
termed the allosteric site. Although allosteric modulatogsu(ids that bind to the allosteric
site) are well established as research tools and thelapgants of ion channels, they
have not been a traditional focus of drug discovery efforGRERs (Conn et al., 2009).
Recently the potential of allosteric modulators as therapturgets of GPCRs has been
proven with two allosteric modulators entering the market, cioei;aa modulator of the
calcium-sensing receptor (Harrington and Fotsch, 2007) and maravimaadulator of the
chemokine receptor CCR5 (Dorr et al., 2005).

Allosteric modulators can act to modify the affinity of théhosteric ligand for a receptor
and/or modulate the efficacy of orthosteric ligands. For exampbien both the orthosteric
and allosteric sites are occupied by ligand, an allostg@gcaction between the sites occurs
allowing the allosteric modulator to increase or decreasaftmity of the orthosteric

ligand for the receptor (i.e. the allosteric modulator showgipesir negative co-
operativity, respectively). An allosteric effect oniedicy can be shown as changes in the
potency and/or efficacy of the orthosteric ligand, as demaedthky the action of the
allosteric modulator CGP7930, which enhances both the potency arateffif GABA at
the GABAg receptor (Urwyler et al., 2001).

In addition, ‘allosteric agonists’ have also been identjfiglgich are ligands that express
the property of agonism in the absence of bound orthosteric lijdamddt al., 2007). This
was first demonstrated for the adenosinegteptor, where the allosteric modulator PD
81723 was shown to be able to activate thg @athway on its own but it was also shown
to enhance the binding of the orthosteric radioligdhij-§yclohexyladenosine when both

ligands were present (Bruns and Fergus, 1990).

1.10.6.2  Detecting an allosteric effect

Ideally to confirm an allosteric mode of action threeeci@ need to be met. Firstly, the co-

operativity between an allosteric ligand and an orthostgaadl means that allosteric



Kirstie Ann Bennett, 2009 Chapter 1, 66

interactions are proposed to have a saturable or ‘ceilingteffdereby increasing
concentrations of the allosteric modulator fail to shift the eatration-response curve of
the orthosteric ligand any further. Thus one of the charactsristian allosteric interaction
is that there is saturability in effect. Secondly, allosteffects are predicted to show
‘probe-dependence’. This is because co-operativity can chatiyeadh ligand so that an
allosteric modulator can inhibit the binding of one orthosteric ligainidst having no
effect on a second orthosteric ligand (Leach et al., 2007).hBsi®een demonstrated for
the chemokine receptor CCR5 where the allosteric modulator GSK8¢gd@s a
receptor conformation that inhibits binding of the orthosteric liga@d3 without
affecting binding of a second orthosteric ligand CCL5 (Watsoh,e&2@5). Thirdly, as
dissociation of the orthosteric ligand is altered by the presef an allosteric ligand (the
binding of an allosteric modulator to a GPCR causes a conformiativerage that alters
association or dissociation rate constants that govern bindihg ofthosteric ligand) an
alteration in the kinetics of binding of an orthosteric probé¢aréceptor in the presence

of an allosteric modulator can be used as a determinationadfosteric effect.

1.10.6.3  Allosteric modulation of the GRLN-R

Holst and colleagues have suggested that L-692,429 and GHRRxlboateric agonists of
the GRLN-R, as co-administration of ghrelin with eithe8%2,429 or GHRP-6 acted to
increase or decrease the potency of ghrelin as welltiag &g increase the efficacy of
ghrelin. However co-administration of ghrelin with MK-677 had ne&fbn the potency
of ghrelin although MK-677 acted to increase the efficacyhotlgn (Holst et al., 2005).
Both GHRP-6 and L-692,429 failed to fully compete with bindintheforthosteric probe
[His[**3]]-ghrelin which suggested that these compounds were bindingtateanghe
receptor distinct from ghrelin, whereas MK-677 could fully coraget ghrelin binding
(suggesting that MK-677 was a simple orthosteric ligand). Thus 14892nd GHRP-6
were termed ‘ago-allosteric modulators’; a term coined sorilee ligands that function
both as agonists and as allosteric modulators of the potency affidéaxyeof the
orthosteric ligand (Schwartz and Holst, 2006). Although in the studyolst et al. (2005)

none of the three hallmarks of an allosteric effect weresitigated thoroughly.

However, allosteric modulation of the GRLN-R by L-692,429 andR8Hb is complicated
by the finding that these ligands share an overlapping bindingigitghrelin on the
receptor. Thus to account for this observation the GRLN-R was pabpmsgist as a
dimer where ghrelin could bind to one protomer of the dimer ledtimgecond protomer
free to bind GHRP-6 or L-692,429 whereby they could exert tHestatic effects (Holst
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et al., 2005). This model also allows MK-677 to co-bind with ghraticounting for the
increase in efficacy of ghrelin in the presence of MK-67ZH@&absence of any allosteric
effects). Allosterism across a dimer has been demdoedtfar the chemokine receptors.
Using a hetero-dimer formed by CCR2 and CCR5, dissociatipi®iMCP-1 from CCR2
was shown to be strongly increased by the presence of unthb#felb, a ligand for
CCRY5, suggesting that ligand binding in one monomer induced a catfona change in

the partner, resulting in faster dissociation of the bound lig8pdngael et al., 2006).

1.11  Project aims

The GRLN-R has become an attractive therapeutic targehly due to its effects in
stimulating GH release and its role in the regulation of @epend energy homeostasis.
Although the signalling of the GRLN-R through the activatiothef G.q/11 pathway is

well studied there is a lack of information about the sigmabf the receptor through other

pathways, such asafs.

The aim of this project was to investigate activatiorhef@&;, pathway in a heterologous

system. Specifically to:
1. Further investigate ago-allosteric modulation of the GRLN-Re G, pathway.

2. Compare the signalling of the GRLN-R through activatiothefG,y11 pathway
and the Gy, pathway to see if there is any difference in the poteraidfor

efficacies of ghrelin and the growth hormone secretagogubsse pathways

3. Investigate whether naturally occurring mutations of tR&K-R (A204E and
1134T) affect the function of the GRLN-R through both thg/zand Gi.

pathways.
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2 Materials and methods

2.1 General reagents, enzymes and kits

Alpha Biotech Ltd., London, UK
GF/C Glass fibre filters
BDH, Lutterworth, Leicestershire, UK

22 mm coverslips, acetic acid, formaldehyde, methanol, microstioles, KOH, sodium

formate

Biorad, Hemel Hempstead, UK

1 x 8 formate form 200-400 mesh size Do®Wenesin

Fisher Scientific UK Ltd, Loughborough, Leicestershire, UK

CaCl, D-glucose, ethanol, ethylene glycol, isopropranolol, glaciti@eacid, glycerol,
glycine, 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HERKCI, KH,PO,,
methanol, 3-(N-Morpholino)propanesulfonic acid (MOPS), NaCl, sodiumaybdalphate
(SDS), sucrose, Mngl

Flowgen Biosciences Ltd., Nottingham, UK
Agarose
GE Healthcare Life Sciences, Little Chalfont, Buckinghammise, UK

Full range Rainbow™ molecular weight markers, protein G, wipeah agglutinin

(WGA)-polystyrene LEADseeker imaging beads
Greiner Bio-One Ltd., Stonehouse, UK

96 deepwell blocks
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Invitrogen Ltd., Paisley, UK

ER-Tracker™ red (glibenclamide BODIPY® TR), NuPage Novexqast 4-12 % Bis-
Tris gels, NuPage MOPS SDS running buffer, WGA-Alexa Fluor®dsijugate

Konica Europe, Hohenbrunn, Germany

X-ray film

Merck Chemicals Ltd., Beeston, Nottingham, UK

Luria-Bertani (LB)-agar, LB-bouillon, nonident P-40 (NP-40), pansobeiads
Perkin Elmer Life and Analytical Science, Boston, MA

AlphaScreen cAMP assay kit, Ultima Gold XR liquid scintiba cocktail, Unifilter® 96
well GF/B filter block

Perbio Science UK Ltd., Cramlington, Northumberland, UK
Supersignal West Pico chemiluminescent substrate (ECL)
Promega UK Ltd., Southampton, UK

All restriction endonucleases, T4 DNA ligase, Pfu DNAypwrase, Wizard™ Plus SV

miniprep kit

Qiagen, Crawley, West Sussex, UK

QiaQuick PCR purification kit, QiaQuick gel extraction kiia€iter maxi-prep kit
Roche Diagnostics Ltd., Lewes, East Sussex, UK

Complete EDTA-free protease inhibitor tablets, DNA molecwight marker X, Endo-
acetylglucosaminidase H (Endo H), peptide{Bicetyl- -glucosaminyl)-asparagine
amidase (PNGaseF)
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Sigma-Aldrich Company Ltd., Poole, Dorset, UK

Ammonium formate, ampicillin, ascorbic acid, BCA solutionbfomophenol blue, bovine
serum albumin (BSA), deoxycholic acid (sodium salt), CHAP§33zholamidopropyl)
dimethylammonio]-1-propanesulfonate hydrate), dimethyl sulfoxide SDi)

dithiothreitol (DTT), ethylenediaminetetraacetic acid (ED;Téthylene glycol-O,0’-bis(2-
aminoethyletherN,N,N,N -tetraacetic acid (EGTA), ethidium bromide, ethylene gjlyc
Ficoll, forskolin, guanine diphosphate (GDP), glycerol, guaniphdsphate (GTP),
guanosine 5’-O-(3-thio)-triphosphate (GT), HCI, 3-isobutyl-1-methylxanthine (IBMX),
lithium chloride, MgC}, orange G, perchloric acid, polyethylenimine (PEI), pluronic F-
127, RbC}, NaoHPQ,, di-sodium orthophosphate, di-sodium tetraborate, sodium acetate,
sodium azide, NaCl, NaiRO,, NaOH, Triton X-100, Tween-20, Tris-base, xylene cyanol.

Stratagene, Amsterdam, The Netherlands

QuikChange® site directed mutagenesis kit

Thermo Electron, Ulm, Germany

Immu-mount, all oligonucleotides used for PCR reactions

Whatman International Ltd., Maidstone, UK

Protran® nitrocellulose transfer membrane

2.2 Antibodies and antisera

Abcam, Cambridge, Cambridgeshire, UK

Rabbit anti-calnexin polyclonal antibody

Amersham Pharmacia Biotech UK Ltd., Little Chalfont, Bkinghamshire, UK

Donkey anti-mouse lIgG-horse radish peroxidase (HRP) conjugate ydamikeabbit 1gG-
HRP conjugate
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Roche Diagnostics Ltd., Lewes, East Sussex, UK

Monoclonal mouse anti-haemagglutinin (HA) antibody (clone 12CADb) vasicular

stomatitis virus glycoprotein (VSV-G) antibody

GFP antisera and all G protein antisera were produced in-HBysetein antisera were

raised against peptides based on the last 10 amino achus Gfterminal tail.
Sigma-Aldrich Company Ltd., Poole, Dorset, UK

Rabbit anti-goat IgG-HRP conjugate, rabbit anti-GFP N-termamiody.
2.3 Pharmacological compounds

Bachem (UK) Ltd., St. Helens, Merseyside, UK

Ghrelin (human), [D-ArgD-Phé,D-Trp"° Leu']-substance P (SPA), (amino acid
sequence: His-D-Arg-Pro-Lys-Pro-D-Phe-GIn-D-Trp-Phe-D-Trp-Leu-NH,)

GlaxoSmithKline, Harlow, Essex, UK

MK-677 (systemic name: 2-Amino-2-methyH1-(1-methylsulfonylspiro[®-indole-3,4'-
piperidine]-1'-yl)-1-oxo-3-(phenylmethoxy)propan-2-ylJpropanamide) was kingbplsed
by Alan Wise

Sigma-Aldrich Company Ltd., Poole, Dorset, UK

Growth hormone releasing peptide-6 (GHRP-6) (amino acid sequeiseB:Trp-Ala-
Trp-D-Phe-Lys-NH)

Tocris, Avonmouth, Bristol, UK
L-692,585 (systemic name: 3-[[(2R)-2-Hydroxypropyllamino]-3-methyl(8R))-2,3,4, 5-

tetrahydro-2-oxo-1-[[2'-(1H-tetrazol-5-yl)[1,1'-biphenyl]-4-ylmethyllH-1-benzazepin-3-

yl]-butanamide)
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2.4 Radiochemicals

Amersham Pharmacia Biotech UK Ltd., Little Chalfont, Bkinghamshire, UK
[**S]GTP S, PH]myocinositol

Perkin Elmer life and analytical science, Boston, MA

[His[*#A]]-ghrelin

2.5 Tissue culture disposables and reagents
American Tissue Culture Collection, Rockville, USA

HEK293T cells

Clontech, Saint-Germain-en-Laye, France

pECFP-N1 vector

Costar, Cambridge, MA., USA

5 mL, 10 mL and 25 mL pipettes, 25 g5 cnf and 125 crhivented tissue culture flasks,
6 well plates, 10 cAdishes

Invitrogen BV, Groningen, The Netherlands

Blasticidin, Dulbecco's modified Eagle's medium (DMEM3ddium pyruvate), Flp-In T-
REx HEK293 cell line, foetal bovine serum (FBS), L-glutamine (@00), Hank’s
buffered saline solution (HBSS), Lipofectamine transfeateagent, minimal essential
medium (MEM) non-essential amino acids, new born calf seraC®, optimem, 100 x

penicillin-streptomycin mix, Versene, zeocin
Roche Applied Science, Lewes, East Sussex, UK

Hygromycin B
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Sigma-Aldrich Company Ltd., Poole, Dorset, UK

DMEM (- sodium pyruvate, + L-glutamine, + 4.5 g/L glucose) Q2%ypsin-EDTA,

pertussis toxin, poly-D-lysine

2.6 Buffers and solutions

2.6.1 Molecular biology buffers and solutions

Buffer 1 (for the preparation of competent bacteria)

30 mM potassium acetate, 0.1 M RRAI0 mM CaC}, 50 mM MnCh and 15 %)
glycerol; pH 5.8. The solution was filter sterilised (throagh.2 m filter) and stored at 4
°C.

Buffer 2 (for the preparation of competent bacteria)

10 mM MOPS (pH 6.5), 75 mM Cag£10 mM RbC4, 15 % glycerol; pH 6.5. The
solution was filter sterilised (through a OM filter) and stored at 4 °C.

DNA loading buffer (3 x)

15 %) Ficoll (dissolved in HO and autoclaved), 20Q- saturated bromophenol blue,

200 L saturated orange G, 2% saturated xylene cyanosol.
Laemmli buffer (5 x)

0.4 M DTT, 0.17 M SDS, 50 mM Tris-base, 5 M urea, 0.Q4.ypromophenol blue.
Buffer was stored at —20 °C.

Phosphate buffered saline (PBS) (10 x)

137 mM NacCl, 2.7 mM KCI, 1.5 mM KHPQy, 10.2 mM NaHPOy; pH 7.4. 1 x PBS was
prepared by diluting the stock 1:10 in(H

20 % Pluronic F-127

A 20 %) Solution was prepared by dissolving pluronic F-127 in DMSO &€37
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Tris acetate-EDTA (TAE) buffer (50 x)

40 mM Tris-base, 1 mM EDTA (pH 8), 5.719 glacial acetic acid. 1 x TAE was
prepared by diluting 1:50 prior to use.

Tris-EDTA (TE) buffer

10 mM Tris-base, 0.1 mM EDTA,; pH7.4. Buffer was stored €.

2.7 Molecular biology protocols

2.7.1  Preparation of LB plates

LB-agar was prepared as per manufacturer’s instructionssdlbiton was autoclaved and
allowed to cool to 50 °C before addition of the appropriate anigbiampicillin (final
concentration 50g/mL for pcDNA3, pcDNA3.1, pcDNA5 and pOG44 vectors;
Invitrogen) or kanamycin (final concentration 3§ mL for pECFP-N1 vector; Clontech).
The medium was gently mixed to ensure antibiotic was distritagedilly before
approximately 25 mL was poured into a Petri dish. The plates lef to set at room

temperature before storage at 4 °C. Unused plates weszdisl after 1 month.

2.7.2  Preparation of competent bacterial cells

XL1 blue cells (a strain dEscherichia coli were streaked out onto an LB agar plate (in
the absence of antibiotics) and incubated for 16 h (37 °C). Aestoipny was used to
inoculate a 5 mL culture of LB media, which was incubated fdr it6a shaking incubator
(37 °C). This culture was added to 100 mL of LB media and gimwsrshaking incubator
(37 °C) until the optical density of 0.48 at 550 nm was reacFteal culture was chilled on
ice for 5 min, then centrifuged in sterile falcon tubes (328010 min; 4 °C) to pellet the
bacteria. The supernatant was removed and the pelletperslexd in 20 mL of competent
bacteria buffer 1. The suspension was incubated on ice fan Hnor to centrifugation
(3220 xg; 10 min; 4 °C). The supernatant was carefully remaratithe pellet re-
suspended in 2 mL of competent bacteria buffer 2. After in@rban ice for 15 min the

competent bacteria were aliquoted into sterile Eppendorf aurmkstored at —80 °C.
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2.7.3  Transformation of competent bacteria

An aliquot of competent bacteria was allowed to thaw onlic) ng of DNA was
incubated with 50 L of competent bacteria (15 min; 4 °C). The bacteria webgected to
heat-shock (90 s; 42 °C) and returned to ice for 2 min b#feraddition of 450 L of LB
medium. The cells were incubated in a shaking incubator (4537MitC) to allow
recovery. 100 L of the reaction was spread onto an LB plate containinggheopriate

antibiotic and incubated inverted overnight afG7

2.7.4  Preparation of plasmid DNA

2.7.4.1 Mini preps

DNA was purified using Wizard™ Plus SV miniprep kit. 1.5 nfladacterial culture was
pelleted by centrifugation (16,000gx5 min) and subsequently resuspended in 256f
re-suspension buffer (50 mM Tris-HCI, 10 mM EDTA, 1@fmL RNase A; pH 7.5) by
gentle pipetting. Cells were lysed by addition of 2Rf lysis buffer (200 mM NaOH, 1
%wn) SDS) and 10 L alkaline phosphatase. Lysis was terminated after 5 mthdoy
addition of 350 L of neutralisation buffer (4.09 M guanidine hydrochloride, 0.76 M
potassium acetate, 2.12 M glacial acetic acid; pH 4.2)c€hdysates were centrifuged
(16,000 xg; 10 min) and the supernatant loaded onto miniprep columns. Thersiuene
centrifuged (16,000 g; 1 min) and washed twice with 75Q wash buffer (60 mM
potassium acetate, 10 mM Tris, 6Qpethanol; pH 7.4). After washing, bound DNA was
eluted from the column by addition of 160 sterile water by centrifugation (16,00@x1

min) into sterile 1.5 mL Eppendorf tubes.

2.7.4.2 Maxi preps

The Qiagen Qiafilter kit was used to produce larger d0&l& samples. A 100 mL culture
of transformed bacteria was pelleted by centrifugation (322030 min; 4°C). Media

was carefully removed and the pellet resuspended in 10 ntillefccbuffer P1 (50 mM
Tris-HCL, 10 mM EDTA, 100 g/ L RNase A; pH 8.0). Cells were lysed at room
temperature by the addition of 10 mL buffer P2 (200 mM NaOWy.k) SDS). After 10
min incubation cell lysis was stopped and the solution newtdalig the addition of 10 mL
of buffer P3 (3 M potassium acetate; pH 5.5). The solutionaypBed to a QlAfilter
cartridge and left for 10 min at room temperature to séttEmnwhile, a Qiagen tip 500
was equilibrated by the addition of buffer QBT (750 mM NaClpr®d MOPS, 15 %
isopropanol; pH 7.0). After 10 min the cell solution was adud#d the equilibrated tip and
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allowed to drain by gravity flow. The column was washed 6@ mL of buffer QC (1 M
NaCl, 50 mM MOPS, 15 %, isopropanol; pH 7.0) and the DNA eluted by the addition of
15 mL of buffer QF (1.25 M NaCl, 50 mM Tris-HCI, 15.% isopropanol; pH 8.5). The
DNA was precipitated by the addition of 10.5 mL isopropranol@eited by

centrifugation (12,000 g; 30 min; 4 °C). The DNA pellet was washed with 5 mL of room
temperature 70 %, ethanol and then centrifuged (12,008;15 min; 4°C). The
supernatant was carefully removed and the pellet allowedtlyaprior to re-suspension

in 1 mL of sterile HO.

2.7.5 Quantification of DNA

Quantification of DNA samples was performed by examiningatheorbance of a 1:100

dilution of the sample at 260 nm. Andg value of 1 unit was taken to correspond to 50
g/mL of double stranded DNA. Thex4 value of sample was also measured to assess the

purity of the DNA solution. A DNA solution with AdA2go ratio of between 1.7 and 2.0

was considered pure enough for use.

2.7.6  DNA digestion with restriction endonucleases

Digests were prepared using the appropriate restriction en@#a units), buffer (as
specified by the manufacturer), and DNA, in a final volwh20 L. Control reactions
were carried out using Ig DNA and preparative reactions (i.e. to prepare an ifsert
ligation) were carried out using 5 DNA. Reactions were incubated at°g7for a

minimum of 2 h.

2.7.7  DNA gel electrophoresis

Digested DNA samples or PCR reactions were examined gsirglectrophoresis.
Samples were diluted in 3x DNA loading buffer. A }.fpagarose gel in 1x TAE was
prepared; the mixture was gently heated to allow the agardsiy dissolve before the
addition of 2.5 mg/mL ethidium bromide. The mixture was pourtaarhorizontal gel
tank and once set, immersed in 1x TAE. Samples were l@adethe gels run at 75 mA
for 20-30 min. The DNA fragments were visualised using ulblaviight. The size of each

fragment was assessed by comparison with DNA moleculdemxr
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2.7.8  DNA purification from agarose gels

The DNA fragments of interest were excised from the Di\&&trophoresis gel and
purified using the QiaQuick gel extraction kit as per thaufacturer’s instructions. DNA

was eluted from the purification column using 30sterile HO.

2.7.9 Ligation of DNA

Digested PCR fragments were ligated into plasmidoraciing T4 DNA ligase. A ratio of
1:3 and 1:6 vector to PCR product was incubated (16'@) &vith 1 unit of ligase and 1
L 10 x ligase buffer, in a final volume of 1Q. The ligation reactions were transformed

as detailed in section 2.7.3.

2.7.10 Polymerase chain reaction

2.7.10.1 Standard PCR

The polymerase chain reaction (PCR) was used to amp#fyifec sections of DNA and
introduce epitope tags and/or restriction sites. Pfu DNA palgseewas selected for its
proofreading ability. All reactions were performed using stendgerials. The PCR

reactions were set up as follows:

Pfu polymerase buffer (10 x) &Y
DMSO (optional) 5L
Deoxynucleotide tri-phosphates (ANTPs) 15
(0.25 mM of each dATP, dCTP, dGTP, dTTP)
Primer sense: 25 pmol. 1L
Primer antisense: 25 pmol/ 1L
DNA template: 50 ng/L 1L
Pfu enzyme: 1 unit 1L
dH,O to a final volume of 50L

Reactions were carried out on an Eppendorf gradient Thermady€l® cycles used were
as follows (annealing temperatures were dependent on thagrtemperatures [Tm] of

the primers used):

1. Preheating o 5 min
2. Denaturation ofC 1 min
3. Annealing 50-60C 1 min
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4. Extension 72C 3 min

5. Repeat from step 2. 29 times
6. Final extension 7 10 min

7. Hold 4°C

2.7.10.2 QuikChange mutagenesis PCR

The QuikChange site-directed mutagenesis method was use#tésmgle point
mutations in GRLN-R. Primer design and PCR conditions wer®mned according to the

manufacturer’s instructions.

PCR reactions were carried out using with the following compong&@tsg DNA
template, 15 pM of both forward and reverse primers, a ématentration of 10M
dNTP mix and 1 L (2.5 U) Pfu DNA polymerase to a total volume of 30with reaction
buffer. Samples were cycled 30 times in an Eppendorf Themtecsystem under the
following conditions:

Cycle 1: 95°C for 30 secs

Cycles 2-30: 95C for 30 secs,
50°C for 1 min
68 °C for 7 min

The product was incubated with L (10 U) Dpnl restriction enzyme (60 min; 3T) to
allow the digestion of parental methylated dsDNA. The degemutated DNA and
appropriate controls were then transformed into XL1 blue adlt®Aing the protocol

described in section 2.7.3

2.7.11 PCR purification

PCR products were purified using the QiaQuick PCR purificatibaskper manufacturer’s

instructions. DNA was eluted from the purification column using I30f sterile HO.

2.7.12 DNA sequencing

DNA sequencing was performed by ‘The Sequencing Servichof@of Life Sciences,
University of Dundee, Scotland) using Applied Biosystems Big-Dge3.1 chemistry on

an Applied Biosystems model 3730 automated capillary DNA segqueBequences
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obtained were compared with the sequence of the human GRaNeBssion number
Q92847).

2.7.13 Generation of the VSV-G-GRLN-R-eCFP construc t

To generate the VSV-G-GRLN-R-eCFP construct, primers desegned to add
restriction sites to GRLN-R, a vesicular stomatitisisi(VSV-G) tag at the N-terminus
and to remove the stop codon at the C-terminus. Human GRLNNA @DpcDNA3.1
was supplied by GlaxoSmithKline.

Sense primer to add a VSV-G tag atiddlll site:
5'-

CCTCACCTAAGCTTGCCACCATGTACACCGACATCGAAATGAACCGCCTTGGT
AAGTGGAACGCGACGCCCAGCGAAGAG-3

Anti-sense primer to addikpnl site and remove the stop codon:

S-GTATGCGATGGTACCIGTATTAATACTAGATTCTGTCCA-3

TheHindlll and Kpnl sites are shown in bold italice VSV-G tag is underlined. A
vector (pcDNA3) containing eCFP betwdepnl andNotl sites and the amplified DNA
fragment were both sequentially digested withdlll andKpnl. The amplified fragment
was then ligated into the pcDNA3-eCFP vector in framé e€FP.

2.7.14 Generation of the HA-GRLN-R-A204E-eCFP const uct

Primers were designed to alter a single base to chaP@été&E204 using the Qiagen
QuikChange mutagenesis kit (using the conditions described in s2cti@0.2) with
GRLN-R-pcDNAS3.1 vector as a template.

Sense 5'- CACCGAGTTTAGGTGCGCTCTG - 3

Anti-sense 5" — CAGAGCGCACTCAAACTCGGTG - 3

The altered base is shown in bold. The template was ddyasthDpnl to leave mutated

plasmid. Sequencing was used to confirm the introductioreaititation.
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Primers were then used to add N- and C-terminal restrisites, a HA tag at the N-
terminus and to remove the STOP codon at the C terminus of GRARO4E-pcDNAS3.1.

Sense primer to add a HA tag andiadlll site —
5 -

CCTCACCTAAGCTTGCCACCATGTATCCTTACGACGTTCCTGACTACGCAGGA
ACGCGACGCCCAGCGAAGAG -3

Anti-sense to ad#pnl site and remove the stop codon

5" — GTATGCGATGGTACCTGTATTAATACTAGATTCTGTCCA -3’

TheHindlll andKpnl sites are shown in bold italicgie HA tag is underlined. The
amplified fragment and vector containing eCFP (pECFP-N1) sexaentially digested
with Hindlll andKpnl. The fragment was ligated in-frame with eCFP and foanged into
competent XL1-Blue bacteria. Colonies were picked and tineesees of positive clones

were verified using DNA sequencing.

2.7.15 Generation of the HA-GRLN-R-1134T-eCFP const ruct

The GRLN-R-1134T mutation was performed using a standard BPA3Rd mutagenesis
technique. Two sets of primers were designed, a set taendB4 to T134 (‘mutation
primers’) and a set to allow the amplification of thi iength receptor incorporating
restriction sites at the N- and C-terminals (‘extremmers’). A PCR reaction was set up
using GRLN-R in pcDNAS3.1 as the template (using the condiborighed in section
2.7.10.1). One reaction contained the sense mutation primenardigsense extreme
primer designed to remove the STOP codon and &guhlarestriction site at the C-
terminus of GRLN-R.

Sense 5’ — CACGGTGCTCACGPCACAGCGCTGAGCGTC- 3’

Anti-sense 5" — GTATGCGABGGTACCIGTATTAATACTAGATTCTGTCCA

The mutated base is shown in bold andKpal restriction site in bold italics.
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In parallel, a second reaction containing a sense primer desmadd a HA tag and a
Hindlll restriction site and the anti-sense mutation primer seasip, using the conditions

outlined in section 2.7.10.1.

Sense 5’ —
CCTCACCTAAGCTTGCCACCATGTATCCTTACGACGTTCCTGACTACGCAGGA
ACGCGACGCCCAGCGAAGAG - 3

Anti-sense 5 — GACGCTCAGCGCTGT&IGGTGAGCACCGTG - 3

TheHindlll restriction site is shown in bold italics, the HAytes underlined and the

mutated base shown in bold.

The products from both reactions were PCR purified (as in sezffohl), diluted 1:200 in
sterile HO and 0.5 L of each product used as a template for another PCR redatiibins
reaction the extreme primers were used to amplify tinglete. The product from this

reaction was sequenced to confirm the presence of the omutati

The amplified fragment and vector containing eCFP (pECFP-N1g sequentially
digested wittHindlll andKpnl. The fragment was ligated in-frame with eCFP and
transformed into competent XL1-Blue bacteria. Colonies wekegdiand the sequences of

positive clones were verified using DNA sequencing.

2.8 Cell culture protocols

2.8.1 Maintenance of HEK293T cells

Human embryonic kidney cells stably expressing the SV40 lamyigen (HEK293T)
were grown in DMEM (-sodium pyruvate) supplemented with 32, 2%BCS and 2 mM
L-glutamine. Cells were grown in a humidified incubator (95i#b % CQ; 37 °C).

2.8.2 Maintenance of Flp-In™ T-REx™ HEK293 cells

Cells were maintained in DMEM (with 4.5 g/L glucoseglutamine, - sodium pyruvate).
The media was supplemented with 1Q:%FCS, 1 %, penicillin/streptomycin mix, 1
%) MEM non-essential amino acid mix and 10 pg/mL blasticidinls@eere grown in a
humidified incubator (95 % air/5 % G(B7 °C).
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2.8.3 Passage of cells

Confluent HEK293T or Flp-In™ T-REx™ HEK293 cells were washed avite sterile
PBS to remove all traces of media. Sterile 0.25 % tryREMA solution was then added
to the cells and flasks were gently rotated to covemitweolayer and placed in the
incubator (for up to 5 min) until cells became detached. Orteeluied, 7 mL of fresh
media was added to inactivate the trypsin and the cells egtrifuged at 288 o (5 min;
25°C). The resulting pellet was resuspended in fresh medithargiispension split into

flasks, dishes, plates or coverslips as required.

2.8.4 Transient transfection

Transfection of cells was performed when the cells badired 60-70 % confluency.
Briefly, for a 10 cidish, 5 g of DNA was diluted in optimem to a final volume of 600

L. To this 20 L of Lipofectamine diluted in 580L optimem was added dropwise. The
resulting mixture was incubated for 30 min (25 °C). Duringpkisod cells were washed
with optimem. After 30 min media was removed from the @eil$ the
DNA/Lipofectamine/optimem mix added, made up to a volumerat.5with fresh
optimem. After 5-7 h the transfection mixture and replagitd the appropriate growth
media. The amount of DNA transfected was scaled up or dowmdiegeon the

dimensions of the culture vessel.

2.8.5 Generation of a Flp-In™ T-REx™ HEK293 inducib le cell
line

Flp-In™ T-REx™ HEK293 cells were transfected with Og8of the GRLN-R construct

(in pcDNAS/FRT/TO vector) and 7.2 pOG44 vector using Lipofectamine as described
in section 2.8.4. After 48 h, the medium was changedpdrFM T-REx™ HEK293 media
(as detailed in section 2.8.2) with 20@/mL hygromycin to allow selection of stably

transfected cells. A doxycycline titration and time couras performed to determine

optimal time and doxycycline concentration required to initiapgession of receptor.

2.8.6  Cell harvesting

Transfected cells were harvested 24-48 h post-transfe&iably transfected Flp-In T-
REx HEK293 cells were harvested after 16 h doxycycline treaitnin both instances the
media was removed and cells were washed three timesminiée cold PBS. Cells were

scraped from the dish using a disposable cell scraper arsfieineed to a 15 mL centrifuge
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tube and centrifuged (288gx 5 min; 4°C). After discarding the supernatant, the cell pellet
was frozen at —88C until required.

2.8.7 Pertussis toxin treatment

Cells were treated with 25 ng/nBordellapertussigoxin added to appropriate growth
media. Cells were grown in a humidified incubator (95 % &6/CQ; 37 °C) for 16 h

prior to cell harvesting.

2.9 Biochemical assays and other methods of
analysis

2.9.1  Preparation of cell membranes

Harvested pellets were thawed and re-suspended in Tris-EDffér. The cells were
homogenised (50 passes of a Teflon-in-glass homogeniser) ardutieng suspension
centrifuged (288 x; 10 min; 4°C) to remove unbroken cells and nuclei. The supernatant
was ultracentrifuged (50,000gx 30 min; 4°C) in an Optima TLX Ultracentrifuge

(Beckam Coulter, Palo Alto, CA). The resulting pelleswe-suspended in Tris-EDTA
buffer and passed 10x through a 25-gauge needle. The protein conaemieeio

determined as detailed in section 2.9.3 and the membrmed at —8GC until required.

2.9.2  Preparation of cell lysates

Cells were grown on 6-well sterile tissue culture platesadioimmunoprecipitation
(RIPA) buffer was made fresh on the day of the assay byirdjl2 x RIPA (100 mM
HEPES, 300 mM NaCl, 2 g4, Triton X-100, 1 %) sodium deoxycholate, 0.2 )
SDS; pH 7.4) buffer in kO — this was supplemented with 0.5 M sodium fluoride, 0.5 M
EDTA, 0.2 M NaPQ, 5 %uu) ethylene glycol and 1 x EDTA-free protease cocktail
inhibitor tablet. Cells were washed 3 x 5 min with R&$ore the addition of 200-50Q

1 x RIPA buffer. The mixture was rotated for 1 h 4C4on a rotating wheel before
centrifugation (16,000 g; 4 °C; 30 min) to pellet cellular debris. Protein conceianat
was determined (as described in section 2.9.3) and the$ydiluted to the required
concentration before the addition of Laemmli buffer. Lysateevgtored at —20 °C until

required.
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2.9.3  Bicinchoninic acid protein quantification

The protein concentration of samples was quantified using tiheaB€ay. This assay
utilises bicinchoninic acid (BCA) and copper sulphate solutiorgePrreduces Cu(ll)
ions to Cu(l) ions in a concentration-dependent manner. Reducecc@ufe bound by
BCA which causes a colour change that has an absorption maxafi68 nm. BSA of
known concentrations (0.2-2.2 mg/mL) was used to construct a stanuohaed which
allows the concentrations of unknown samples to be establisne80Aatio of reagent A
(1 %uwn) BCA, 2 %un) NaC0s, 0.16 %) sodium tartrate, 0.4 %) NaOH, 0.95 %)
NaHCG; pH 11.25) : reagent B (4 @) CuSQ) was mixed and 200L of this solution
added to 10 L of protein standard or unknown sample in a 96-well ELISA piHte.

assay was incubated (30 min; &%) before the absorbance was read at 600 nm.

2.9.4  Deglycosylation with Endo H or PNGaseF

To 30 g of protein 1 unit (U) of PNGaseF or 1 mU of Endo H was ad8achples were
digested overnight (4 °C) before being resolved by sodium doddpyiice
polyacrylamide gel electrophoresis (SDS-PAGE; section 2f@ll6ved by western
blotting (section 2.9.7).

2.9.5 Co-immunoprecipitation

Cells were grown in 6-welled plates and receptor expressauted by addition of
doxycycline (6 ng/mL). Protein G beads (15sample) were washed twice in IPP500 (10
mM Tris-base, 500 mM NacCl, 0.1 NP-40, 0.1 %, Tween-20, 0.1 %) CHAPS,

0.1 %uwn) BSA; pH 8.0) and incubated rotating with R anti-GFP antibody for 16 h at 4
°C. Cells were washed twice with PBS before the addaforb0 L of IPP100 (10 mM
Tris-base, 100 mM NacCl, 0.1%6 NP-40, 0.1 %) Tween-20, 0.1 %) CHAPS and 0.1
%wn) BSA; pH 8.0) supplemented with an EDTA-free protease inhibioktail tablet, to
lyse the cells. This mixture was rotated for 1 h at 2béore centrifugation (16,0000

10 min; 4 °C). At this stage an aliquot of sample was remds measure protein
concentration (as detailed in section 2.9.3) and the protegentmations of the samples
were equalised. To investigate protein expression a R&ample of lysate was reserved
and to this 50 L of 5x Laemmli buffer with was added. Protein G beadsweshed two
times in IPP500 then twice in IPP100. The remainder of $atdg were added to the
washed protein G beads. After 16 h incubation on a rotatingl \Wheg) the samples were
centrifuged (800 xj; 1 min; 4 °C) and washed two times with IPP100, twidé WP500
and once with 10 mM Tris pH 8.0 with EDTA-free protease inbilgocktail. Any
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remaining liquid was removed using a 30G needle before the adofitBih L 2x
Laemmli buffer. Both the immunoprecipitated samples andehdysates were then
subjected to SDS-PAGE and western blotting.

2.9.6  Sodium dodecyl sulphide polyacrylamide gel
electrophoresis (SDS-PAGE)

Protein samples were resolved using SDS-PAGE. Precast dliNesgx Bis-Tris gels
with a 4-12 % acrylamide concentration were locked into aalX&relock mini-cell gel
tank and covered in NuPage MOPS SDS buffer. To allow etstimaf protein weight,
samples were compared with the full range molecular w&igitbowD marker. The gel

was run at 200 V until the dye front reached the base @ehe

2.9.7  Western blotting

Following separation of samples by SDS-PAGE (as detailedadtion 2.9.6) proteins were
electrophoretically transferred onto nitrocellulose using thelXCblot module. Proteins
were transferred at 30 V (1 h) in transfer buffer (0.2lixtige, 25 mM Tris and 20 %)
methanol). To block non-specific binding sites, the membrane walsdtex on a rotating
incubator for 2 h at room temperature in pAplow-fat milk, PBS+ 0.1 %) Tween 20
(PBS-Tween). The membrane was incubated (16°@) 4vith primary antibody in 5 %)
low fat milk dissolved in PBS-Tween containing the requiredady dilution (Table 2-
1). The membrane was washed three times for 5 min in PE&T.v6econdary antibody
linked to horseradish peroxidase was diluted ing@§tow fat milk dissolved in PBS-
Tween and incubated with the membrane at room temperatutehf The membrane was
washed three times for 5 min in PBS-Tween followed by incobatith ECL solution for

5 min and exposure to blue Kodak film as required.

Table 2-1 — Primary and secondary antibody dilution s used for western blotting

Primary antibody Dilution factor | Secondary antibody | Dilution factor
Anti-GFP (raised in sheep) | 1:10000 Anti-goat 1:20000
Anti-GFP 1:10000 Anti-rabbit 1:10000
Anti-HA 1:5000 Anti-mouse 1:10000
Anti-VSV-G 1:2000 Anti-rabbit 1:10000
Anti-calnexin 1:5000 Anti-rabbit 1:10000
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2.9.8 [*S]GTP g binding assay with immunoprecipitation step

This assay was used to measure G protein activationevi@ 1 pathway. °sSIGTRS
binding experiments were initiated by the addition of §®f membranes (prepared as
described in section 2.9.1) to assay buffer (20 mM HEBESM MgCh; 100 mM NacCl;

1 uM GDP; 0.2 mM ascorbic acid; pH 7.4) and 50 RESJGTRYS containing the test
compound. Non-specific binding was determined by addition of 100 pd/(cel
unlabelled) GTBS. Reactions were incubated for 30 min at@before the reaction was
terminated by the addition of 50Q of ice-cold assay buffer supplemented with a
protease-cocktail inhibitor tablet. Samples were centrifm00 xg; 10 min; 4°C) and
the resulting pellets were re-suspended inl58olubilisation buffer (100 mM Tris, 200
mM NaCl, 1 mM EDTA, 1.25 %) NP-40, 0.2 %, SDS; pH 7.4). Samples were pre-
cleared for 1 h by the addition of 6Q of a mixture of pansorbin beads in bead buffer (2
% BSAwn), 0.1 %wn) sodium azide; pH 7.4) i.e. 4Q bead buffer and 20L pansorbin
mix per sample. Samples were centrifuged (16,0010 min; 4°C) and the supernatant
transferred to clean Eppendorf tubes. Immunoprecipitation wésped by addition of
50 L of protein G beads with rabbit antizg&anti-sera (approximately a 1:200 dilution;
Mitchell et al., 1993) and subsequently rotated for 16 h at #R€ beads were centrifuged
(16,000 xg; 5 min; 4°C) and washed with 50 ice-cold solubilisation buffer. The
remaining liquid was removed, 1 mL of liquid scintillation ctackadded and bound
radioactivity was determined using a 5 mitS] counting programme on a LS 6500

scintillation counter (Beckman Coulter, Palo Alto, CA).

2.9.9 [*S]GTP g filtration binding assay

This assay was used to measure G protein activationesia ghpathway. Cell membranes
(10 g), 10 M GDP and 0.1 nM¥S]GTP S and ligand were mixed in a final volume of 1
mL GTP S filtration buffer (20 mM HEPES, 100 mM NaCl, 6 mM Mg@.1 Y%wn)

BSA; pH 7.4). The assay was incubated for 30 min at 30 fR2ebermination by rapid
filtration through GF/C filters pre-soaked in ice-cold Pi&$g a Brandell cell harvester
(Brandell, Gaithersberg, MA). The filters were washedétimes in 3 mL ice-cold PBS
and allowed to air-dry before transfer to tubes and theieddif 3 mL liquid scintillation
cocktail. Bound radioactivity was determined using a 5 ] [counting programme on a
LS 6500 scintillation counter (Beckman Coulter, Palo Alto, CA)
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2.9.10 [*S]GTP gp scintillation proximity assay

This assay was used to measirs]GTRSS binding in membranes prepared from a stable
cell line expressing £z:1 and transiently transfected with GRLN-R (kindly supplied by
GlaxoSmithKline). In this assay carbohydrate residues in aationanes (prepared from
cells expressing the receptor of interest) are bound to wkeatagglutinin (WGA) on the
outside of the LEAD-seeker imaging beads, which are filléd sgintillant. These beads
emit light when an emission from an isotope occurs in closdmity i.e. when

[**S]GTP S binds to receptor.

The test compound (0rfL), diluted in DMSO, was stamped onto a 384-well Lumiga6t
white plate, using the Biomek FX (Beckman Coulter, Pato, ATA). DMSO alone was
used as a negative control. Cell membranes were defrodtedddp 50 g/mL and added

to scintillation proximity assay buffer (20 mM HEPES, 100 msd\ 10 mM MgCi; pH
7.4) supplemented with 0.05%) BSA and 0.05 %, pluronic F-127. WGA-polystyrene
LEADseeker imaging beads and GDP were added to the memissmelaffer mixture at

a concentration of 2 mg/mL and 81, respectively, and pre-coupled under gentle shaking
in the dark for 30 min at room temperatuféS[GTRS was diluted to 1.2 nM in assay
buffer. To each well of the 384-well plate 2b of the membrane/assay/GDP/bead
mixture and 251L of diluted F°S]GTRSS was added and the plate sealed and centrifuged
(800 xg; 2 min; 25°C). The assay was incubated in the dark for 80 min &C2and read

for 5 min in a Viewlux platereader (Perkin EImer, Bostd) in luminescene mode at an

emission of 613 nm and 6 x binning.

For competitionS]GTRSS experiments the assay was performed as above exceipiethat
compound that is kept at a fixed concentration was pre-incubatethe assay

buffer/membrane/bead/GDP mixture at 2 x the final conceorra

2.9.11 [His[ **I]]-ghrelin association and dissociation binding
assay

Radioligand binding assays were performed by addition @f &Il membranes to ice-cold
assay buffer (50 mM Tris-base, 2 mM EGTA, 0.4,00BSA; pH 7.3) in a final volume of
150 L in cooled 96-well blocks. To determine non-specific binding, gbilin was
added to a final concentration of M. At various time points a final concentration of 83
pM [His[*#]]-ghrelin was added to the wells. As a control to detaenfiinding of

radioactivity to filters, membranes were replaced witbes buffer. The assay was
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terminated by rapid filtration through GF/B filters pre-soaied.5 %uwx) PEI and the
filters were washed three times in 1 mL ice-cold pésdfer. The filters were allowed to
air-dry before the addition of 10QL scintillation cocktail. The filters were read (1
min/well) on a Topcount NXT™ microplate scintillation counter (®ad Instrument Co,

Downers Grove, IL).

Dissociation binding experiments were carried out as abovecii®n and dissociation

was staggered so that the whole plate was harvestedsainigetime.

2.9.12 Two point dissociation assay

5 g of cell membranes in ice-cold assay buffer (50 mM base, 2 mM EGTA, 0.1
%) BSA; pH 7.3) was added to cooled 6 mL glass binding tubedef®smine non-
specific binding, 30 L of a final concentration of 1M cold ghrelin was added.
Association of [Hisf?™]]-ghrelin to the GRLN-R was initiated by the addition dfirzal
concentration of 83 pM of radioligand. After 120 min, dissociatias initiated by the
addition of 10 L of a final concentration of 1M cold ghrelin plus 10 L of buffer or
varying concentrations of GHRP-6, L-692,585 or MK-677. After 60 rhidigsociation,
the experiment was terminated by rapid filtration through Gif&Zs presoaked in 0.5
%) PEI using a Brandel cell harvester (Brandell, Gaitherstd#g, The filters were
washed three times with 3 mL ice-cold assay buffer and cdwsiag a 60 s'f7]
counting programme on a LS 6500 scintillation counter (Beckman CoRéikr Alto, CA).

Association and dissociation was staggered so the whole @addybe harvested at the
same time.

2.9.13 [His[ **I]]-ghrelin competition binding assay

Competition assays were set up as described in sectidd #vfih the addition of varying
concentrations of cold ligands. After the addition of 83 pM [¥]-ghrelin the assay

was incubated for 2 h at 4 °C. The assay was termiaatbdesults measured as described
in section 2.9.11.

2.9.14 Total inositol phosphate accumulation assay

Cells were seeded onto poly-D-lysine-coated 12 welllstesisue culture plates and grown
to 80-90 % confluence on the day of the assay. Sixteen hoursgotier assay, the media

was replaced with media supplemented wittCU/mL [*H]myoinositol in the presence or
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absence of 6 ng/mL doxycycline and the cells left in a huredlificubator for 16 h to
allow incorporation ofsﬂ-l] myainositol. Subsequently, the medium was removed and cells
washed twice with 1 mL Krebs-Ringer buffer (145 mM NaCln2@d HEPES, 1.3 mM
MgCl,, 1.2 mM NaHPQ,, 5 mM KCI, 1.3 mM CaGl 10 mM glucose; pH 7.4)
supplemented with 10 mM LiCl. A further 1 mL of Krebs-Ringeifer with LiCl was
added to the cells and the cells were incubated for 30 i in a humidified

incubator. LiCl blocks the breakdown of inositol phosphatesnmtoinositol, leading to
accumulation of inositol phosphates within the cell. Inositol phosgbateation was
stimulated by the addition of ligand in Krebs-Ringer buffer seimeinted with 0.25 %)
BSA and 10 mM LiCl for 30 min (37 °C; 5 % GO5 % air). The assay was terminated by
lysis of the cells by addition of 25Q of ice-cold 1.5 M perchloric acid and incubation for
30 min. An aliquot (0.75 mL) of the mixture was removed and nisedhby the addition

of 300 L of 2 M KOH in 1 M Tris-base. The samples were centritu(®00 xg; 5 min; 4
°C) and a 0.75 mL sample of the supernatant was mixed \gith2 of 5 mM disodium
tetraborate containing 0.5 M EDTA (pH 7.2).

Total inositol phosphates were extracted by ion-exchange chromplygon formate-

form Dowex columns according to the method of Berridge and [(1i689). Samples

were applied to Dowex columns and allowed to drain by gravity, ftben washed four
times with 2.5 mL 5 mM disodium tetraborate in 60 mM sodiarmate to remove
unbound fH]myacinositol and fH]glycerolphosphoinositol. Columns were placed over 20
mL scintillation vials and total inositol phosphates elutedhgyaddition of 2x 2.5 mL of 1
M ammonium formate in 0.1 M formic acid, followed by addit@filO mL scintillation

fluid to the eluant. Radioactivity was determined using aﬂﬁlﬂ] counting programme

on a LS 6500 scintillation counter (Beckman Coulter, Palo Alf),

After use the columns were reformed by 4 x 2.5 mL waslitasOt M formic acid,
followed by 4 x 2.5 mL washes with,8. Columns were then capped and stored in 2.5 mL
H20.

2.9.15 cAMP accumulation assay

The level of cAMP accumulation was measured using a Alplea8 cAMP assay Kkit.
Stimulation buffer (0.5 mM IBMX, 5 mM HEPES, 0.1 % BSdiluted in 1 x HBSS; pH
7.4) and detection buffer (5 mM HEPES, 0.1 % BSA, 0.3 %damw20, pH 7.4) were
prepared fresh on the day of assay. For 384-data points 1U/f5donor beads and
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biotinylated cAMP were added to detection buffer and the volmade up to 6 mL. This
mixture was incubated with gentle agitation in the dark (3Q &5r?C).

Cells were seeded as to be 70-90 % confluent on the day afshg and were treated with
6 ng/mL doxycycline (16 h) to induce receptor expression. Celis stebsequently
detached by addition of 5 mL Versene (5 min; 37 °C) and ¢etldzy centrifugation (275

X g; 5 min). The pellet was re-suspended in PBS and the celiged using a
haemocytometer. The cell mixture was centrifuged again (275 xnin) before
supernatant was decanted and the pellet re-suspended tbcaficentration of 10,000
cells/ L in PBS. An acceptor bead/cell mix was prepared by adding/0L2anti-cAMP
acceptor beads to 40Q of the cell solution, which was subsequently made to 2isihg

stimulation buffer.

For G assays forskolin was diluted to 0.M in stimulation buffer and ligand was
diluted to four times the final concentration required. Aratio of ligand and forskolin
was then prepared. For &&assays ligand was diluted to two times the final concéorrat

required in stimulation buffer.

All assays were carried out in 384-well white opaque platekif*Elmer, Boston, MA), 5
L of acceptor bead/cell mix were added to each well foltblaye5 L of ligand or
ligand/forskolin mix. Plates were sealed and incubatechumaidified incubator (37 °C; 5
% CQO/95 % air) for 30 min. After 30 min 15_ of detection mixture was added per well
and the plate incubated in the dark for 1 hr (25 °C). The plkda®ad on an EnVision

multilabel plate reader (Perkin EImer, Boston, MA).

2.9.16 Membrane staining

Cells were grown on poly-D-lysine coated coverslips in 6-wedlates and receptor
expression was induced with 6 ng/mL doxycycline (16 h), as reqelts were washed
2x 5 min with 2 mL room-temperature PBS, before the eatiee fixed by the addition of
2 mL 3.7 %) formaldehyde for 10 min. Cells were washed three timeS fom with
PBS. WGA-Alexa Fluor® 594 conjugate was diluted in PBSdoracentration of 10
g/mL, added to the plates and samples were incubat&@ fmin in the dark. Coverslips
were mounted onto microscope slides using Immu-mount and statezldark at 4 °C

before being imaged using epifluorescence microscopy (sec8dr8p.
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2.9.17 Endoplasmic reticulum (ER) staining

Cells were grown on poly-D-lysine coated coverslips in 6-wgilates; receptor
expression was induced by the addition of 6 ng/mL doxycycling@dr. Subsequently,
cells were rinsed twice with 2 mL room temperature BBfére incubation in a humidified
incubator with 1 M ER-Tracker™ red (BODIPY glibenclamide which binds to
sulphonylurea receptors of ATP-sensitive potassium channels prezhioe the ER) for
20 min at 37 C. Cells were then washed two times fmirbwith 2 mL room-temperature
PBS before samples were fixed for 10 min with 2 mL 3u4,2tormaldehyde. Cells were
washed three times for 5 min with PBS before coverslips weunted onto microscope

slides and stored as described in section 2.9.16.

2.9.18 Epifluorescence microscopy

Formaldehyde-fixed cells were imaged using an inverted NilE20T00-E microscope
(Nikon Instruments, Melville, NY) equipped with &0 (NA 1.4) oil-immersion Plan
Fluor Apochromat lens, aaxis linear encoder, and a cooled digital Cool Snap-HQ CCD
camera (Roper Scientific/Photometrics, Tucson, AZ). Bpittscence excitation light was
generated by an ultrahigh point intensity 75-watt xenon arc Optestamp (Cairn
Research, Faversham, Kent) coupled to a computer-controlledé@ptmonochromator
(Cairn Research, Faversham, Kent). The monochromator wies438/12 nm for
excitation of eCFP. eCFP excitation light was transmittedugh the objective lens using
a 455DCLP single pass dichroic. eCFP fluorescence emissmonomérolled via a high
speed filter wheel device (Prior Instruments Ltd., Cambri@genbridgeshire) containing
HQ480/40 nm emitter. Images were collected using a Cool Snagigit@l camera
operated in 12-bit mode. Computer control of all electronic hardaradtecamera
acquisition was achieved using Metamorph software (versio8; ®/@lecular Devices

Corp., Downing, PA).

2.9.19 Analysis of cell surface and intracellularr  eceptors

Fluorescent microscopy was used to image fluorescently-daggeptors. To
guantitatively measure the fluorescence intensity, images dezonvoluted using an
iterative and constrained algorithm (Autodeblur software, @8r8i3.6, Autoquant
Imaging, Watervliet, NY) to produce high-resolution images Wext used to identify
groups of adjacent pixels or ‘segments’ that corresponded tptoeséocated on the cell
surface or intracellular vesicles. A manual segmentatidhadeusing the object counting

module of the Autoquant imaging software, was used to qudhéfynean total
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fluorescence intensity values corresponding to receptors loattieel membrane surface
and the cytoplasm of the cell. The total fluorescence putehsity measured from
membrane and intracellular receptor segmented pixels wasss&gdras a percentage of the

total eCFP fluorescent intensity.

2.9.20 Data analysis

2.9.20.1 General

Data was analysed using GraphPad Prism 4.0 (GraphPadreoftwa San Diego, CA).
Data is expressed as the mean * the standard errorrottre(S.E.M). Statistical and
post-hoc analysis appropriate to the data were applied astewlioandividual chapters.

Differences were considered to be statistically sigaifiaf p<0.05.

Unless otherwise stated, concentration-responses curvesvagyseal with non-linear
regression (sigmoidal concentration-response curves withléfies constrained to 1).

2.9.20.2 Global fit model

The global fit model (Motulsky and Christopoulos, 2004) was used tosn8lshild
regression data using GraphPad Prism 4.0 software (GraphRaarednc., San Diego,
CA).

Equation 2-1 — Global fit model described by Motuls  ky and Christopoulos (2004).

v = Bottom + (Top - Bottom)

Ny

0gECq, B ®
10'°9EC 1 + [%O'PAZ

[A]

1+

In the global fit equation (Equation 2-1): Y = resporis® represents the maximal
asymptote of the curveBpttomrepresents the lowest asymptote (basal response) of the
curves, log E represents the logarithm of the agonistd&@ the absence of
antagonist/inverse agonist, [A] represents the concentratitwe afgonist, [B] represents
the concentration of the antagonist/inverse agomistepresents the Hill slope of the

agonist curves represents the Schild slope for the antagonist, andgpkesents the
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negative logarithm of the concentration of antagonist that shdtagonist E€ by a
factor of 2 (Langmead et al., 2005).

To test whether the Schild slope was statistically diffete unity an F-test was used, if
the slope was not significantly different to unity the data reafited with the Schild slope
=1 to allow determination of the gKF-tests were also used to allow comparison of fit

between two equations.

2.9.20.3 Modified operational model of allosterism

A modified version of the operational model of allosterisonrfulated by Leach et al.,
2007; modified by Dr. Christopher Langmead, GlaxoSmithKline) wag tesdetermine
whether data generated in Chapter 3 reflected an intemamitween ghrelin and the
growth hormone secretagogues that was allosteric or simplyetdive in nature. Data
was kindly analysed by Dr. Christopher Langmead using GrapBisd version 5.0
(GraphPad software Inc., San Diego, CA).

The F°S]GTRSS binding datasets studying the effect of multiple, fixed entrations of
ghrelin on concentration-response curves to GHRP-6, MK-677 or L-692 &&5 w
analysed globally according to a modified version of an operatinadé! of allosterism
which accounts for allosteric modulation of affinity, effigaand allosteric agonism. The
equation represents a simplified model whereby it is asstiméthe concentration-

response curve data is to a full agonist Equation 2-2:

Equation 2-2 — Modified operational model of allost  erism (originally described by Leach et
al., 2007)
(., - Basal){((Al(K, +ab[B]))+,[B]EC,,)"

Y =Basal +
([AIK, +an[B])+£4[BIEC,, )" +(ECs,” {K4[B)")

Where Y = respons®asalis the response in the absence of ligand, [A] is the
concentration of orthosteric ligand and [B] is the concentrafiatiasteric ligandECsp is
the midpoint of the full agonist concentration-response cliyés the equilibrium
dissociation constant of the putative allosteric ligaadienotes the capacity of the
putative allosteric ligand to exhibit agonism (a function of therisic efficacy and
receptor expression) amb represents a net affinity/efficacy co-operativity paramete

which describes the effect of the putative allosteriiigan agonist function. The terms
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Em andn denote the maximal possible system response and the slapeofate

transducer function that links occupancy to response, resglgcti

If the interaction between ghrelin and GHRP-6, MK-677 or L-692,58% wompetitive,
then the value ofib would be zero (because the value of the affinity coopésatactor,
a, would be zero) and Equation 2-2 would reduce to that for thexatien of a partial
agonist and full agonist binding to the same site. Theretfigejatasets were analysed
under two conditions — where the valueadfis left to float or constrained to zero.
Comparison of the two fits was performed using Akaike’s InfoioneCriterion (AlCc;
Motulsky and Christopoulos, 2004) to determine which fit was niladylIto be correct.

In order to further validate the results of the interacttadies, complementary
experiments were performed in which the effects of multipted concentrations of
GHRP-6, MK-677 or L-692,585 on concentration-response curves to ghralin wa
examined. These data were analysed using a re-cagirvefdtquation 2-2 such that the
concentration of ghrelin is the independent variable on thesxfegi full agonist versus
partial agonist). As previously, the datasets were ardilysder two conditions (where the

value ofab is left to float or constrained to zero) and the fits cared using AlCc.
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3 Investigating ago-allosteric modulation of the

GRLN-R via activation of the G, pathway

3.1 Introduction

Allosteric modulators are defined as ligands that act te@se or decrease the actions of
an orthosteric agonist or antagonist (i.e. an agonist or antagdmnch binds to the same
site as the endogenous ligand), by combining with a distinct|/losteric’, site on a
receptor macromolecule (Neubig et al., 2003). Within the Pharniealentustry,
allosteric modulators have attracted a great deal oftatteas they may have many
advantages over orthosteric ligands. For example, because, myiaefallosteric
modulators only modulate the effect of the existing orthosteyant, allosteric
modulators display a saturability of effect. Thus large dosesodulators can be
administered with a lower propensity towards target-based tipxizn orthosteric ligands
(Conn et al. 2009). Indeed, allosteric modulators have proven tmlvalty useful drugs
with two GPCR modulators entering the market; maraviratug launched for the
treatment of HIV infections, and cinacalcet, a drug licensdrkat disorders of the

calcium-sensing receptor, such as hyperparathyroidism (Conn 20@9).

In 2005 a study published by Thue Schwartz’'s group demonstrated GHRPL6 a
695,429 acted as allosteric regulators of the GRLN-R. Thetlgro@rmone secretagogues
(GHRP-6, L-692,429 and MK-677) had been previously described as agurilsts
GRLN-R (Howard et al., 1996). However, in Schwartz’s stadyais found that, when co-
administered with ghrelin, the growth hormone secretagoguastad to increase the
maximum efficacy of ghrelin (Holst et al., 2005). Furthermoceadministration of

ghrelin with either L-692,429 or GHRP-6 either increased oredesed (respectively) the
potency of ghrelin (Holst et al., 2005). Therefore GHRP-6 a682,429 could act both as
agonists of the GRLN-R and as allosteric enhancersastetic antagonists of ghrelin
function. To describe the effects of GHRP-6 and L-692,429 the'égwrallosteric
modulator’ was created; this defines a ligand that functionsdsoém (allosteric) agonist
and as an allosteric modulator of the efficacy and/or the pptafran orthosteric ligand
(Schwartz and Holst, 2006; Holst et al., 2005).

Although by definition the binding site of an allosteric modul&adatistinct from the
orthosteric site (Neubig et al., 2003), in general binding ®tesllosteric modulators are

not well defined and, for the muscarinic acetylcholine recepidesast, may be located
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Figure 3-1 - Ago-allosteric modulation of the GRLN- R (adapted from Holst et al., 2005). A
dimeric model was chosen by Holst et al. (2005) to explain the changes in ghrelin efficacy upon co-
administration with GHRP-6, L-692,429 and MK-677, as well as to explain the positive and
negative modulation of ghrelin signalling upon co-administration with L-692,429 and GHRP-6
(respectively). A. Ghrelin only binds to one protomer of the dimer. B. Due to their smaller size it is
hypothesised that the growth hormone secretagogues could bind to both protomers leading to an
increase in the observed maximum signalling compared to the maximum signalling achieved by
ghrelin. C. Co-binding and co-activation of ghrelin with L-692,429 leads to an increase in the
maximum signalling achieved by ghrelin alone, whilst shifting the ghrelin concentration-response
curve to the left i.e. increasing the potency of ghrelin. D. Co-binding and co-activation of ghrelin
with MK-677 leads to an increase in the maximum signalling achieved by ghrelin alone but has no
effect on the potency of ghrelin. E. Co-binding and co-activation of ghrelin and GHRP-6 leads to an
increase in the maximum signalling achieved by ghrelin alone, whilst shifting the concentration-
response curve to ghrelin to the right, i.e. decreasing the potency of ghrelin.

close to the orthosteric site (Christopoulos and Kenakin, 2002;aliedsd Lazareno,
2005). Indeed mutational studies of the GRLN-R have demordstraiethe binding sites
for GHRP-6, L-692,429 and MK-677 overlap with, but are not identicah&binding site
for ghrelin (Feighner et al., 1998; Holst et al., 2009). Thus $ordee the ago-allosteric
properties of the growth hormone secretagogues a model was feinieddrelied on the
GRLN-R existing as a homo-dimer (Figure 3-1; Holst et28lQ5). Ghrelin, due to its large
size, was predicted to only bind to one protomer of the homorgieawing the second
protomer free to bind the growth hormone secretagogues whichasctm-agonists (MK-
677) and as positive (L-692,429) or negative (GHRP-6) modulators @lirgfunction
(Holst et al., 2005).



Kirstie Ann Bennett, 2009 Chapter 3, 97

To date, functional studies of allosterism at the GRLNaRe been limited to studying the
activation of the Gy11 pathway. However, there is a large body of evidence to suthgest
many GPCRs interact with more than one type of G protsimbunit (Wess, 1998).
Examples include receptors that can activate G proteins frersaime subfamily, like the
dopamine D receptor that can activatei{zand Go1(Gazi et al., 2003), to receptors that
can activate G proteins from all four distinct familiestsas the thyrotrophin receptor
(Laugwitz et al., 1996). Indeed the GRLN-R has been previagscribed to couple to the
G g11(Howard et al., 1996; Kojima et al., 1999),;{Holst et al., 2005), G (Kohno et

al., 2003; Rossi et al., 2008) and @assil et al., 2007; Dezaki et al., 2007; Esler et al.,
2007) pathways.

The aim of this study was to explore the allosteric modulatiéheoGRLN-R in the Gy
pathway by testing whether the growth hormone secretagogues cohtithaes co-

agonists and as allosteric modulators of ghrelin function throughatiotivof G ;.
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3.2 Results

3.2.1 The GRLN-R can activate the G ;, pathway

To measure activation of the igpathway by the GRLN-R3{S]GTP S binding assays
were utilised. ’S]GTP S binding assays measure one of the earliest steps in GPCR
signalling, the loss of GDP and the loading of GTP or, i ¢ase, ¥S]GTP S (a poorly
hydrolysable analogue of GTP) onto txsubunit of heterotrimeric G proteins. Thus
incorporation of °S]GTP S into G protein can be used as a measurement of receptor

activation.

Membranes were prepared from HEK293 cells transfected tossx@rg, or to co-
express G;and the GRLN-R, and challenged with ¥ ghrelin; a concentration of
ghrelin that was shown to be maximally effective in stiriaG 411 responses, such as
calcium mobilisation and inositol phosphate accumulation (Hokt,e2005). The
expression of Giwas confirmed using anti-G antisera (data not shown). After
stimulation with ghrelin, the assay was terminated bydréjtration through glass fibre
filters, which allowed separation of G protein-boufRS[GTP S from unbound
[**S]GTP S. TerminatingS]GTP S binding assays by the use of a filtration step is
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Figure 3-2 - Testing the ability of the GRLN-Rto ¢ ouple to G ,, . Membranes were prepared
from HEK293 cells expressing G, (White bars) or co-expressing G,,; and the GRLN-R (black
bars). The ab|I|t;/ of membranes to respondto 1 M ghrelinor1 M SPA (20 min; 30 °C) was
tested using a [ 5S GTP S binding assay to measure G protein activation. G protein-bound
[*S]GTP S was separated from the reaction mixture by rapid filtration through GF/C filters soaked
in 1 x PBS and bound [®*S]GTP S measured (for 5 min) using liquid-scintillation spectrometry.
Data is expressed as the percentage of the maximum response achieved in each assay. Data
points represent the mean + S.E.M of three independent experiments performed in triplicate.
***n<0.001, **p<0.01 when compared using a one-way ANOVA with Tukey’'s multiple comparison
test.
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particularly suited to measure the activation of thg family of G proteins due to a
combination of their high rate of basal nucleotide exchandeeatively high expression
levels in HEK293 cells (Milligan, 2003).

In this study a one-way ANOVA with Tukey’'s multiple comparisest confirmed that the
addition of 1 M ghrelin caused a significant (p<0.001) increase in botA&JGTP S in
membranes co-expressings&and the GRLN-R (Figure 3-2). This was not observed in
membranes of equivalent cells transfected to expraes®@ not the GRLN-R, suggesting
ghrelin was exerting its effect through activation of theL8HR. The lack of a ghrelin
signal in the absence of the GRLN-R meant that HEK293 pediaded a useful null
background in which to study the pharmacology of the GRLN-R.

In membranes from HEK293 cells co-expressing the GRLN-R agd &significantly
higher level of basaf{S]GTP S loading was observed than in membranes from HEK293
cells transfected to expressy&out not the GRLN-R (p<0.001), thus indicating that the
GRLN-R could constitutively activate the s pathway. To further explore this, the
response of membranes to M SPA was also tested. SPA has been described as an
inverse agonist of the GRLN-R, with a concentration oMLSPA being sufficient to fully
inhibit the constitutive activity of the GRLN-R in the {z; pathway (Holst et al., 2003).

Indeed in this study the addition of M SPA significantly (p<0.01) lowered the recovery
of bound f°S]GTP S in membranes co-expressing the GRLN-R ang @mpared to
values obtained in the absence of ligand (basal conditioiugiré=3-2). However, in
membranes expressingdgbut not the GRLN-R, SPA failed to alter the levels of
[358]GTP S binding compared to basal conditions. Together these resnfisied that

the GRLN-R could constitutively activate the;gpathway.

3.2.2  The growth hormone secretagogues can activate the G i,
pathway

Previous studies have shown that GHRP-6, MK-677 and L-692,585 agbaists at
GRLN-R via activation of the G, pathway (Howard et al., 1996; Holst et al, 2005; Holst
et al., 2009; Feighner et al., 1998). Whilst ghrelin has been démateaksto activate Go
(Bassil et al., 2007; Dezaki et al., 2007; Esler et al., 200&ie is currently a lack of data
in the literature demonstrating the ability of the growthhimme secretagogues to activate

this pathway. To test whether the growth hormone secretagogulesevoke a GRLN-R
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Figure 3-3 - Testing the response of the GRLN-R thr  ough activation of the G ,;, pathway in
response to ghrelin and the growth hormone secretag ogues . A [*>S]GTP S scintillation
proximity assay was used to generate concentration-response curves to ghrelin, GHRP-6, L-
692,585 and MK-677 by incubating membranes, prepared from HEK293 cells co-expressing Gao1
and the GRLN-R, with varying concentrations of ligand for 80 min (25 °C). Activation of the GRLN-
R was assessed by measurement of G protein-bound [**S]GTP S (5 min/plate using a Viewlux
platereader). Data are expressed as a percentage of the maximum response achieved by ghrelin.
Data points represent the mean + S.E.M of three individual experiments performed in triplicate.

response through ¢, membranes (kindly supplied by GlaxoSmithKline) prepared from
HEK293 cells co-expressing both the GRLN-R ang; @ere incubated with increasing
concentrations of ghrelin, GHRP-6, L-692,585 (a commercially availderivative of L-
692,429) and MK-677. The responses of the GRLN-R were measured ($8iAP S
scintillation proximity assay, which allowed measuremeit®&]GTP S binding in a

high-throughput format.

In the scintillation proximity assay, beads filled withrgitiant and coated with wheat-
germ agglutinin are used to measure receptor activatiogfl\Brcarbohydrate residues
present on cell membranes (prepared from cells expressinect@ar of study) bind to
the wheat-germ agglutinin on the surface of the beads. Whemision from an isotope
occurs in close proximity to the beads (i.e. wH8B][GTP S binds to G protein following
receptor activation) the beads emit light. Measurement ifeziight allows
quantification of {°S]JGTP S binding.

The results of the’}S]GTP S binding assays revealed that ghrelin, GHRP-6, L-692,585
and MK-677 all caused a concentration-dependent increa%r’S]Ger S binding (Figure
3-3). Fitting the data to dose-response curves allowed thecyaied efficacy values of
each ligand to be obtained, as displayed in Table 3-1. Statigsts revealed that GHRP-
6 and L-692,585 acted with significant lower potencies than gh{etia.01; as measured
using a one-way ANOVA with Dunnett’s post-hoc test). Compatiegefficacies of MK-
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677, GHRP-6 and L-692,585 to ghrelin revealed that the growth horsecnetagogues all
acted with significantly higher efficacies than ghrelin (#8)as measured using a one-
way ANOVA with Dunnett’s post-hoc test). Thus GHRP-6, L-692,585MHKe677 could

be classed as ‘super-agonists’ in activating thg @athway.

Table 3-1 — Potency and efficacy of ghrelin and the growth hormone secretagogues as
measured using a[ **S]GTP S scintillation proximity assay.

Ligand PEC 50+ S.EEM | Eqax £ S.EM
Ghrelin 9.11+ 0.10 954 +34
MK-677 9.21 £ 0.12** 139.6 £ 9.9*
GHRP-6 7.85+0.13 139.5 + 5.4*
L-692,585 7.60 £ 0.17* 145.4 + 14.0*

Data represents the mean + S.E.M of three independent experiments performed in triplicate.
*p<0.05, **p<0.01 as measured using a one-way ANOVA with Dunnett’s post-hoc test. En.x values
quoted in this Table (and all subsequent Tables) are the predicted top asymptotes of sigmoidal
concentration-response curves fitted to the data.

3.2.3  Effect of ghrelin on the potency and efficacy of the

growth hormone secretagogues

To further explore the effects of the ghrelin and the grdwtimone secretagogues in the
G o pathway and to investigate the suggestion that the growthomersecretagogues
could act as allosteric regulators of the ghrelin responskst(it al., 2005), a series of
[**S]GTP S binding studies were performed in membranes co-expressi@&Ribe-R and
G 1. Concentration-response curves were generated to GHRP-6, MKn@1#&02,585

in the presence of multiple, fixed concentrations of ghréle concentrations of ghrelin
chosen were 10 pM, 0.1 nM, 0.3 nM, 1 nM and 100 nM, which corresptode@0, 25,
60 and 100 % of the level oPB]GTP S binding that could be achieved by maximally

effective concentrations of ghrelin, as shown in Figure 3-3.

3.2.3.1 GHRP-6

The addition of increasing concentrations of ghrelin caused @&otvaton-dependent
increase in the loading oPB]GTP S at GHRP-6 concentrations of 1 pM to 10 nM (Figure
3-4A). Indeed compared to GHRP-6 acting alone, co-administratibmpkf GHRP-6 with
0.3-100 nM ghrelin statistically increaséd@J]JGTP S binding (p<0.05 at 0.3 nM ghrelin;
p<0.001 at 1 nM ghrelin and 100 nM ghrelin; as measured usingaanANOVA with



102

125+
m GHRP-6 only
< % 100- A + 10 pM ghrelin
5 LIJE i v + 0.1 nM ghrelin
S o 75 I_ -I'}'i' -
O
(&i F ¢ + 0.3 nMghrelin
o xS0 e + 1 nM ghrelin
09 25 + 100 nM ghrelin
N ©
n
& o+
_25 ) ) ) ) ) ) ) v
-13 -12 -112 -10 9 -8 -7 -6 -5
log [GHRP-6] M
125+ .
. ® no ghrelin
x
o g 100+ A + 10 pM ghrelin
é 'I:'OJ 754 v + 0.1 M ghrelin
(&&% ¢ +0.3nMghrelin
- % 50+ e + 1 nM ghrelin
O Y 254 + 100 nM ghrelin
) 4=
£ o
—x 01
_25 LJ LJ LJ LJ LJ LJ LJ L}
-13 -12 -117 -10 9 -8 -7 -6 -5
log [L-692,585] M
C
125+
m MK-677 only
g é 1004 A + 10 pMghrelin
3w v + 0.1 nM ghrelin
2 754 -
QL5 ¢ + 0.3 nMghrelin
0 v ® + 1 nMghrelin
=S 504 .
o= + 100 nM ghrelin
w0 O
88 251
C LJ LJ LJ LJ LJ LJ L}
-3 -12 -11 -10 9 -8 -7 -6 -5
log [MK-677] M
Figure 3-4 - Testing the effect of ghrelin onth e response of the GRLN-R to GHRP-6, L-

692,585 and MK-677. Using a [SSS]GTP S scintillation proximity assay, concentration-response
curves to A. GHRP-6, B. L-692,585 and C. MK-677 were generated in the presence of increasing
concentrations of ghrelin (10 pM-100 nM, as indicated) in membranes prepared from HEK293 cells
co-expressing G,o; and the GRLN-R. The assay was incubated for 80 min (25 °C) before receptor
activation was assessed by measurement of G protein-bound [SSS]GTP S (5 min/plate using a
Viewlux platereader). Datasets were fitted with sigmoidal concentration-response curves with Hill
slopes shared across each dataset. Hill slopes (+ S.E.M): GHRP-6 = 0.89 + 0.09, L-692,585 = 0.87
+0.10; MK-677 = 0.78 £ 0.10. Data is expressed as a percentage of the maximum response
achieved in the absence of ghrelin. Data points represent the mean + S.E.M of three independent
experiments performed in triplicate.
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Dunnett’s post-hoc test). In contrast, at higher concentratioB$1B8P-6, ghrelin appeared
to have little effect on the level oPB]JGTP S binding (possibly as at high concentrations
of GHRP-6 {°S]GTP S levels reached the system maximal response) . Indeed, ¢
administration of 1 M GHRP-6 with 1 pM-100 nM ghrelin had no effect on the effjcac
of GHRP-6 (p=0.87; as measured using a one-way ANOVA with Dusrmist hoc test).
As Figure 3-4 shows, the co-administration of either 1 nM omiM@hrelin significant
reduced the potency of GHRP-6 (p<0.01; as measured using a oreN@AYA with

Dunnett’s post-hoc test).

Table 3-2 — Potency and efficacy of GHRP-6 in the p  resence of increasing concentrations of
ghrelin.

Condition PEC 5+ S.EM Emax £ S.EM
GHRP-6 8.55+0.02 99.6+1.0

+ 10 pM ghrelin 8.41 £ 0.05 1106 1.9
+ 0.1 nM ghrelin 8.40x0.70 106.5+24
+ 0.3 nM ghrelin 8.17+£0.13 105.0+ 3.8
+ 1 nM ghrelin 7.31 £ 0.22** 106.5+ 4.0
+ 100 nM ghrelin | 7.55 + 0.35** 93.4+2.8

Efficacy is displayed as the percentage of the maximum efficacy to GHRP-6 in the absence of
ghrelin. Data is expressed as the mean + S.E.M of three individual experiments performed in
triplicate. **p<0.01 as measured using a one-way ANOVA with Dunnett’s post-hoc test.

3.2.3.2 L-692,585

Co-administration of ghrelin with L-692,585 produced resultsweae similar to those
obtained for GHRP-6. For example, at low concentrations@$2,585 (1 pM-30 nM) the
co-administration of ghrelin caused a concentration-dependestsein 'S|GTP S
binding (Figure 3-4B). Indeed a one-way ANOVA with Dunnett’s posttketrevealed
that the level of PS]GTP S loading after challenging membranes with 1 pM L-692,585
was significantly increased by the co-administration of 0.3-10@hnidlin (p<0.05 after
co-administration of 1 pM L-692,585 and 0.3 nM ghrelin; p<0.01 afteadministration
of 1 pM L-692,585 and 1 nM or 100 nM ghrelin). At high concentrations@®2,585,
ghrelin (up to a concentration of 1 nM), appeared to hale ditfect on {°S]|GTP S
binding. Indeed statistical tests revealed co-administratf 10 pM-1 nM ghrelin did not
significantly alter the level of{S]GTP S binding achieved after challenging membranes

with 1 M L-692,585 (p>0.05; as compared using a one-way ANOVA). Howewer,
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administration of L-692,585 with 100 nM ghrelin significantly (p<0.G@#)uced the

maximum efficacy of S]JGTP S binding measured in response to L-692,585 alone.

Although there was a trend for the potency of L-692,585 to be re@soglarelin
concentration increased, this was only deemed significant upadmmistration of 1 nM
ghrelin (p<0.01; measured using a one-way ANOVA with Dunnett’s Ipostest) (Table
3-3).

Table 3-3 - Potency and efficacy of L-692,585 in th e presence of increasing concentrations
of ghrelin.

Condition PEC 50+ S.EM | Enax £ S.EM
L-692,585 7.77 £0.03 101.3+1.4
+ 10 pM ghrelin 7.65+0.03 111.4+1.7
+ 0.1 nM ghrelin 7.65 £ 0.05 102.3+2.0
+ 0.3 nM ghrelin 7.50+0.13 102.0+4.4
+ 1 nM ghrelin 6.80 £ 0.12** 111.5+ 3.0
+ 100 nM ghrelin 7.84+0.25 90.3 + 1.6*

Efficacy is displayed as a percentage of the maximum efficacy to L-692,585 in the absence of
ghrelin. Data is expressed as the mean = S.E.M of three individual experiments performed in
triplicate. *p<0.05, **p<0.01 as measured using a one-way ANOVA with Dunnett’s post-hoc test.

3.2.3.3 MK-677

The trend seen upon the co-administration of ghrelin with GHBPLE692,585 was
continued for MK-677. At low concentrations of MK-677 (1 pM -1 nM) co-adstration

of ghrelin significantly increased®B]JGTP S binding (p<0.05 after the addition of 0.3 nM
ghrelin; p<0.01 after the addition of 1 nM or 100 nM ghrelin; mess using a one-way
ANOVA with Dunnett’s post-hoc test) (Figure 3-4C). At higher NBK7 concentrations (1
nM -1 M) ghrelin appeared to have no additional effect®d8](3TP S binding. Indeed at

a concentration of 1M MK-677, a one-way ANOVA revealed that, compared to MK-677
acting on its own, the addition of ghrelin had no significece on £°S]GTP S binding
(p=0.16).

The results of the’}S]GTP S binding studies revealed that the co-administration of
ghrelin with GHRP-6, L-692,585 or MK-677 caused an increadeeitetel of f°S]|GTP S
binding at low concentrations of the growth hormone secretagogueghatoncentrations
of ghrelin (100 nM), co-administration of ghrelin and GHRP-6 hadffert on the
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maximum f°S]JGTP S binding compared to GHRP-6 acting alone (p>0.05), whilst co-
administration of 100 nM ghrelin with either L-692,585 or MK-6¥h#icantly decreased
the maximum level offS]GTP S binding compared to L-692,585 or MK-677 acting
alone (p<0.05). Ghrelin significantly decreased the potentRRS6, L-692,585 and MK-
677 when high concentrations of ghrelin (1 nM and/or 100 nM) wesalnunistered with
the growth hormone secretagogues. This suggested that ghrelinesasgea negative
allosteric effect on the signalling of GHRP-6, L-692,585 and-®6/&, with the presence of
ghrelin shifting the concentration-response curves to each gfalgh hormone

secretagogues to the right.

Table 3-4 - Potency and efficacy of MK-677 in the p  resence of increasing concentrations of

ghrelin.

Condition PEC 5+ S.EIM | Ejax £ S.E.M
MK-677 9.58 £ 0.03 99.7+ 0.8

+ 10 pM ghrelin 9.43+£0.03 105.1+£0.9
+ 0.1 nM ghrelin 9.27 £ 0.06 96.8+ 1.3

+ 0.3 nM ghrelin 9.16 £ 0.13 93.7+2.6

+ 1 nM ghrelin 8.32 £ 0.10** 107.1+1.5
+ 100 nM ghrelin 7.82 £ 0.89** 94.6 + 2.3*

Efficacy is displayed as a percentage of the maximum efficacy to MK-677 in the absence of ghrelin.
Data is expressed as the mean + S.E.M of three individual experiments performed in triplicate.
*p<0.05, **p<0.01 when compared using a one-way ANOVA with Dunnett’s post-hoc test.

To investigate if the effect that ghrelin had on the conagatr-response curves to the
growth hormone secretagogues was allosteric or competitivagumnen data was fitted to a
modified operational model of allosterism originally desatibg Leach et al. (2007)
(Equation 3-1; see Materials and methods, section 1.9.20d@t@&its on the definitions

used).

Equation 3-1 — Modified version of an operational m  odel of allosterism (Leach et al., 2007).

(E, - Basal){([Al(K, +ab[B]))+¢,[B]>EC,,)"

Y =Basal + 3
(AN, +ab[B]))+2,[BIEC,, )" +(ECL," {K4[BI)')

If the interaction between ghrelin and the growth hormone sgmgties is competitive in
nature, then the co-operativity factar(which denotes the magnitude by which the
affinity of each ligand is modified by the concomitant bindinghef other; Christopoulos

et al., 2004), would be equal to zero. This means in the apeahinodel of allosterism
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the parameteab (whereb is used to describe any allosteric effects on ligaridaafy)
would equal zero. If the interaction between ghrelin and thetgrbarmone
secretagogues was allosteric in nature, #neould be greater than, less than or equal to
one, which would describe situations in which the allostegand imparted positive,

negative or neutral effects (respectively) on the affioftthe orthosteric ligand.

The P°S]GTP S data was fitted to the modified operational model ofgdrism (Leach et
al., 2007) first with  constrained to zero and then withleft unconstrained (Figure 3-5).
Comparison between the two fits was assessed using Akailkefsnation Criterion

(AICc; Motulsky and Christopoulos, 2004).

Akaike’s Information Criterion is not a null hypothesis based testefore it does not
measure ‘significance’. Instead AICc indicates a prefeedor a model, for example, an
AlICc value of —0.5 would indicate a preference of 1.5-foldoine model over another
model. The parameters determined by fitting the data Figure 3-4 with the modified

operational model of allosterism, as well as the AlGualts, are listed in Table 3-5.

Table 3-5 — Parameters determined from fitting the ~ [**S]GTP S data (which investigates the
effect of increasing concentrations of ghrelin on c oncentration-response curves to the
growth hormone secretagogues; Figure 3-4) with the modified model of allosterism.

Parameter MK-677 GHRP-6 L-692,585

PECso 9.4 (9.3-9.6) 8.5(8.4-8.6) 7.8(7.7-17.9)
PKghrelin 8.8 (8.6 — 9.0) 8.8 (8.6 — 9.0) 8.9 (8.7-19.0)
Log t ghrelin 0.48 (0.35—-0.61) | 0.60 (0.44 —0.76) | 0.58 (0.44 — 0.71)
Em 98 (95— 101) 102 (97 — 106) 103 (98 — 107)

ab 0 0 0

Difference in AICc | N/A -1.8 -0.6

pPECs, is the negative logarithm of the ECs of the synthetic agonist to stimulate [SSS]GTPgS
binding; pKgnein is the negative logarithm of the equilibrium dissociation constant for ghrelin binding
to the ghrelin receptor; Log tgnrein is the logarithm of the agonist operational efficacy parameter for
ghrelin; E,, is the maximal system response level; ab is the net affinity and efficacy cooperativity
factor governing the interaction between ghrelin and the synthetic agonists. The difference in AICc
value quoted represents the preference for the data fit where the value of ab = 0 compared to a fit
where the value of ab was left unconstrained. Where ‘N/A’ is quoted, a comparison was not
possible as the dataset failed to fit a model where ab was not constrained to zero. Numbers in
paratheses represent 95 % confidence intervals.
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Figure 3-5 — Testing the effects of ghrelin on the response of the GRLN-R to A. GHRP-6 B.L-
692,585 or C. MK-677 using a modified operational m  odel of allosterism. Data generated in
the [°S]GTP S binding studies (shown in Figure 3-4) was fitted by Dr Christopher Langmead
(GlaxoSmithKline) to an modified operational model of allosterism (Equation 3-1) described by
Leach et al. (2007). Data shown here is fitted with ab = 0 to describe a situation where ghrelin and
the growth hormone secretagogues compete in a competitive fashion. Data was also fitted with ab
unconstrained (to describe an allosteric mode of interaction) however an F-test and Akaike’s
Information Criterion showed data was best fitted to describe a competitive interaction.



108

axb=0

1404
1204
1004
801
60
401
20-
0

% of GHRP-6 Emax

L) L) L)
-14 -12 -10 -8 -6 -4 -2
log [GHRP-6] M

C

axb=01

1401
1201
100+

60+
40+
20+

o4

% of GHRP-6 Emax

axb=1

1404
1204
1004

% of GHRP-6 Emax
$ 88

n
i

2

L}
-14  -12 -10 -8 -6 -4 -2

log [GHRP-6] M

Control

+ 10 pM ghrelin
=+ 100 pM ghrelin
=— + 1 nM ghrelin
— + 100 nM ghrelin

-14 -12 -]I.O -8 -6
log [GHRP-6] M

Figure 3-6 — Data simulated with an operational mod
constrained to describe competitive or allosteric m

odes of interaction.

el of allosterism with the parameter

ab

Taking the ECg of

GHRP-6 (determined in Figure 3-4) and the Kg and t values for ghrelin, data was simulated with the

modified version of the operational model of allosterism (Leach et al., 2007) by Dr Christopher

Langmead (GlaxoSmithKline). The parameter ab was set to A. equal 0 (to describe a competitive
mode of interaction) B. equal to 1 which describes a net neutral co-operativity between GHRP-6
and ghrelin, and C. equal to 0.1 which would describe a situation where ghrelin imparts a negative
co-operative effect on GHRP-6 binding. The key curve is that generated in the presence of 100 nM
ghrelin, which predicts a large shift in the curve if the interaction were competitive.
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The use of AICc showed that in each instance data wafitheih the model where

was constrained to zero (demonstrated in Figure 3-6); tieefutest this (as AlCc does not
measure significance) a comparison by extra sum of squaresteperformed, this
showed there was no significant preference for an allostex@hanism for any dataset
(p>0.05). Thus data from th&§]GTP S binding studies did not provide evidence in
favour of an allosteric mode of interaction between ghrelinta@djrowth hormone
secretagogues, but favoured a competitive model. Thus ghréiich) acts as a partial
agonist with respect to the actions of the growth hormorretsgogues (see Figure 3-3),
could be viewed as competing against the growth hormone sexyeésgfor binding to

the orthosteric site on the GRLN-R.

3.2.4  Effect of the growth hormone secretagogues on the
potency and efficacy of ghrelin

To further investigate the interaction between ghrelin aeadjtbwth hormone
secretagogues the experimental protocol was reversed so th#ettieof varying
concentrations of the growth hormone secretagogues on ghrelin sigoallildgoe
assessed. Thus concentration-response curves to ghrelin werenpd in the presence of
multiple, fixed concentrations of GHRP-6, L-692,585 or MK-677. The regsooisthe
GRLN-R in membranes prepared from HEK293 cells co-exprefsn@GRLN-R and G

were measured using8S]GTP S scintillation proximity assay.

3.24.1 GHRP-6

Concentration-response curves to ghrelin were performed indsemure of 0.1, 1, 10 and
100 nM of GHRP-6. At these concentrations GHRP-6 produc®$H3[TP S response
around 0 % (at 0.1 and 1 nM GHRP-6), 60 % (10 nM GHRP-6) or 1(H%nM GHRP-
6) of the maximum3fS]GTP S response achieved by ghrelin (Figure 3-3).

Fitting the data to concentration-response curves revealeattloav concentrations of
ghrelin (1 pM-3 nM), co-administration of GHRP-6 increasés]GTP S binding in a
concentration-dependent manner (Figure 3-7A). For example, stitistits revealed that
at 1 pM of ghrelin the addition of 1 nM, 10 nM or 100 nM of GHR§&l¢hificantly
increased the level of'B]GTP S binding achieved by ghrelin acting on its own (p<0.01;
compared using a one-way ANOVA with Dunnett’s post-hoc testgdddo-
administration of 1 pM ghrelin with either 10 nM or 100 nM GPR actually caused an

increase inTS]GTP S binding that was above the level of binding achieved by incubation
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Figure 3-7 - Testing the effect of GHRP-6, L-692, 585 and MK-677 on the response of the
GRLN-R to ghrelin. Using a [®*S]GTP S scintillation proximity assay, concentration-response
curves to ghrelin were generated in the presence of increasing concentrations of A. GHRP-6 B. L-
692,585 C. MK-677 in membranes prepared from HEK293 cells co-expressing G,,1 and the GRLN-
R. The assay was incubated for 80 min (25 °C) before incorporation of [*>S]|GTP S into G protein
was assessed by measurement of G protein-bound [*>S]GTP S (5 min/plate using a Viewlux
platereader). Datasets were fitted with sigmoidal concentration-response curves with Hill slopes
shared across each dataset. Hill slopes (= S.E.M): GHRP-6 = constrained to 1, L-692,585 = 1.14 +
0.28; MK-677 = 1.07 £ 0.31. Data is expressed as a percentage of the maximum response
achieved by ghrelin in the absence of growth hormone secretagogues. Data points represent the
mean + S.E.M of three independent experiments performed in triplicate.
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of membranes with a maximally effective concentrationfoélin alone (p<0.01; as

measured using a one-way ANOVA with Dunnett’s post-hoc test).

Strikingly, as the concentration of ghrelin increased, the! lef °S]GTP S binding
achieved by high concentrations of GHRP-6 (10 nM or 100 nM) decte@se
adminstration of 0.1 nM or 100 nM GHRP-6 significantly decrdadke potency of ghrelin
(p<0.05 and p<0.01, respectively: as compared using a one-w@yANvith Dunnett’s
post-hoc test) (Table 3-6).

Table 3-6 - Potency and efficacy of ghrelin in the presence of increasing concentrations of

GHRP-6.
Condition pPEC 50+ S.E.M | E;hax £ S.E.M | Response at 1 pM ghrelin £ S.E.M
Ghrelin 8.64 + 0.02 100.2+0.7 |85+0.6
+ 0.1 nM GHRP-6 | 8.32 £ 0.21* 108.3+7.6 | 29.5+39.0
+ 1 nM GHRP-6 8.01+£0.08 103.1+15 68.8+55
+ 10 nM GHRP-6 | 9.01 +£0.15 134.3+£2.2* | 132.8 + 13.1**
+ 100 nM GHRP-6 | 7.67 = 0.15** 187.6 £ 2.5 | 188.9 + 7.03**

Efficacy is displayed as a percentage of the maximum efficacy to ghrelin in the absence of GHRP-
6. Data is expressed as the mean = S.E.M of three individual experiments performed in triplicate.
*p<0.05; **p<0.01 when compared using a one-way ANOVA with Dunnett’s post-hoc test.

3.24.2 L-692,585 and MK-677

Ghrelin concentration-response curves were also performbd présence of 3 nM, 10
nM, 30 nM and 1 M of L-692,585 (producing approximately 20, 45, 80 or 150 % of the
maximum f°S]JGTP S response produced by ghrelin), or 30 pM, 0.1 nM, 1 nM or 3 nM
MK-677 (producing approximately 20, 75 or 115 % of the maximUB|{GTP S response
produced by ghrelin; shown in Figure 3-3).

Increasing the concentrations of both L-692,585 or MK-677 increZ&G[TP S binding
in the presence of low concentrations of ghrelin (Figure 247dC). For example, a one-
way ANOVA with Dunnett’s post-hoc test revealed that ah@lgn concentration of 1
pM, co-addition of GHRP-6 or MK-677 significantly increas&$]GTP S binding
(p<0.05 after addition of 3 nM L-692,585, p<0.01 after addition of 1030vhM and 1

M L-692,585 and p<0.05 after addition of 30 pM or 0.1 nM MK-677, p<0.tk af
addition of 1 nM or 3 nM MK-677).
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Co-administration of ghrelin with 30 nM and M L-692,585 or 0.3 nM — 3 nM MK-677
increased¥S]GTP S binding compared to the level achieved when challenging
membranes with a maximally effective concentration of gir€br example, a one-way
ANOVA with Dunnett’s post-hoc test revealed that there waigRificant increase in the
maximum f°S]JGTP S binding achieved by ghrelin after co-administration oMLL-
692,585 and 0.3 nM — 3 nM MK-677 (p<0.01). A one-way ANOVA alseatd that co-
addition of L-692,585 had no effect on the potency of ghrelin (p=0.09¢ Bab) whereas
the addition of 0.03 nM MK-677 significantly (p<0.05; as measustdg a one-way
ANOVA with Dunnett’s post-hoc test) lowered the potency of ghredmpared to ghrelin
acting alone (Table 3-8).

Table 3-7 - Potency and efficacy of ghrelin in the presence of increasing concentrations of

L-692,585.
Condition PEC 50+ S.E.M | Ejax £ S.E.M | Response at 1 pM ghrelin £ S.E.M
Ghrelin 8.54 £ 0.05 97.3+1.8 03+13
+3nM L-692,585 | 8.03+0.27 111.7+7.7 59.0 + 13.9
+10 nM L-692,585 | Not fitted Not fitted 88.7 + 9.8**
+30 nM L-692,585 | 9.53 + 0.78 129.8 £ 10.6* | 131.1 + 18.9**
+1 ML-692,585 | 7.80+ 0.39 177.9 £ 5.6** | 175.3 + 13.0**

Efficacy is displayed as a percentage of the maximum efficacy to ghrelin in the absence of L-
692,585. Data is expressed as the mean + S.E.M of three individual experiments performed in
triplicate. **p<0.01 when compared using a one-way ANOVA with Dunnett’s post-hoc test.

Table 3-8 - Potency and efficacy of ghrelin inthe  presence of increasing concentrations of

MK-677.
Condition PEC 50+ S.E.M | Epax £ S.E.M | Response at 1 pM ghrelin £ S.E.M
Ghrelin 8.54 + 0.02 96.0+ 0.8 05+2.6
+ 0.03 nM MK-677 | 7.84 £ 0.06* 117.2+£1.8* | 74.6 £ 2.9*
+ 0.1 nM MK-677 | 8.03+0.31 121.5+6.6* | 81.2 + 34.0*
+ 1 nM MK-677 9.07 £ 0.12 159.0 £ 1.7** | 162.9 10.0**
+ 3 nM MK-677 8.50 + 0.07 190.8 + 1.3** | 195.0 + 3.8**

Efficacy is displayed as a percentage of the maximum efficacy to ghrelin in the absence of MK-677.
Data is expressed as the mean + S.E.M of three individual experiments performed in triplicate.
*p<0.05; **p<0.01 when compared using a one-way ANOVA with Dunnett’s post-hoc test.
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Figure 3-8 - Testing the effect of A. GHRP-6, B. L- 692,585 and C. MK-677 on the response of
the GRLN-R to ghrelin using a modified operational model of allosterism. Data generated in
the [°S]GTP S binding studies (shown in Figure 3-7) was fitted by Dr Christopher Langmead
(GlaxoSmithKline) to an modified operational model of allosterism (Equation 3-1) described by
Leach et al. (2007). Data shown here is fitted with ab = 0 to describe a situation where ghrelin and
the growth hormone secretagogues compete in a competitive fashion. Data was also fitted with ab
unconstrained (to describe an allosteric mode of interaction) however an F-test and Akaike’s
Information Criterion showed data was best fitted to describe a competitive interaction.
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Figure 3-9 — Data simulated with an operational mod el of allosterism with the parameter  ab
constrained to describe competitive or allosteric m odes of interaction. Taking the ECsg of
ghrelin (determined in Figure 3-7) and the Kgand t values for GHRP-6 (Table 3-9), data was
simulated with the modified version of the operational model of allosterism (Leach et al., 2007) by
Dr Christopher Langmead (GlaxoSmithKline). The parameter ab was set to A. equal O (to describe
a competitive mode of interaction) B. equal to 1 which describes a net neutral co-operativity
between GHRP-6 and ghrelin, and C. equal to 0.1 which would describe a situation where GHRP-6
imparts a negative co-operative effect on ghrelin binding. The key curve is that generated in the
presence of 100 nM GHRP-6, which shows that the response to 1 M ghrelin would be significantly
greater in the presence of 100 nM GHRP-6 than that achieved in the absence of GHRP-6 if a
negative or neutral allosteric interaction between ghrelin and GHRP-6 was occuring.
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Once again data was modelled with the modified operatioadéhof allosterism (Leach
et al., 2007; Materials and methods section 1.9.20.3) tondieeervhether the interaction
between ghrelin and the growth hormone secretagogues wasratlostcompetitive in
nature. Comparison of data fits to the operational moddlasterism (Equation 3-1) was
assessed using AlCc. However, the operational model ofaiks was re-cast such that
ghrelin, the partial agonist, was the independent variableeor-axis (parameters
measured by fitting the data to the modified operational nafd&losterism are displayed
in Table 3-9). As previously, data was best fit to a conipetrather than an allosteric
model of ligand interaction (Figure 3-8), as demonstratedguwr€& 3-9. Thus ghrelin and
the growth hormone secretagogues appeared to be competing for bintiegame site
on the GRLN-R.

Table 3-9 - Parameters determined from fitting the ~ [*°*S]GTP S data (which investigates the
effect of increasing concentrations of the growth h ormone secretagogues on the

concentration-response curves to ghrelin; Figure 3- 7) with the modified model of
allosterism.
Parameter MK-677 GHRP-6 L-692,585
pECso 10.0 (9.0-10.1) | 8.3(8.2-8.5) 7.9 (7.8-8.1)
PKghrelin 8.1(7.8-8.3) 8.4(8.1-8.6) 8.3(8.0-8.5)
LOg t ghrelin 0.17 (0.07 —0.28) | -0.06 (-0.17 — 0.04) | 0.11 (0.01 — 0.21)
Em 177 (169 - 185) | 191 (179 — 203) 171 (162 — 179)
ab 0 0 0
Difference in AICc | -0.5 N/A -1.8

PECs, is the negative logarithm of the ECs, of the synthetic agonist to stimulate [SSS]GTPgS
binding; pKgnreiin is the negative logarithm of the equilibrium dissociation constant for ghrelin binding
to the ghrelin receptor; Log tgnrein is the logarithm of the agonist operational efficacy parameter for
ghrelin; E,, is the maximal system response level; ab is the net affinity and efficacy cooperativity
factor governing the interaction between ghrelin and the synthetic agonists. The difference in AICc
value quoted represents the preference for the data fit where the value of ab = 0 compared to a fit
where the value of ab was left unconstrained. Where ‘N/A’ is quoted, a comparison was not
possible as the dataset failed to fit a model where ab was not constrained to zero. Numbers in
paratheses represent 95 % confidence intervals.

3.2.5 Kinetics of [His[ **I]]-ghrelin binding

Allosteric ligands are predicted to alter the kineticbkiatling of orthosteric ligands to the
receptor of study (Langmead and Christopoulos, 2006; May et al.,, 200&}fect that can
be monitored as a change in the dissociation rate of a ra€lield orthosteric ligand in the
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presence of an allosteric ligand (Kostenis and Mohr, 1996ar8¢ifie effect that GHRP-6,
L-692,585 and MK-677 had on the dissociation of [HR]-ghrelin from the GRLN-R
could be investigated, a radioligand binding assay had to b#isiséal and the kinetics of

[His[**3]]-ghrelin binding in the absence of the growth hormone seagtaes assessed.

To study the association of [H§fi]]-ghrelin binding to the GRLN-R, membranes co-
expressing Gz and the GRLN-R were incubated in ice-cold assay buffdr thi
inclusion of cold ghrelin, where appropriate, used to determinespecific binding. The
concentration of membranes chosen ensured that less than 10é&4aifl radioactivity
added bound to the GRLN-R. The assay was terminated by riaitidn through GF/B
plates pre-soaked in 0.5.%) PEI. Pre-soaking the GF/B plates in 0.52PEI was found
to prevent excessive binding of the radioligand to the plates (a@atshown), as

previously described by Muccioli et al. (2001).

Specific binding of [Hisf?A]]-ghrelin to the GRLN-R was calculated by subtracting the
values obtained in the presence of cold ghrelin (non-specific bindorg)the values
obtained in the absence of cold ghrelin (total binding). This stdhat [Hisf?3]]-ghrelin
binding increased over time (Figure 3-10). The use of an Elested that the data was
best fitted to a one-site exponential association curve, wliealed that the binding of
[His[**3]]-ghrelin increased until around 120 min where the responsheeaa plateau,

yielding an observed association rate constagi)(Kf 0.03 + 0.005 min.

To study the dissociation kinetics of [Hi§]]]-ghrelin from the GRLN-R, 83 pM of
[His[*?3]]-ghrelin was incubated at 4 °C with membranes co-exprgs3i,; and the
GRLN-R. After 120 min, 10 L of a final concentration of 1M ghrelin was added to the
reaction mixture to prevent re-association of the radioligapadompeting against
radiolabelled ghrelin for binding to the GRLN-R). Again, spediinding was calculated
by the subtraction of the values of non-specific binding from raling.

The addition of cold ghrelin caused the specific binding of ["Igﬁﬂ—ghrelin to decrease
with time. An F-test revealed that the dissociation das best fitted with a one-phase
exponential decay curve, which yielded a dissociation rateanun$bs) of 0.02 + 0.002
min™ (or a Kot of 0.01 + 0.002 min, calculated by fitting data with a semi-log plot)
(Figure 3-11). Using Equation 3-2 and Equation 3-3 allowed thendietgtion of the
kinetically derived equilibrium dissociation constanp)kf 2.53 x 10°M.
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Figure 3-10 - Association of [His[ *?°I]]-ghrelin to the GRLN-R. The specific binding of [His[**I]]-
ghrelin to the GRLN-R was measured over varying time periods (0-120 min) in membranes co-
expressing the GRLN-R and G,.;. Binding was carried out at 4 °C with non-specific binding
determined by the inclusion of 1 M cold ghrelin and the addition of a final concentration of 83 pM
[His[lzsl]]-ghrelin staggered so that the assay was terminated by rapid filtration through 96-well
GF/B filter plates pre-soaked in 0.5 %) PEI after 2 h. Filters were allowed to air-dry before the
addition of 100 L scintillation cocktail to each filter. Bound radioactivity was measured using a
[125I]counting programme on a Topcount NXT™ microplate scintillation counter. Data points
represent the mean + S.E.M of three independent experiments performed in triplicate. Data was
expressed as the percentage of the maximum specific binding achieved and fitted to a one-site
exponential association curve, yielding a Kqps value of 0.03 + 0.005 min™.

Equation 3-2 — Determination of K,
Kon = (Kobs - Koﬁ)/[radioligand]

Where Ko, is the association rate constant; K,y is the observed association rate constant; Ky is the
dissociation rate constant and [radioligand] is the final concentration of radioligand in M.

Equation 3-3 — Determination of K
Kb = Kot/Kon

Where Kp is the equilibrium dissociation constant; K. is the dissociation rate constant and Ky, is
the association rate constant.

3.2.6  Ghrelin and the growth hormone secretagogues compete
for [His[ *#I]]-ghrelin binding

The specific binding of [Hi$f]]-ghrelin to the GRLN-R was measured in membranes co-
expressing the GRLN-R and &in the presence of increasing concentrations of ghrelin,
GHRP-6, L-692,585 and MK-677. Ghrelin and the growth hormone secgetegwere all
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Figure 3-11 - Dissociation of [His[ **®I]]-ghrelin from the GRLN-R. Following association (to
equilibrium, 120 min), the dissociation of [His[***I]]-ghrelin from the GRLN-R was measured over
varying time periods in membranes co-expressing the GRLN-R and G,,;. Binding was carried out
at 4 °C for 2 h with non specific binding determined by the inclusion of 1 M cold ghrelin before re-
association of [His[**°I]]-ghrelin was inhibited by the addition of 1 M cold ghrelin for varying
amounts of time (0-180 min). The assay was terminated by rapid filtration through 96-well GF/B
filter plates pre-soaked in 0.5 %) PEI. Filters were allowed to air-dry before the addltlon of 100

L scintillation cocktail to each filter. Bound radioactivity was measured using a [*’Ijcounting
programme on a Topcount NXT™ microplate scintillation counter. Data points represent the mean
+ S.E.M of three independent experiments performed in triplicate and are expressed as a
percentage of the maximum specific binding achieved in each assay. A. Data is fitted to a one-site
exponential decay curve, yleldlng a Kgyof 0.02 + 0.002 min™ B. Semi- -log plot of dissociation
yielded a Ky of 0.01 + 0.002 min™
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able to compete with [Hi&1]]-ghrelin in a concentration-dependent manner to limit the
specific binding of ghrelin, although sufficiently high concentradi of L-692,585 could

not be employed in these studies to allow adequate fittitgealata (Figure 3-12). The
use of an F-test revealed that ghrelin, GHRP-6 and MK-67& kst fit to a monophasic
competition curve with Hill slopes (determined from fittiing tdata to variable-slope dose-
response curves) not significantly different from unity (TablR As the 1Gy can

change depending on experimental conditions used, thi@p&ach ligand was calculated.
To determine the pKrom the plGo values the Cheng-Prusoff equation was used
(Equation 3-4; Cheng and Prusoff, 1973).

Equation 3-4 — Cheng-Prusoff equation for determini  ng the K ; from the IC s.

K, = ICqp

I
[radioligand]
1+ |
KD

Where ICs is the concentration of ligand that blocks specific binding by 50 %, Kp is the affinity of
the radioligand for the receptor and [radioligand] is the concentration of the radioligand in M. The
equation was originally described by Cheng and Prusoff (1973).

125|]

Table 3-10 — Ghrelin and the growth hormone secreta  gogues compete for [His[ -ghrelin

binding.

Ligand pIC 5o pKi Hill slope
Ghrelin 9.06 £ 0.34 8.97 £ 0.27 -0.59 £ 0.41
GHRP-6 8.29 + 0.60 7.51+0.71 -0.52 £ 0.63
MK-677 8.12 +0.33 8.14 £ 0.08 -0.67 £ 0.49
L-692,585 <5.00 < 6.00 Not fitted

Data is expressed as the mean + S.E.M of three individual experiments performed in triplicate. F-
test showed data was best fitted to a one-site competition model which allowed pICs, and pKi
values to be obtained. Hill slope values were obtained from fitting the data to a variable-slope
sigmoidal dose-response curve. The use of an F-test revealed the Hill slope values obtained were
not significantly different from unity.
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Figure 3-12 - The specific binding of [His[  ***I]-ghrelin is inhibited by the presence of ghrelin

and the growth hormone secretagogues.  Binding of a final concentration of 83 pM [His[**I]]-
ghrelin to membranes co-expressing G,o; and the GRLN-R was measured in the presence or
absence of varying concentrations of ghrelin, MK-677, GHRP-6 and L-692,585. Binding was
carried out at 4 °C for 2 h with non-specific binding determined by the inclusion of 1 M cold
ghrelin, before the assay was terminated by rapid filtration through 96-well GF/B filter plates pre-
soaked in 0.5 %) PELI. Filters were allowed to air-dry before the addition of 100 L scintillation
cocktail to each filter. Bound radioactivity was measured using a [‘*’IJcounting programme on a
Topcount NXT™ microplate scintillation counter. Data points represent the mean + S.E.M of three
independent experiments performed in triplicate. Data is expressed as a percentage of the
maximum specific binding achieved in the absence of competing ligand and fitted to a one-site
competition model.

3.2.7  The growth hormone secretagogues do not alter the time
course of [His[ **I]]-ghrelin dissociation

The data from the competition binding experiments was consisténghiielin and the
growth hormone secretagogues competing for a common bindingaitiertfier test this
the effect of ghrelin and the growth hormone secretagogues dissioeiation of

[His[**A]]-ghrelin was explored.

The dissociation of [Hi¢f]]-ghrelin from the GRLN-R was measured in membranes co-
expressing the GRLN-R and &(Figure 3-13)Re-association of [Hisf]]-ghrelin was
inhibited by the addition of cold ghrelin to the reaction mixturehe presence or absence
of 0.3 M L-692,585. Data was best fitted to a one-phase exponenteay deadel

(assessed using an F-test). This revealed thatghim khe absence of L-692,585 was 0.02
+ 0.002 mift whilst the Ky in the presence of L-692,585 was 0.02 + 0.004’min
comparing the K values obtained using a un-paired two-tailed t-test revélaged was

no significant differences in the values obtained (p=0.85). TH82,585 had no effect on
the dissociation rate of [Hi&f1]]-ghrelin. To further test the effects of the growth hormone

secretagogues on the dissociation of [H§]-ghrelin from the GRLN-R, two-point
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Figure 3-13 - L-692,585 does not affect the dissoci  ation rate of [His[ **I]]-ghrelin from the

GRLN-R. Following association (to equilibrium, 120 min), the dissociation of [His[**°I]]-ghrelin from
the GRLN-R was measured over varying time periods in membranes co-expressing the GRLN-R
and G,,;. Binding was carried out at 4 °C for 2 h with non-specific binding determined by the
inclusion of 1 M cold ghrelin before re-association of [His[*°I]]-ghrelin was inhibited by the
addition of 1 M cold ghrelin £ 0.3 M L-692,585 for varying amounts of time (0-180 min). The
assay was terminated by rapid filtration through 96-well GF/B filter plates pre-soaked in 0.5 %)
PEI. Filters were allowed to air-dry before the addition of 100 L scintillation cocktail to each filter.
Bound radioactivity was measured using a [*’IJcounting programme on a Topcount NXT™
microplate scintillation counter. Data points represent the mean + S.E.M of three independent
experiments performed in triplicate. Data is expressed as the percentage of the maximum specific
binding achieved in each assay and is fitted to a one-site exponential decay curve. The Ky of
[His[12 I]]-ghrelin in the presence of L-692,585 was calculated as 0.02 + 0.004 min™.

dissociation experiment were used. Two-point dissociation expesraenfa simplified
procedure for studying radioligand dissociation, where only the amouadiofigand
bound at the start and after a fixed interval of dissociatermeasured (Kostensis and
Mohr, 1996), allowing the amount of radiolabel used in each erpatito be reduced.
However, this method is only valid for use if full time-courseaafioligand dissociation is
monophasic both in the absence and presence of modulator (Kostehistand 996;

Lazareno and Birdsall, 1995), which was the case in tiniky/ st
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Figure 3-14 - GHRP-6, L-692,585 and MK-677 do not a ffect the dissociation rate of [His[

ghrelin from the GRLN-R. Following association, the dissociation of [His[**°I]]-ghrelin from

1257

membranes co-expressing the GRLN-R and G,,; was measured 0 min and 60 min after the
addition of 1 M ghrelin in the presence or absence of varying concentrations of A. GHRP-6, B. L-
692,585 or C. MK-677. The assay was terminated by rapid filtration through GF/C filters pre-
soaked in 0.5 %) PEI. Filters were allowed to air-dry and bound [His[lzsl]]-ghrelin measured for
60 s using a [*°I] counting programme on a LS 6500 scintillation counter. Data points represent the
mean + S.E.M of three independent experiments performed in triplicate. Data is expressed as the
percentage of specific binding achieved in the absence of competitor and fitted with linear
regression.
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Specific binding of [Hisf]]-ghrelin in membranes co-expressing the GRLN-R angd G
was measured 60 min after administration of cold ghrelindrptesence or absence of
increasing concentrations of GHRP-6, MK-677 and L-692,585 and dathitth linear-

regression (Figure 3-14).

The use of a one-way ANOVA revealed that dissociatiom&f]f22]]-ghrelin was not
altered by co-administration of ghrelin with either GHRP-6 (p8)).L-692,585 (p=0.45)
or MK-677 (p=0.47). Thus even at maximally effective concentratbtise growth
hormone secretagogues there was no change in the rateoofatiss of [Hisf21]]-
ghrelin compared to that achieved by ghrelin acting on its data consistent with the
lack of an allosteric effect of the growth hormone secoefags on the binding of
[His[**]]-ghrelin.

3.2.8  The inverse agonist SPA competes with ghrelin and the
growth hormone secretagogues

To investigate whether ghrelin and the growth hormones did bisichitar sites on the
GRLN-R, the effect of incubation of SPA ofi$]GTP S binding evoked by ghrelin,
GHRP-6, L-692,585 and MK-677 was tested.

A [®S]GTP S scintillation proximity assay was used to measure tiponss of ghrelin or
the growth hormone secretagogues at a concentration that evolsposezaround 80 %
of the maximum signalling achieved by each ligand in #&]GTP S binding assays (as
measured in Figure 3-3). Concentration-response curves to SfeAhee generated in the
presence of E§gconcentrations of ghrelin, GHRP-6, L-692,585 and MK-677 (Figure
3-15). In all instances, SPA was able to decre&$G TP S binding in a concentration-
dependent manner, thus acting as an antagonist at the GRLNufYy #fose-response
curves to the data allowed determination ofspi@lues of SPA, as listed in Table 3-11.

Table 3-11 — Potency values of SPA in inhibiting an ECgo concentration of ghrelin, GHRP-6,
L-692,585 or MK-677.

Ligand plCso+ S.E.M
Ghrelin 5.98 £0.13
MK-677 6.85+ 0.15
GHRP-6 6.62 £ 0.21
L-692,585 6.38£0.12

Data is expressed as the mean + S.E.M of three individual experiments performed in triplicate.
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Figure 3-15 - SPA competes with ghrelin and the gro  wth hormone secretagogues for

binding to the GRLN-R. A [**S]GTP S scintillation proximity assay was used to measure the
response of membranes co-expressing the GRLN-R and G,,;to A. 3 nM ghrelin, B. 30 nM GHRP-
6,C. 0.3 ML-692,585 or D. 1 nM MK-677 in the presence of varying concentrations of the inverse
agonist SPA (80 min; 25 °C). Activation of the GRLN-R was assessed by measurement of G
protein-bound [SSS]GTP S (5 min/plate using a Viewlux platereader).Data points represent the
mean + S.E.M of three individual experiments performed in triplicate. Data is normalised with 100
% being the response achieved by the ECg, concentration of growth hormone secretagogues in the
absence of SPA and 0 % being the basal response of the membranes.
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To determine whether SPA acted in a competitive or non-cdaimpehanner Schild
analysis was used; where concentration-response curves tmgBiteRP-6, L-692,585
and MK-677 were performed in the presence of multiple, fixaatentrations of SPA.
Data was globally fitted with the equation described by Métbnd Christopoulos
(2004) (Equation 3-5).

Equation 3-5 - Global-fit model described by Motuls  ky and Christopoulos (2004).

(Top - Bottom)

10|OQEC50 1+ [%O—pAz

[A]

Y =Bottom +

Ny

1+

Definitions of the terms in Equation 3-4 are described in Materials and methods, section 1.9.20.2.

Fitting of the data to the global fit model revealed BRA caused a concentration-
dependent decrease in the baseline of the concentration-respoveseto ghrelin and the
growth hormone secretagogues. This is best demonstrateguire B-16 which showed at
a GHRP-6 concentration of 1 pM the addition of 0.3-MDof SPA caused a significant
decrease in*fS]GTP S binding (p<0.05; as measured using a one-way ANOVA with
Dunnett’s post-hoc test). Thus, due to the inverse agonistete8PA, the data from the
Schild analysis appeared poorly fitted to the global fit m{éigure 3-16), indeed re-
analysing the data so that for each curve the basal al(i8S]GTP S were
unconstrained led to a better fit of the data (measured asi F-test) and reduced the
apparent affinity of SPA for the GRLN-R. However, as thveas a distinct trend for the
baseline of the curves to decrease (which breaks the fulehitd analysis which requires
that parallel shifts of the concentration-response curves shoaldt with no dimunition in
maxima; Kenakin, 2006) the data was normalised to remove thddasaf [°S]|GTP S
binding. Once again this reduced the apparent affinity of ®Pfé GRLN-R (Table
3-12; Figure 3-17).

Fitting the data to the global fit model resulted in Schi@ppes that were not significantly
different to 1 (p>0.05; measured using an F-test). Thus SPA beidden to act as a
competitive antagonist. Constraining the Schild slope to 1 allomessurement of the
affinity of SPA for the GRLN-R (pK). Comparing pl§ values using a one-way ANOVA
with Tukey’s multiple comparison test revealed that thimiaffof SPA for the GRLN-R
was significantly lower (p<0.01) in the presence of ghrelin tharaffinity of SPA for the
GRLN-R measured in the presence of either GHRP-6 or L-692,585.
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Figure 3-16 - SPA competes with GHRP-6 bindingina  concentration-dependent manner.
Using a [*>S]GTP S scintillation proximity assay, concentration-response curves to GHRP-6 were
performed in the presence of varying concentrations SPA, in membranes co-expressing the GRLN-
R and G, After incubation for 80 min (25 °C) G protein-bound [*°>S]GTP S was measured (5
min/plate using a Viewlux platereader). A. White bar shows the level of [SSS]GTP S binding in
response to 1 pM GHRP-6 in the absence of SPA. In the presence of SPA (black bars), binding of
[**S]GTP S in response to 1 pM GHRP-6 is reduced in a concentration-dependent manner.
*p<0.05; as measured using a one-way ANOVA with Dunnett’s post-hoc test. B. Data was fitted
with the global fit model (Motulsky and Christopoulos, 2004) C. Fitting the data to the global fit
model with the baseline values removed revealed that SPA acts as a competitive antagonist. Data
points represent the mean + S.E.M of three independent experiments performed in triplicate.
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Figure 3-17 - SPA acts as a comgetitive antagonist
692,585 and MK-677. Using a [3 S]GTP S scintillation proximity assay, concentration-response

in antagonising the effects of ghrelin, L-

curves were generated to A. ghrelin, B. L-692,585 or C. MK-677 in the presence of varying
concentrations of SPA, in membranes prepared from HEK293 cells co-expressing the GRLN-R and
Gao1- The responses of the GRLN-R were assessed after 80 min incubation (25 °C) by measureing

G-protein bound [**S]GTP S (5 min/plate, read on a Viewlux platereader). Data points represent

the mean + S.E.M of three independent experiments performed in triplicate. Data is expressed as
fluorescence counts over basal and is fitted with a global fit model described by Motulsky and

Christopoulos (2004).
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Ligand pA,+ S.EM pKg+ S.EM Slope significantly
i 2

Raw data different to 17

Ghrelin 8.05+0.54 7.57 £0.29 No

MK-677 8.22+0.24 8.09 +£0.16 No

GHRP-6 8.86 + 0.22 8.35+0.15 No

L-692,585 8.51+0.29 8.48 £ 0.17 No

Raw data unconstrained basal values

Ghrelin 7.50+0.76 7.01+0.34 No

MK-677 7.93 +0.40 7.13 £ 0.05 No

GHRP-6 8.03 +0.29 7.89 £ 0.20 No

L-692,585 7.97 +0.36 7.75 +0.23 No

Normalised data

Ghrelin 6.89 +0.43 6.58 £ 0.18 No

MK-677 7.21+£0.19 7.10+£0.10 No

GHRP-6 7.61+0.15 7.49 + 0.09 No

L-692,585 7.61+0.17 7.45+0.10 No

Concentration-response curves to ghrelin, MK-677, GHRP-6 and L-692,585 in the presence of

increasing concentrations of the substance P analogue were generated and the data fitted with a
global fit model described by Motulsky and Christopoulos (2004). Table lists the pA, value of the
substance P analogue, whilst constraining the Schild slope to 1 allowed determination of the pKg.

F-tests were used to determine whether the Schild slope was significantly different from 1.

Removing the base line values of [*>S]GTP S binding in the presence of SPA (normalised data) led
to a decrease in the apparent affinity of SPA.




Kirstie Ann Bennett, 2009 Chapter 3, 129

3.3 Discussion

3.3.1  Ago-allosteric models

To explain the ago-allosteric effects of GHRP-6 and L-692,429 onghalling of

ghrelin, Holst and colleagues generated a complex model whietl cgl the GRLN-R
existing as a homo-dimer (Holst et al., 2005). Although not stumiddiolst et al. (2005),
to date, two studies have demonstrated that the GRLN-Rooara homo-dimer (Jiang et
al. 2006; Leung et al., 2007). Indeed, there have been multipliestnvestigating
receptor dimerisation that have described situations inhwanligand with a high affinity
and/or potency for one GPCR have affected the pharmacologyiofuacid/or cellular
distribution of a second GPCR for which they have no dirdictitgf (Ellis et al., 2006;
Parenty et al., 2008; Sohy et al., 2007; Milligan, 2008).

Given the evidence that GPCRs can form dimers, or higher adigstructures, it is not
inconceivable that allosteric modulation across the dimer agenhay occur, a concept
recently discussed by Milligan and Smith (2007) and Springael @047). Indeed,
evidence to support allosteric modulation in receptor dimerbédws supplied by studies
into allosteric regulation of the GAB#&receptor. The GABAreceptor is an obligatory
hetero-dimeric receptor composed of two subunits; GABNd GABAs; (White et al.,
1998; Kaupmann et al., 1998; Jones et al., 1998). Interestinglst &id colleagues
demonstrated that the positive allosteric modulator CGP798@tmct a mutant receptor
that consisted solely of the GABAsubunit, as the endogenous ligand GABA binds solely
to the GABAg; subunit, this data suggests CGP7930 could be imparting its attcsfect
across the dimer (Binet et al., 2004). However, it is mmoke challenging to investigate
allosteric modulation across a homo-dimer. One approach thatlm®ulskd is to generate
an asymmetrical homo-dimer (or pseudo-hetero-dimer) betwedd-&ype receptor and a
second receptor mutated to alter its affinity to liganawvéhg the effects of allosteric
modulators to be explored in a receptor dimer that displays eipiggrmacology at each

of the protomers (Damian et al., 2006; Sartania et al., 2007).

Since the homo-dimeric model of ago-allosteric modulation was pedposo further
models have been developed to explain, in principle &, leew ago-allosteric modulation
of a receptor may occur when the binding sites for the orthostedi@allosteric ligands
overlap. In one model, binding of the allosteric ligand involaésraction of the ligand
with residues that are part of the orthosteric binding fteen both the allosteric and

orthosteric ligands are present, the orthosteric ligand occilngdsnding site with high
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affinity leaving the ago-allosteric modulator to adopt, attlpasgtially, a different binding
mode (Schwartz and Holst, 2007). In the second model, the orth@stdratlosteric
ligands can bind to the receptor molecule at different pamtime. The conformational
interchanges of the receptor could then occur on a timesedles trelatively slow
compared with the assay conditions at which receptor signalmgasured. Thus the
ago-allosteric modulator could bias the receptor population for stguinding and action

— a process termed ‘time-resolved allostery’ (Schwartz aniskt FH2007).

Surprisingly, and in direct contrast to the original studydbyst et al. (2005), in this study
no evidence was found to suggest that the growth hormone seg@tagcted as ago-
allosteric modulators of the GRLN-R. Instead, data suppontedch simpler model of
interaction, where ligands of distinct efficacy competadinding to the orthosteric site
of the GRLN-R.

3.3.2 The growth hormone secretagogues act as super -
agonists inthe G, pathway

Previous studies exploring the activation of the GRLN-R in GQ@8lls transfected to
express the human GRLN-R demonstrated that both GHRP-6 angi’Mideted with
higher efficacies than ghrelin (i.e. they acted as ‘sagenists’), either in increasing
inositol phosphate accumulation (GHRP-6) or increasing serum-resp@hsient
transcription or arrestin mobilisation (MK-677) (Holst et 2005). However, the study
also revealed inconsistencies in the efficacies of tbethy hormone secretagogues,
depending on the assay end-point measured. For example, even thoughasitbke
phosphate accumulation assays GHRP-6 acted as a super-agtmnisthe same
pathway, calcium mobilisation studies showed GHRP-6, L-692,4291&R677 acted
with efficacies equal to that of ghrelin (Holst et al., 20053cEepancies in the efficacies
of the growth hormone secretagogues within thg (pathway may have resulted from
the functional assays used to measure activation of the GRlas feedback, cross-
regulation and even convergence of different effector systeay also be measured in
downstream functional assays, complicating experimental r€gdtss, 1998). To avoid
this the actions of ghrelin, GHRP-6, L-692,585 and MK-677 in this siuehg explored at
the level of receptor binding (via the use of radioligand bindindies) and at the level of
G protein activation (with*f'S]JGTP S binding studies): thus allowing measurement of

ligand efficacies and potencies in a response system closegiator activation.
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Initial [**S]GTP S binding assays revealed that the GRLN-R constitutivetiyated the

G o pathway as expression of the GRLN-R led to a significaneass in°S]|GTP S
loading, an increase that was inhibited by incubation with $ftfeed, SPA has
previously been shown to act as an inverse agonist indha @athway as SPA acted to
decrease inositol phosphate levels observed upon GRLN-R expresHierideels
achieved in the absence of receptor (Holst et al., 2008)ough ghrelin has previously
been demonstrated to activatg Bassil et al., 2007; Dezaki et al., 2007; Esler et al.,
2007), to date there is a lack of data in the literatureodstrating the ability of the growth
hormone secretagogues to activate thg @athway. In this study, GHRP-6, L-692,585
and MK-677 were all able to evoke a concentration-dependepsase in 3[SS]GTP S
binding in membranes co-expressing the human GRLN-R and thet&nar-subunit

Gao1. Furthermore, GHRP-6, L-692,585 and MK-677 were all demonstratect &s
super-agonists; a finding that proved to be particularly impontathie interpretation of the

data gained from subsequent radioligand binding and functionaéstudi

3.3.3 GHRP-6, L-692,585 and MK-677 are not ago-allo steric
modulators of the GRLN-R—evidence from binding stud ies

It is generally accepted that binding studies offer the masitae and direct means to
detect the effect that an allosteric ligand imparts on baqndf an orthosteric ligand. Thus
radioligand binding studies have been widely used to investdjagteric regulation of
many GPCRs (May et al., 2003; Chan et al., 2008; Valant,&(0l8; Redka et al., 2008).

Competition binding studies used to explore [H]]-ghrelin binding to the GRLN-R
revealed that ghrelin, GHRP-6 and MK-677 all fully competétti [His[*2]]-ghrelin
binding in a concentration-dependent manner, resulting igy piel pKvalues similar to
published values (see Table 3-11). A trend was also seerefspdtific binding of
[His[*?3]]-ghrelin to decrease upon treatment with ‘cold’ L-692,585<ficiently high
concentrations could not be explored to allow accurate determirditibe plGoor to
determine whether L-692,585 fully competed with [Hi3]]-ghrelin binding. Interestingly
in functional studies the pEgof L-692,585 binding to the GRLN-R was shown to be 7.60
+0.17, so it would be expected that L-692,585 should fully inHibg[}>1]]-ghrelin
binding at the concentrations tested. As potency is dependent oaftiaitly and efficacy
of a ligand for a receptor, this suggests that L-692,585 has affionty for the GRLN-R
but acts with high efficacy.
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The finding that MK-677 and GHRP-6 fully competed with [Ffid]]-ghrelin binding
supported previous reports that ghrelin and the growth hormone segtetagould bind
to overlapping sites on the GRLN-R; mutagenesis studies foundoimpaing to the
GRLN-R; ghrelin, GHRP-6, L-692,429, L-692,585 and MK-677 all madeawbntith a
glutamic acid residue in TMIII (E124% (Feighner et al., 1998; Holst et al., 2009).
Importantly mutation of E124° did not affect the cell surface expression or constitutive
activity of the GRLN-R, suggesting the affect of this miotabn binding of ghrelin and
the growth hormone secretagogues was not due to disturbance ofgh®rastructure
(Holst et al., 2009).

Interestingly, the finding that GHRP-6 fully competed withs[E#3(]]-ghrelin binding
contradicted with the results of the original study demonstrétim@go-allosteric
properties of the growth hormone secretagogues (Holst et al., 2a88@ver, the effects
of GHRP-6 on [His[?1]]-ghrelin binding agreed both with the findings of Ma et(2D07)
(Table 3-13) and with the apparently overlapping binding sites eligtand GHRP-6
(Feighner et al., 1998; Holst et al., 2009).

By establishing association and dissociation kinetics cfffi]]-ghrelin binding to the
GRLN-R an estimate of the equilibrium dissociation constap} {& [His[*?2]]-ghrelin
binding was calculated, yielding atf 2.53 x 10°° M. This Kp value was close to both
kinetically derived K values (1x18°M for [His[*?3]]-ghrelin binding to human heart;
Katugampola et al., 2001) ang Kalues obtained from saturation binding experiments
(4.4x10" and 4.1x18°M for [**3-Tyr*-ghrelin binding to hypothalamus or pituitary,
respectively; Muccioli et al., 2001 and 5.1%4@or the binding of {3-Tyr*]-ghrelin to
guinea pig ventricle; Bedendi et al., 2003).

Binding of an allosteric ligand to a GPCR results in the &iom of a new structure due to
the conformational change that ensues (May et al., 2007); thdisdpiof an allosteric
ligand is predicted to alter the kinetics of binding of an otd#rasagonist. As it is difficult
to determine whether an inhibitive effect on radioligan@esasion is allosteric or
competitive in nature (Kostensis and Mohr, 1996) the most comvagrio investigate an
allosteric effect in binding assays is to measure tb&odiation of an orthosteric ligand, as
the only way dissociation of a pre-bound receptor-orthosteric ligamglex can be
modified is by concomitant binding of a modulator to a topographidatynct and vacant
site (May et al., 2007). Thus in addition to allowing the cakioih of the k for ghrelin
binding, determination of the kinetics of [Hi§]]]-ghrelin binding to the GRLN-R



Table 3-13 — pIC 5, and pK; values of ghrelin, MK-677 and GHRP-6 competing for

against radiolabelled ghrelin.
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binding

Ligand pIC 50 S.EM pKix S.E.M
Ghrelin In this study: 9.06 + 0.34 In this study: 8.97 £ 0.27
Ghrelin competing with [125I]-T1yr4 ghrelin for | Ghrelin competing for [**I]-ghrelin
binding in guinea pig ventricle™: 8.09 + 0.90 binding to human GRLN-R
transfected into COS-7 cells: 8.6
Ghrelin competing with [125I]-ghrelin binding
to human GRLN-R transfected into CHO
cells*: 9.15
Ghrelin competing for [125I]-ghrelin binding to
human GRLN-R transfected into COS-7
cells®: 9.55
MK-677 In this study: 8.29 + 0.60 In this study: 8.14 + 0.67
MK-677 competing for [**°I]-ghrelin binding to | MK-677 competing for [**°I]-ghrelin
human GRLN-R transfected into CHO cells*: binding to human GRLN-R
9.05 transfected into COS-7 cells®: 8.18
GHRP-6 In this study: 8.12 + 0.33 In this study: 7.51 £ 0.52

GHRP-6 fully competed for [***I]-ghrelin

binding to intact HEK293 cells transfected to
express human ghrelin expression; no plCsg
or pK; values given6

GHRP-6 competing for [**°

binding to human GRLN-R
transfected into NIH-3T3 cells®: 8.6 +
0.0

I]-ghrelin

GHRP-6 did not compete for [125I]-
ghrelin binding to human GRLN-R
transfected into COS-7 cells®

Values shown correspond to results from this study and to results recorded in the literature (some
studies failed to quote S.E.M values). References: 'Bedendi et al. (2003), ’Holst et al. (2005), *Ma
et al., (2007), “Mousseaux et al. (2006), *Traebert et al. (2002), ®Camina et al., 2004.
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allowed the effects of the growth hormone secretagogues oistieeidtion of [Hisf?1]]-

ghrelin to be explored.

Two-point kinetic experiments showed the growth hormone secretagoatie® effect on
the dissociation of [Hisf2]]-ghrelin from the GRLN-R, as co-administration of ghrelin
with increasing concentrations of GHRP-6, L-692,585 and MK-677 hatfexi en the
observed dissociation kinetics of [HiS]]]-ghrelin; even at growth hormone secretagogue
concentrations that were shown to be maximally effectiwiimulating f°S]GTP S

binding. This inferred that ghrelin and the growth hormone tEgrgues bound to the
same site on the GRLN-R. Furthermore, as ligand affinitlefshed as the ratio of ligand
association rates to dissociation rates, the resullsso$tudy suggests that co-
administration of the growth hormone secretagogues may havéents @n the affinity of
ghrelin for the GRLN-R.

3.3.4 GHRP-6, L-692,585 and MK-677 are not ago-allo steric
modulators of the GRLN-R—evidence from functional s tudies

The use of binding assays means that only changes thattaéexfinity of a radiolabelled
ligand for a receptor will be detected (Kenakin, 2008). Howeter now recognised that
in addition to effects on affinity, allosteric ligands césoanodulate agonist efficacy and
even act as agonists in their own rights (Langmead and Christsp@0I06). For example,
the allosteric antagonist of the metabotropic glutamate receyuR,, 7-
hydroxyiminocyclopropan[b]chromen-1a-carboxylic acid ethyl ester (CFEI;®as no
effect on fH]-glutamate binding but decreases the maximum efficacy ofrgat&in a

concentration-dependent fashion (Litschig et al., 1999).

In the original study by Holst and colleagues, inositol phosphateradation assays
showed co-administration of GHRP-6 or L-692,429 resulted in ethightwards or a
leftwards shift in the concentration-response curve to ghadimonstrating either a
decrease or an increase (respectively) in the potergiyrefin (Holst et al., 2005). Thus to
explore potential allosteric effects of the growth hormone ssgogues on ghrelin
signalling, f°S]GTP S binding studies were utilised. Concentration-response curves to
ghrelin generated in the presence of increasing concemsaif the growth hormone
secretagogues revealed that there was a trend for thengnowhone secretagogues to
decrease the potency of ghrelin, although the potency of glwatimot significantly
reduced at all concentrations tested (likely due to the kegance in some of the

datasets); appearing to support an allosteric interaction betheelm and the growth



Kirstie Ann Bennett, 2009 Chapter 3, 135

hormone secretagogues. However, a more complex effect on tteeefdif ghrelin was

revealed.

Concentration-response curves to ghrelin showed that at reldtweloncentrations of
ghrelin, co-administration of increasing concentrations oftbe/th hormone
secretagogues caused a concentration-dependent incre2S3GTP S binding, as the
growth hormone secretagogues were acting as agonists iowrenight. At the highest
concentrations of the growth hormone secretagogues teS&GTP S binding was
increased over and above that achieved by ghrelin alone. |ratebd highest
concentrations of the growth hormone secretagogues, increasing catcesitof ghrelin
actually inhibited maximunfS]GTP S binding, bringing¥S]JGTP S levels down to
around those observed for a maximally effective concentratiohrefig in the absence of

the growth hormone secretagogues.

Reversing the experimental protocol allowed the potenciesféindcies of the growth
hormone secretagogues to be measured in the presence ofimgcoeasentrations of
ghrelin. However, as ghrelin acts as a high efficacy adagonist in respect to the growth
hormone secretagogues, the window in which to examine the imara@s limited. At
relatively low concentrations of ghrelin, ghrelin had no@ften the potencies of the
growth hormone secretagogues, but due to its agonist effectased the level of
[358]GTP S binding in a concentration-dependent manner. At high concentrations o
ghrelin there was a significant reduction in the poten@ESso) of the growth hormone
secretagogues, which appeared to support an allostericctitaraetween the ligands.
However, the trend towards decreasing potencies of the lytawinone secretagogues
could also be explained by the finding that ghrelin acts agtialgegonist in regards to the
growth hormone secretagogues. In a situation when both a fullsh@owi partial agonist
are present, a partial agonist can compete with the foilisigfor receptor occupancy,
producing a net decrease in the activation of the receptovadhiy the full agonist
alone, thus functionally the partial agonist acts as a cotiveedintagonist. This has been
demonstrated at the dopamine D2 receptor where co-administohthe endogenous
agonist dopamine with the partial agonist aripiprazole, resuft aripiprazole acting to

functionally antagonise dopamine signalling (Burris et al., 2002).

Many models have been formulated to describe allosteric meamu(@azareno and
Birdsall, 1995; Ehlert, 1988; Hall, 2000; Christopoulos and Kenakin, 2@@2}implest of
these is the ternary complex model (Ehlert, 1988; see F&gu8), which describes

allosteric effects in terms of changes in ligand-bindinoiiés only (Langmead and
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Figure 3-18 — The allosteric ternary complex model. The allosteric ternary complex model

(Ehlert, 1988) describes the interaction between an orthosteric (A) and allosteric (B) ligand on
binding to a receptor (R) (in terms of changes in affinity only). The interaction is described in terms
of the orthosteric and allosteric equilibrium dissociation constants (K, and Kg) and the co-
operativity factor , which describes the interaction between the two binding sites.

Christopoulos, 2006). The magnitude and direction of the allosfézt en ligand-

binding affinity is quantified by the co-operativity factor,An >1 would describe a
situation of positive co-operativity (i.e. the allosteric modarig capable of binding to the
receptor where it acts to increase the affinity of the ottiiedigand for the receptor)<1
would describe negative co-operativity (where the allosteoidutator decreases the
affinity of the orthosteric ligand for the receptor) amd. would describe a neutral effect
(i.e. unaltered ligand affinity at equilibrium). Anof zero describes the situation of simple
competition between the two ligands for binding to the orthassie of a receptor. Since
the allosteric ternary complex model does not take into accouratllasteric effects on
efficacy, the model has been extended to include the co-mitgregctors b andg which
determines the efficacy of the orthosteric and allostgyand, respectively (Langmead and
Christopoulos, 2006). Although these models are useful in understandirajlbsteric
modulation occurs, it is generally very difficult to fit fumodels to experimental data,
thus ‘operational models of allosterism’ have been developeddoporate both
mechanistic and empirical factors for quantification of adlostproperties (Conn et al.,
2009).

To determine whether the results from tSJGTP S binding experiments described an
allosteric or competitive interaction between ghrelin d@dgrowth hormone
secretagogues, data was analysed using a modified verstmnagerational model of
allosterism proposed by Leach et al. (2007). Data was fittédvideen the co-operativity
factor was set to zero (a situation which would describe a sigghpetitive interaction)

and when was left to ‘float’ (to allow quantification of). In all instances data was best
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fitted to describe a competitive effect, providing furtbeidence to support a situation
where ghrelin and the growth hormone secretagogues competeddimiglio the
orthosteric site of the GRLN-R.

3.3.5 SPA acts as a competitive antagonist atthe G = RLN-R

If ghrelin and the growth hormone secretagogues did bind toagyenly binding sites on
the GRLN-R, then a ligand that acts as a competitiveganiist of the ghrelin response
would be expected to antagonise the responses to the growth hoenmiagogues. To
further investigate this &5]GTP S assay was used to test the effect of the inverse
agonist, SPA, on the response of the GRLN-R to ghrelin, GBiRFP692,585 and MK-
677. This revealed that SPA competed with ghrelin and thetigtmovmone secretagogues
in a concentration-dependent manner to fully inhiSBJGTP S binding achieved by &g
concentrations of ghrelin and the growth hormone secretagogudsl. &dlysis

demonstrated that this antagonistic effect was competitigature.

The binding pocket of SPA on the GRLN-R has previously been stwewerlap with
that of ghrelin (Holst et al., 2006), making contact with thedatamic acid residue
(E124-% in TMIII, shown to be important for binding of ghrelin and grewth hormone
secretagogues. However, as SPA also makes contacesitlues outside the ghrelin-
binding pocket, extending the SPA binding pocket towards TMII andvVTdfithe GRLN-
R (Holst et al., 2006) it cannot be determined whether ghretiritee growth hormone
secretagogues bind to the same site on the GRLN-R. Indéednpossible to determine
from data gained from Schild analysis alone if ligand bindires siverlap (Neubig et al.,
2003), thus the results from this experiment can only confiahlinding of ghrelin or the

growth hormone secretagogues is mutually exclusive of the biodiBBA.

The finding that SPA acts as a competitive antagonist cts\tréth a previous report
which described SPA as acting as a non-competitive antagowistedin function, tested
at the human GRLN-R expressed in COS-7 cells (Holst,e2@03). However, the data
supplied by Holst et al. (2003) appeared to demonstrate thah&Bd as a competitive
antagonist, as there was a clear leftwards shift of theiglwoncentration-response curve

in the presence of 1M SPA.

Interestingly, due to the inverse agonist effects of SPAetvas a distinct trend for the
baseline of the concentration-response curves to ghrelin agdoiveh hormone

secretagogues to be lowered in a concentration-dependent manneadmiodstration
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with SPA. However, concentration-response curves reflectingsexagonism do not
conform to the strict requirements of Schild analyses (hat parallel shifts of
concentration-response curve will occur with no dimunition in max{Keahakin, 2006).
Indeed, fitting data to the global fit model (Motulsky and &tmpoulos, 2004) showed that
due to the inverse agonists effects of SPA, the control cuevddiagonist in the absence
of SPA) was poorly fitted. To correct for the inverse agasfisicts data was fitted to the
global fit model (Motulsky and Christopoulos, 2004) after removabstline values of
[**S]GTP S binding. This resulted in the lowering of estimates offfiity of SPA for

the GRLN-R.

Comparing the pKvalues of SPA binding to the GRLN-R revealed that SRAdwith a
lower affinity for the GRLN-R when ghrelin was present (coragdao when SPA was co-
administered with either GHRP-6 or L-692,585). The nature of theistgshould not alter
pKg values, thus agonist-dependent antagonistyafues may be a sign of allosteric
interaction (Christopoulos and Kenakin, 2002). Alternatively agal@pendent pK

values may demonstrate the formation of a unique receptor conimniieading to an
alteration in system-dependent activity manifest as diftexleantagonist affinities in the
presence of different agonists (Hay et al., 2005). The datatiie experiments performed
in this Chapter support a simple competitive mode of interatietween ghrelin and the
growth hormone secretagogues, thus the lower affinity of SPéoGRLN-R in the
presence of ghrelin compared to the growth hormone secretagagygest that ghrelin
could be binding and stabilising a receptor state which exlaildiferent conformation
than that achieved by binding of the growth hormone secretagaptiesdrthosteric site.
This is supported by the study by Holst et al. (2009) who demortstreteghrelin and the
growth hormone secretagogues have overlapping but not identical béeiagn the
GRLN-R, indeed as ghrelin is a large peptide it would beebgal to interact with residues
outside the main ligand pocket (i.e. within ECL2) thus @adsceivable that this could alter
the active receptor conformation achieved by binding of gheelinpared to the growth

hormone secretagogues.

3.4 Summary

Studies by Holst et al. (2008) and Feighner et al. (1998) demimuasthat the binding sites
for ghrelin and the growth hormone secretagogues overlap -iagisdpported in this
study by the results from competition binding studies and disgntstudies. Initial
[**S]GTP S binding studies provided evidence that ghrelin acted asial pagonist in

respect to the growth hormone secretagogues; this was artamtfarding for explaining
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the changes in efficacy observed upon co-administration ofirgkvith the growth
hormone secretagogues. Although subseqi@iGTP S studies showed a trend towards
the potencies of the growth hormones decreasing in the predeénceeasing
concentrations of ghrelin, this could be explained by ghrelin afttimgtionally as a
competitive antagonist, a finding supported by analysis of tleevdtt a modified

operational model of allosterism (Leach et al., 2007).

The results from this study do not attempt to replicate the nsyde#tm used by Holst and
colleagues (Holst et al., 2005), nor do they reject the coodsishat the growth hormone
secretagogues act as ago-allosteric modulators of ghrelin furatieast in the G11
pathway. However, in this study, the apparent allosteriorzctvf the growth hormone

secretagogues in activatingdecan be fully attributed to features of ligand efficacy.
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4 Construction of a Flp-In™ T-REx™ HEK?293 cell
line expressing the GRLN-R

4.1 Introduction

Antibodies can be useful for detecting GPCR expression, furesiomovement, however
they may not be available for the receptor being studied otmaysuitable for use due
to low sensitivity and selectivity. To combat this epitoggstare commonly placed at the
N- or C-terminus of GPCRs. Epitope tags are small peptidefich commercially
available antibodies are readily obtainable and include therekwino acid, virally
encoded transmembrane protein, vesicular stomatitis viraslgtein (VSV-G) (Kreis,
1986). In addition to these small tags, GPCRs may be littkiediger reporter molecules
such as green fluorescent protein (GFP). GFP is a riagmall (27 kDa) protein
originally isolated from the jellyfishequorea victorigMorise et al., 1974), which
possesses the ability to fold into a functional protein inreetyaof expression systems
without the need for substrate or accessory protein (Gieprhahs 2006). Upon
excitation with blue (395 nm) light GFP autofluoresces, emitjiegn light (with a
wavelength of 508 nM), allowing the localisation of GFP, any protein that is linked to

it, to be visualised within a cell.

The introduction of point mutations into GFP has led to the dpuetnt of a wide range
of GFP variants that display distinct spectral properkesexample, altering six amino
acids in GFP leads to the formation of enhanced cyan fleemégrotein (eCFP), a protein
that fluoresces upon excitation with 430 nm light (Heim and;si996). Due to
improved efficiency of protein folding, eCFP displays enhdrargghtness and improved
solubility compared to GFP (Heim and Tsien, 1996; Cormaek ,et996; Heim et al.,
1995).

Although epitope tags and fluorescent fusion proteins are used widgbchemical and
pharmacological research, several considerations must be addreskeck that the
addition of these tags/proteins to GPCRs do not alter redepiziion. These include
confirmation that modifying the receptor does not alter recegpession and/or

localisation, responsiveness to ligands or coupling to G proteins.

Ghrelin is a large peptide hormone that, as well as making cavithatesidues in the TM

domains, is expected to bind to residues in the external doofaims GRLN-R, thus
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tagging the receptor at the N-terminus could alter ligandibg properties. The C-
terminus of the GRLN-R contains multiple residues thatlaaght to be important in
terminating both the ligand-dependent and ligand-independent sigralling GRLN-R
(Camina et al., 2006; Holliday et al., 2007); hence the addifi@CFP to the C-terminus
of the GRLN-R could potentially interfere with the pharnmagg of the receptor.

The aims of this study were to:

1. Create a GRLN-R construct tagged at the N-terminus\W8t¥-G and at the C-

terminus with eCFP.

2. Create a cell line expressing the VSV-G-GRLN-R-eCFPtogtdo aid
pharmacological studies of the GRLN-R and test whether taggenGRLN-R
alters receptor localisation and function. It was decidexi¢ate a Flp-In™ T-
REx™ HEK293 cell line, which places the gene of interest uti@econtrol of a
tetracycline operon so receptor expression only occurs omithitsoa of
tetracycline, to aid studies into the constitutive activityhe receptor. This would
allow comparison offfS]GTP S binding in the absence and presence of receptor

expression within the same cell line.
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4.2 Results

4.2.1  Generation of an inducible cell line expressi  ng GRLN-R

To allow detection of the GRLN-R, a VSV-G tag (YTDIEMNEK) was added directly
after the initiating methionine residue at the N-termirfu® receptor and an eCFP
protein fused to the C-terminus using PCR (Figure 4-1). ii¢tlasion of the VSV-G tag
and eCFP fusion protein were confirmed using DNA sequencingoiistruct a Flp-In™
T-REx™ HEK293 cell line expressing the GRLN-R, VSV-G-GRLNeRFP was cloned
into the inducible expression vector pcDNA5/FRT/TO placing VS'GBEN-R-eCFP
gene expression under the control of a cytomegalovirus (CMV) pronittetCMV
promoter contains two copies of a tetracycline operon syste(), thus in the absence
of tetracycline (or the related antibiotic doxycycline), twol@cules of tetracycline
repressor, expressed by the host cell line, can bind to epglotthe TeT@, inhibiting

gene expression (Figure 4-2).

The pcDNA5/FRT/TO vector containing VSV-G-GRLN-R-eCFP wagransfected with
a pOG44 (a Flp-recombinase expression plasmid) into the Flp-InTBXIYRHEK293 cell
line allowing homologous recombination to occur between the Fpnmieinase target
(FRT) site in the host cell line and the Flp-recombinagbampcDNAS/FRT/TO vector
(Figure 4-2). This placed VSV-G-GRLN-R-eCFP under the confrtfietetracycline
operon and ensured that gene expression only occurred from a séfigied d

chromosomal locus.

To select cells in which VSV-G-GRLN-R-eCFP had beehlgtmtegrated, hygromycin B
was added to the media 48 h after transfection. Only ssitdly integrated

N C

pcDNAS3
GRLN-R

$ ¥ t

Hindlll Kpnl Notl

Figure 4-1 - Schematic diagram of the GRLN-R constr  uct. PCR was used to add a Hindlll site
and a VSV-G tag at the N-terminus as well as to add a Kpnl restriction site and remove the STOP
codon at the C-terminus of the GRLN-R. The resulting PCR product and vector (pcDNA3)
containing eCFP were sequentially digest with Hindlll and Kpnl, before VSV-G-GRLN-R was
ligated into the vector in-frame with eCFP.
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Figure 4-2 - Schematic diagram illustrating the con  struction of the Flp-In T-REx HEK293
cell line (adapted from Invitrogen’s Flp-In™ T-REx™ HEK?293 cell line product guide). A.
VSV-G-GRLN-R-eCFP was ligated into a pcDNA5/FRT/TO plasmid which contained a hygromycin
resistance gene lacking a promoter and START codon. This placed VSV-G-GRLN-R-eCFP under
the control of a CMV promoter containing two TetO, sequences. Binding of two molecules of
tetracycline (Tet) repressor produced by the Flp-In T-REx HEK293 cells to each of these
sequences suppressed gene expression. B. Upon co-transfection of the pcDNA5/FRT/TO with
pOG44 the Flp-recombinase in pOG44 mediated a homologous recombination event between the
FRT sites in the host cells and pcDNA5/FRT/TO vector - integrating VSV-G-GRLN-R-eCFP into the
genome at the FRT site. C. Integration of pcDNA5/FRT/TO bought the SV40 promoter and START
codon (from the lac Z zeocin gene) into proximity to the hygromycin resistance gene conferring
cells hygromycin resistance. D. To induce gene expression either tetracycline or doxycycline (used
in these studies) can be added to the cells, this binds with high affinity to the Tet repressor causing
a conformational change in the repressor rendering it unable to bind to the Tet operator. The
dissociation of the doxycycline:repressor from the complex allows induction of transcription of the
specific gene of interest, in this case, the GRLN-R gene.
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pcDNAS/FRT/TO vector confers hygromycin resistance to this,ad the hygromycin
resistance gene lacks a promoter and start codon until sudéetsjration into the
parental Flp-In™ T-REx™ HEK293 cell line (where it is brougftbiclose proximity to a
SV40 promoter and ATG initiation codon).

4.2.2 Testing VSV-G-GRLN-R-eCFP protein expression

To test protein expression Flp-In™ T-REx™ HEK293 cells transtewaith VSV-G-
GRLN-R-eCFP (hereafter referred to as GRLN-R celisie grown in media
supplemented with 1g/mL doxycycline for 72 h. Membranes were prepared and
immunoblotted using anti-GFP antiserum (antiserum that cactdeCFP; Lopez-
Gimenez et al., 2007) (Figure 4-3). Upon doxycycline treatmenpt@cexpression was
detected with an apparent molecular mass of around 105-16@\kDi@e mobility of the
species was larger than expected, samples were treitepeptide-N-(acetylb-
glucosaminyl)-asparagine amidase (PNGaseF) — an enzyneeidnads most common
glycan moieties. PNGaseF treatment decreased the appariecular mass of the 105-
160 kDa species to around 50-70 kDa.

Strikingly, treating GRLN-R cells with doxycycline (/mL; 72 h) led to considerable
cell detachment with the remaining cells appearing roundedaeapo uninduced cells
(Figure 4-4). As uninduced cells appeared healthy and dsnwitr laboratory, Flp-In™
T-REx™ cell lines created with other receptors (for examible orexin 1 receptor; Ellis et
al., 2006) did not show the same phenotype, it appeared thatebevedis mediated by
expression of the receptor construct. Thus to optimise doxyeyckatment a time course
of doxycycline induction was assessed using lysates prepared¥RLN-R cells treated

with 1 g/mL doxycycline for 0-12 h. Samples were resolved by SDS#fBowed by

. — 160kDa ® _ 0540
« — 105 kDa .— — 75 kDa
o | — 75kDa — 50kDa
doxycycline - + doxycycline -+ 4+
PNGaseF + o+ -

Figure 4-3 - Testing doxycycline induction inthe F Ip-In™ T-REx™ HEK293 cell line
expressing VSV-G-GRLN-R-eCFP. Cells were incubated in media with (+) or without (-) 1 g/mL
doxycycline (as indicated). A. After 72 h cells were harvested, membranes prepared and resolved
by SDS-PAGE followed by immunoblotting with anti-GFP antiserum. B. After 72 h of doxycycline
treatment membranes were prepared and 30 g of sample treated with 1 U PNGaseF (16 h; 4 °C;
as indicated). Samples were resolved by SDS-PAGE followed by immunoblotting with sheep anti-
GFP antiserum. Immunoblots shown are representative of three individual experiments.
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- doxycycline ' —~ + doxycycline

Figure 4-4 - Brightfield microscopy images of GRLN- R cells in their basal state and upon
receptor expression. Cells were grown on coverslips and were treated with or without 1 g/mL
doxycycline for 72 h (37 °C). Cells were fixed using formaldehyde (3.7 %), 10 min; 25 °C),
mounted onto microscope slides and visualised using brightfield microscopy. Inducing GRLN-R
expression led to rounding of the cells. Images shown are representative of three individual
experiments.

immunoblotting using anti-GFP antiserum (Figure 4-5). This shaxpdession of the
GRLN-R construct increased in a time-dependent manneraviéilye proportion of

mature receptor detected at all time points beyond 6 h.

Lysates were also prepared from GRLN-R cells that hadl ¢pevn in media
supplemented with varying concentrations of doxycycline (0-50 ngionl)6 h. The time
of 16 h was chosen for ease of receptor induction for futureiengets. Lysates were
resolved by SDS-PAGE and immunoblotted with anti-GFP antisafangside control
lysates prepared from parental Flp-In™ T-REx™ HEK293 celtsibation of GRLN-R
cells with 3-50 ng/mL doxycycline, led to a concentration-depaniderease in the
intensity of two diffuse signals; one with an apparent maggeanass of around 105 kDa

and another with an apparent molecular mass of around 70 kag Bigp).

To confirm that increasing the concentration of doxycycline lehtmcrease in protein
expression and to test that the addition of N- and C-tern@igalto the GRLN-R did not
affect the ability of the receptor to signal to ghrelinyactional assay was utilised (Figure
4-5). Membranes prepared from GRLN-R cells, transfected@yi¢hand induced with O-
25 ng/mL doxycycline for 16 h, were tested for their abilitptoduce a response in a
[**S]GTRSS binding assay. A one-way ANOVA with Dunnett’s post-hoc test shdivat

at concentrations of 6 and 25 ng/mL doxycycline there was aisaymtifincrease in
[**S]GTP S binding in response to ghrelin (p<0.01). Interestingly, ondyancentration
of 25 ng/mL doxycycline was the GRLN-R inverse agonist, SBk, @ reduce
[**S]GTRSS binding to below the level obtained in the absence of ligax@l05).



146

A B

160 kDa — 105 kDa —
105 kDa —
75 kDa — 75kDa —
tme(hy 0 3 6 9 12 ng/mLdox. C O 3 6 12 25 50

C

=30 ng/mL dox.
3 ng/mL dox.
I 6 ng/mL dox.
25 ng/mL dox.

[**S]GTPgS bound
(% of basal)
5]
o

1 Mghrelin - + - - + - - 4+ - - 4+ -

1 MSPA - - + - -« 4+ - - % - -+

D 7000+

6000+

5000
40004 T
3000

2000+

1000+

bound [ *°S]GTPgS (dpm)

Od

3 6
[doxycycline] ng/mL

Figure 4-5 - Optimising the time and concentration of doxycycline required for GRLN-R
expression. GRLN-R cells were treated with A. 1 g/mL doxycycline for varying amounts of time
(0-12 h) or B. with varying concentrations of doxycycline (0-50 ng/mL) for 16 h. Cells were
harvested and lysates prepared before samples were resolved by SDS-PAGE and immunoblotted
with sheep anti-GFP antiserum (C = control lysates prepared from parental Flp-In™ T-Rex™
HEK?293 cells). C. GRLN-R cells were treated with varying concentrations of doxycycline (dox.) (0-
25 ng/mL) for 16 h. Cells were harvested and membranes prepared. A [*°S]GTPgS binding assay
was used to measure the response of membranesto 1 M ghrelinor1 M SPA (20 min; 30 °C). G
protein-bound [SSS]GTP S was separated from the reaction mixture by rapid filtration through GF/C
filters soaked in 1 x PBS and bound [SSS]GTP S measured (for 5 min) using liquid-scintillation
spectrometry. Data points represent mean + S.E.M for three independent experiments performed in
triplicate, data is expressed as the percentage of [SSS]GTP S bound at basal conditions at each
concentration. *p<0.05, **p<0.01 when compared using a one-way ANOVA with a Dunnett’s post-
hoc test. D. Raw data of [ 5S]GTI'—’ S binding in membranes prepared from GRLN-R cells treated
with 0-25 ng/mL doxycycline. *p<0.05, **p<0.01 when compared using a one-way ANOVA with a
Dunnett’s post-hoc test. Data shown is from one experiment performed in triplicate and is
representative of the results from three separate experiments.
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Analysis of the raw data from the experiments revealetithsal °S]GTP S binding was
significantly increased after addition of only 3 ng/mL doxyoyel(p<0.05 for 3 ng/mL
doxycycline; p<0.01 for 6 ng/mL and 25 ng/mL doxycycline; measuried) asone-way
ANOVA with Dunnett’s post-hoc test).

As treatment with 6 ng/mL doxycycline for 16 h lead to &stieally significant increase
in [¥*S]GTRSS binding in response to ghrelin, this time and concentratiorchesen for
receptor induction in all future experiments. Using these comditGRLN-R cells also

appeared less rounded (data not shown).

42.3 Localisation of VSV-G-GRLN-R-eCFP

To test for proper protein folding and expression, as well agamine receptor
localisation, eCFP at the C-terminus of the GRLN-R wased by epifluorescence
microscopy. In the absence of doxycycline no fluorescence sigrsabbserved (Figure
4-6). Upon doxycycline induction eCFP fluorescence, and hence recgatoobserved
both at the plasma membrane and in vesicles within theaagiktribution potentially
consistent with the receptor being constitutively active amnatised. The addition of
ghrelin (1 M; 30 min; 37 °C) prior to formaldehyde-fixation led to disgribution of
receptor with a loss of cell surface expression and an seirahe appearance of vesicles

within the cell.

4.2.4  Effect of the ghrelin, the growth hormone sec  retagogues
and the inverse agonist, SPA, on GRLN-R localisatio n

To assess whether treatment with maximally effectorecentrations (1 M) of ghrelin,
GHRP-6, L-692,585 or MK-677 could internalise the GRLN-R, cellsevirduced with
doxycycline and stimulated for 30 min (37 °C), prior to formaydie-fixation. The plasma
membrane was visualised by staining carbohydrate residue¥Wétk-Alexa Fluor®594
conjugate prior to fixation. To view GRLN-R and plasma meméiacalisation, eCFP
was excited with 436/12 nm and Alexa Fluor®594 with 575/12 nm (Fgure 4-7).

Upon the addition of doxcycline GRLN-R was localised both apthema membrane and
in vesicles within the cell. Treatment with ghrelin ahd growth hormone secretagogues
resulted in an increase in the appearance of largeyateotesicles inside the cell, with a

corresponding loss of eCFP fluorescence at the plasma membrane.
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Figure 4-6 - Epifluorescence microscopy of GRLN-R ¢ ells in their basal state (- doxycycline)
and after induction with doxycycline. VSV-G-GRLN-R-eCFP receptor expression was viewed by
excitation of eCFP with 436/12 nm light. In the absence of doxycycline a fluorescent signal could
not be detected. Upon doxycycline induction the GRLN-R could be detected both in vesicles
throughout the cell and at the plasma membrane. Upon stimulation with 1 M ghrelin (30 min; 37
°C) a redistribution of receptor was seen with an increase in punctate vesicles within the cells with
a corresponding loss of cell surface receptor. Scale bar width represents 20 m. Images are
representative of three individual experiments.
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GRLN-R plasma membrane colour combine

Figure 4-7 - Localisation of GRLN-R after treatment  with ghrelin, GHRP-6, L-692,585, MK-677
or SPA (cont'd overleaf). Induced GRLN-R cells were treated with a maximally effective
concentration of agonist (1 M; 30 min) or inverse agonist (1 M; 30 min or 16 h). Cells were
formaldehyde-fixed before the plasma membrane was stained with WGA-Alexa Fluor® -594
conjugate. Cells were mounted onto slides and visualised using epifluorescence microscopy. The
images of GRLN-R (psuedo-coloured green) and plasma membrane (red) were aligned (as seen in
colour combine column) with overlapping regions shown as a yellow colour. Images are
representative of three individual experiments. Scale bar width =20 m
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GRLN-R plasma membrane colour combin e

Figure 4-7 - Localisation of GRLN-R after treatment with ghrelin, GHRP-6, L-692,585, MK-67 7
or SPA (cont'd). Induced GRLN-R cells were treated with a maximally effective concentration of
agonist (1 M; 30 min) or inverse agonist (1 M; 30 min or 16 h). Cells were formaldehyde-fixed
before the plasma membrane was stained with WGA-Alexa Fluor® -594 conjugate. Cells were
mounted onto slides and visualised using epifluorescence microscopy. The images of GRLN-R
(psuedo-coloured green) and plasma membrane (red) were aligned (as seen in colour combine
column) with overlapping regions shown as a yellow colour. Images are representative of three
individual experiments. Scale bar width =20 m
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Figure 4-8 - Proportion of GRLN-R detected at the p  lasma membrane after the treatment of
GRLN-R cells with ghrelin and the growth hormone se  cretagogues. Autoquant software was
used to determine the proportion of receptor both at the plasma membrane and in intracellular
regions of cells after treatment with 1 M ghrelin, GHRP-6, L-692,585 MK-677 (30 min) or SPA (30
min and 16 h). Data points represent the mean + S.E.M of the quantification of three cells.*p<0.05
**p<0.01 when compared to basal using a one-way ANOVA with a Dunnett’s post-hoc test.

As SPA is an inverse agonist of the GRLN-R it would be etqueto ablate the
constitutive activity and internalisation of the GRLN-R. t€st whether SPA altered
GRLN-R localisation, cells were induced with doxycyclimel areated with 1 M SPA for
either 30 min or 16 h. As SPA is a peptide ligand ik@eeted to be membrane-
impermeable, therefore, SPA should only bind to the GRLN-R Idatthe plasma
membrane. If receptor internalisation and recycling took lotiger 30 min, than GRLN-R
would still be visible as vesicles within the cell. Af80 min of SPA treatment, GRLN-R
was still detected within intracellular regions of tledls; whereas after 16 h treatment the

majority of receptor was located at the plasma membrane.

Internalisation was quantified using Autoquant software torhiéte the proportion of
eCFP fluorescence at the plasma membrane and insiddltfiegqée 4-8). Using a one-
way ANOVA with Dunnett’s post-hoc test it was shown thateheas a significant
decrease in plasma membrane localised receptor upon stimulétiaghrelin, GHRP-6
(p<0.01), L-692,585 and MK-677 (p<0.05). Treatment witiMLSPA for 30 min did not
alter the proportion of eCFP expressed at the plasma membrareenptreatment with 1

M SPA for 16 h significantly increased the amount of plasmanbrane located receptor
(p<0.01; one-way ANOVA with Dunnett’s post-hoc test).
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Figure 4-9 — Testing the ability of ghrelin and gro  wth-hormone secretagogues to evoke a
[3SS]GTPgS response in GRLN-R cells transfected to express G ,,1. Concentration-response
curves to ghrelin, MK-677, GHRP-6 and L-692,585 (20 min; 30 °C) were performed membranes
from induced GRLN-R cells transfected with G,,;. G protein-bound [SSS]GTP S was separated from
the reaction mixture by rapid filtration through GF/C filters soaked in 1 x PBS and bound

[SSS]GTP S measured (for 5 min) using liquid-scintillation spectrometry. Data points represent
mean + S.E.M of three independent experiments performed in triplicate.

4.2.5 Response of GRLN-R through G 4, activation

In Chapter 3 the ability of GRLN-R to activatgiiwas assessed. In order to determine
whether the pharmacology of GRLN-R had been altered bydiiean of epitope tags
concentration-response curves to ghrelin, GHRP-6, L-692,585 and MK-6&7 we
constructed using &B]GTRSS binding assay in membranes prepared from GRLN-R cells
transfected with ¢ (Figure 4-9). The efficacy and potency values obtained areagespl

in Table 4-1.

The efficacy and potency of the growth hormone secretagoguescompared to the
values obtained for ghrelin using a one-way ANOVA with Dunngib'st-hoc test. As
before, GHRP-6, L-692,585 and MK-677 acted as super-agonists hasigngfecantly
higher efficacy than ghrelin (p<0.01). There were no differemtéhe values obtained for
the potencies or efficacies of ghrelin and the growth hormometagogues acting at the

wild-type (untagged) receptor compared to the epitope-taggeykepceceptor.



Table 4-1 - Potency and efficacy values of ligands
measured using a[ **S]GTPgB binding assay.

153

acting at GRLN-R via G ,j, activation as

Ligand pPECso £ S.E.M Max. efficacy + S.E.M

Tagged receptor | Untagged receptor | Tagged receptor | Untagged receptor
Ghrelin 9.19+0.16 9.11+0.10 98.1+1.9 95.4+34
MK-677 9.28 £ 0.24 9.21+0.12 167.8+8.4 139.6 +9.9
GHRP-6 | 8.01+0.07 7.85+0.13 152.7+6.5 139.5+54
L-692,585 | 7.20 + 0.03 7.60 £0.17 150.5+ 8.0 145.4 + 14.0

Efficacy values are displayed as the percentage of the maximum response obtained to ghrelin.
Datasets were fitted with sigmoidal concentration-response curves with a Hill slopes constrained to
1. Comparing pECs values between the tagged and untagged receptor showed there was no
significant differences in the potencies or efficacies of ghrelin and the growth hormone
secretagogues acting at the tagged or untagged receptor. Values shown represent the mean +
S.E.M of three independent experiments performed in triplicate and compared using an un-paired,
two-tailed t-test.
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4.3 Discussion

4.3.1 The Flp-In™ T-REx™ HEK?293 cell line allows co ntrol of
GRLN-R expression

Tagging the GRLN-R at the N-terminus with VSV-G andhat €- terminus with eCFP
allowed the receptor to be detected in immunoblotting and emaence microscopy
experiments. Using the VSV-G-GRLN-R-eCFP construct a Flp-TiREX™ HEK293

cell line expressing the receptor construct under the contrdietfaeycline operon was
created. The use of the GRLN-R cell line in immunoblottemifluorescence microscopy
and functional studies demonstrated that tagging the recequtorcheffect on the
localisation and signalling of the GRLN-R. Furthermorehmabsence of doxycycline the
VSV-G-GRLN-R-eCFP construct could not be detected, demaimgirinat expression of

the GRLN-R gene occurred in a doxycycline-dependent manner.

4.3.2 GRLN-R is modified by N-linked glycosylation

Upon GRLN-R expression, immunoblotting of membranes prepared fraoNGReells
revealed that the VSV-G-GRLN-R-eCFP construct existeld am apparent molecular
mass that was greater than predicted (with a diffigseakbeing observed running at 105
kDa instead of the predicted 70 kDa). However, during marahrough the ER and the
Golgi apparatus, GPCRs undergo post-translational modificatiathteve their mature
status, with common modifications including the formation etilgihide bonds and the
addition of oligosaccharides to the side-chain of asparaggidues{-linked
glycosylation). Two asparagine residues in the N-terminuseoGiRLN-R are predicted to
undergoN-linked glycosylation as they occur as part of a N-X-S/Tiimdtdeed, in this
study, the GRLN-R was shown to undeigdinked glycosylation as treatment of
membrane samples with PNGaseF, an enzyme that hydrolysesenon types oN-
linked glycan chains, decreased the molecular mass @bDth&Da species to around 50-
70 kDa. The diffuse nature of the 105 kDa signal detectadntunoblotting was likely
due to the effect of glycan residues on the movement of pribteingh the separating gel
during SDS-PAGE as carbohydrate residues can interfergejitide-SDS interactions
(Wheatley and Hawtin, 1999).

PNGaseF cleaves all common glycan moieties and so doestioguish between high-
mannose and complex glycosylated receptor forms. Upon receptotiamduc
immunoblotting revealed the presence of two species — onenfitihnan apparent

molecular mass of 70 kDa and a larger form with an apparelgcular mass of around
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105 kDa. Although not tested in this study the lower molecular spesses is expected to

correspond to immature receptor and the larger form to matceptor.

N-linked glycosylation has been demonstrated to be vital &cdnrect cell-surface
expression of some GPCRs, such as the angiotensin recept(itakittot et al., 2006).
However, this is not universally true as for other receptsrsiption ofN-linked
glycosylation has no effect on receptor distribution (van KopperNatithnson, 1990).
Indeed truncation of the N-terminus of the GRLN-R (fromdess 1-35 which includes
the asparagine residues that are predicted to undergo glyawsytetd no effect on the
distribution of the GRLN-R (Holst et al., 2009); thus suggedtuad glycosylation is not
essential for the trafficking of the GRLN-R to the ceiiface.

4.3.3 GRLN-R expression can be altered by time or
concentration of doxycycline induction

By altering the time and concentration of doxycycline treatime@iRLN-R cells the level
of receptor expression could be altered. For example, tres@wme-dependent increase
in GRLN-R expression in GRLN-R cells treated withgdmL doxycycline for 0-12 h,
observed as an increase in intensity of 105 kDa and 70 kDa sigftalsonly 6 h of
doxycycline treatment, the majority of GRLN-R existed véithapparent molecular mass
of 105 kDa suggesting the formation of glycosylated, mature GRLINhich would
indicate that the receptor had been synthesised, folded asgdrged to the plasma
membrane. Immunoblotting of membranes prepared from cells indteudarying
concentrations of doxycycline (0-50 ng/mL) showed that, at doxy@yctncentrations of
6 ng/mL and above, the majority of the GRLN-R existed fasma with an apparent
molecular mass of 105 kDa. As functional assays showed tigibhi. was the lowest
concentration of doxycycline to which a significant responséitelig was measured,
treatment of GRLN-R cells for 16 h with 6 ng/mL doxycyclinas deemed optimal to

stimulate receptor expression.

The use of recombinant systems to express GPCRs may lezzkptors being over-
expressed compared to the receptor level obsemwado. Although in this study care was
taken to optimise receptor expression, allowing the lowestlgedsivel of GRLN-R
expression to be used for these and future studies, eves kvitlireceptor over-
expression is likely due to the extremely low levels of endoge GRLN-Rin vivo. For

example, GRLN-R expression levels have been reported rag ®&mnol/mg in human left
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ventricle (Katugampola et al., 2001) and 6 fmol/mg in rat pityigland (McKee et al.,
1997).

4.3.4 GRLN-R displays constitutive activity and int  ernalisation

The GRLN-R has been reported to display a high degree ofitatimstactivity in the
Gagn1 pathway (Holst et al., 2003). Early studies of constitutiviviacby Costa and Herz
showed high levels of receptor expression could uncover themogsof spontaneously
active receptors (Costa and Herz, 1989). In this study, theitatimstactivity of GRLN-R
was shown to be linked to the level of receptor expressidrindimg of f>S|GTP S was
increased in a doxycycline-concentration-dependent fashion irbraess prepared from
GRLN-R cells. However, the response of the GRLN-R tdrilierse agonist SPA only

reached statistical significance upon induction with 25 ng/mL dm@iye.

In Chapter 3 the basaP$]GTP S loading observed upon expression of the GRLN-R was
significantly reduced by the addition of M SPA. The membrane preparations used in
Chapter 3 (supplied by GlaxoSmithKline) were prepared from HEK2@3tbat had been
transfected to express the GRLN-R using a Bacman virushyuhie to a higher
transfection efficiency, would likely result in higher levefSGRLN-R expression. Thus

the differences in GRLN-R expression levels may explain 8% had a more marked

effect in Chapter 3 than demonstrated here (Figure 4-5).

Interestingly, for some GPCRs, the perceived constitutitreitgchas been demonstrated
to be due to the presence of an endogenous agonist in theeeiééd to express the
receptor. For example, the free fatty acid 1 receptor sti@high degree of basal
[**S]GTP S loading in HEK293 cells, however, the addition of fatty di@e BSA to the
assay media reduced the apparent constitutive activity oétaptor, suggesting the
presence of an endogenous fatty acid that is stripped awayadgdion of fatty acid-free
BSA (Stoddart et al., 2007). Other GPCRs, such as the peetetisated receptors, even
have their own ligand encoded within their N-termini. Upaaghge by thrombin or
trypsin the ligand is exposed thus enabling it to activateetteptor. Furthermore, the N-
terminal domain of the melanocortin-4 receptor (a receptaived in appetite
suppression) has been demonstrated to function as a teflgaretithat maintains the
‘constitutive’ activity of this receptor (Srinivasan et 2004). In the GRLN-R, the
presence of phenylalanine residues in TMVI and TMVII (B279-3092° and F312%3
have been suggested to act as tethered agonists, mainta@megeptor in an active

conformation (Schwartz and Holst, 2007). This study has madeemmtto rule out the
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possibility that an agonist expressed in HEK293 cells (or theytddanine residues in
TMVI and TMVII) cause the apparent constitutive activofjthe GRLN-R, but it does
confirm that tagging of the GRLN-R does not ablate the consttaiitivity of the

receptor.

Epifluorescence photographs showed that upon induction with 6 ng/mL ddxyctiod
GRLN-R was located both at the plasma membranes aresicles within the cell - a
localisation consistent with a constitutively internalisiagaptor. Other studies, in both
recombinant systems (Holliday et al., 2007) and in cells endoggreysessing the
GRLN-R (Abizaid et al., 2006; Dass et al., 2003; Kleinz ¢t24l06; Dixit et al., 2006)
agree with this. In contrast, a study in CHO cells stakjyressing the GRLN-R modified
by the addition of a GFP tag to the C-terminus showed tHeNaRto be plasma
membrane localised (Camina et al., 2004). As the abilibpt®rve constitutive activity is
not just dependent on intrinsic receptor properties but on thdispediular background,
the apparent constitutive activity of a given GPCR may wradifferent expression
systems (Seifert and Wenzel-Seifert, 2002). For exampdémdar expression levels, low
constitutive activity of the -opioid receptor was seen when this receptor was transfected
into CHO cells while, conversely, expression in HEK293 celistd detection of moderate
levels of activity (Burford et al., 2000; Selley et al., 2000jleed, although constitutive
activity of the GRLN-R can be measured both in HEK293 an8-Z@ells (Holliday et

al., 2007; Holst et al., 2003; Holst et al., 2004) to date cone#tattivity and constitutive
internalisation of the GRLN-R has not been detected in C&lI® (Camina et al., 2004,
Camina et al., 2006), suggesting the absence of machimgnye® for constitutive signal
generation and receptor internalisation in CHO cells (althduglGRLN-R can still

internalise upon stimulation with ghrelin; Camina et al., 2004).

In the epifluorescence microscopy experiments, only upon additionMf3PA for 16 h
was the GRLN-R demonstrated to be enriched at the plagmdrane. In contrast, 30 min
of SPA treatment had no significant effect on GRLN-R loa#is, although this time was
sufficient for SPA to reduce constitutive activation of @RLN-R in the fSS]GTP S
binding assays. As SPA is a peptide ligand it is expectedt ikatell-impermeable;
therefore it should only bind to receptors expressed at thewédce. This suggests that
the receptor internalisation and recycling process takes30wverin, however, as only two
time points were tested the exact kinetics of constituéeeptor internalisation could not
be determined. Ligand-independent internalisation and recyclittg dBRLN-R has been
shown to take around 15-30 min in both COS-7 and HEK293 cells (Ho#idaly, 2007,

Holst et al., 2004), although this time scale is very rapidpgared to the time-course of
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receptor internalisation and recycling upon ghrelin treatme6th{3n CHO cells; Camina
et al., 2004). To allow comparison of the ligand-dependent and ligdegendent
internalisation of the GRLN-R, further experiments aredleedeo measure constitutive and

agonist-induced internalisation, both within the same study andssikpnesystem.

4.3.5 Constitutive activity of GRLN-R appears to be detrimental
to HEK293 cells

Upon the addition of 1g/mL doxycycline for 72 h, cells appeared rounded compared to
cells uninduced with doxycycline, furthermore there was a ceraide level of cell
detachment. This effect was receptor mediated as reductieneptor expression led to
less prominent cell changes. Although not investigated furthtidrstudy, the cell
rounding phenotype is likely to be mediated by the constitutiveitgadf the GRLN-R.

This is supported by a study conducted in Kostenis’s group where thessixor of the
constitutively active sphingosine 1-phosphate-5 receptors{3ddPto a similar receptor-
dependent cell rounding and detaching phenotype as observed heréiethisas cell
line-independent as it was seen after receptor was expiedd&ik293, NIH-3T3, COS-7
and RH7777 cells (Niedernberg et al., 2003).

The cell rounding phenotype shown in this study may be due to constiaativation of
the G y11pathway, which could induce calcium release from the endoglasticulum
and cause an influx of exogenous calcium into the cell. Cal&an important signalling
molecule that needs to be buffered within stringent margins.tiidgive release of
calcium could, therefore, trigger the cell to undergo apoptosipriSingly, GRLN-R has
actually been shown to have an anti-apoptotic effeptimary cultured rat cortical
neurones — an effect abolished by treatment with the GRLNt&yanist/inverse agonist
[D-lys-3]-GHRP-6 (Chung et al., 2008).

Actin cytoskeleton and cell rounding responses are frequentlyareddiy the G213
pathway to which the GRLN-R may also couple (Holst e2805) therefore it is possible
that the receptor is constitutively activating thg £33 pathway, leading to the changes in

cell morphology; a suggestion that warrants further investigati

4.3.6  Ghrelin and the growth hormone secretagogues can
internalise the GRLN-R

The eCFP tag provided an ideal way to monitor the localisafi@RLN-R in intact cells,

allowing the internalisation of receptor to various ligandse@ssessed. Maximally
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effective concentrations of ghrelin, GHRP-6, L-692,585 and MK-67Gaaised a marked
redistribution in the localisation of the GRLN-R. This veesnonstrated by a significant
loss of fluorescent signal at the plasma membrane with espamnding increase in the
appearance of large punctate vesicles within the cellactaistic of receptor endocytosis.
The GRLN-R has previously been shown to internalise to treatni#mghrelin and
GHRP-6 (Camina et al., 2004) however to the best of my knowkbegeffect of GHRP-6

and L-692,585 on receptor distribution has not previously been studied.

The ability of the growth hormone secretagogues to internalRdeNaR could not be
predicted from their ability to activate the;epathway as not all agonists are able to
internalise GPCRs. For example, thepioid receptor could be internalised upon
treatment with etorphine but not by morphine even though both ligands prarGgte
mediated response (Zhang et al., 1998). Internalisation is noémtlyedependent on
ligand potency or efficacy. Clinical trials on the GPR38 agakisI-229 showed that
although ABT-229 was less potent than motilin (the endogenous agbniag more

potent at inducing desensitisation and internalisation of GPR38Iéntmans et al., 1995).

4.3.7 Tagging the GRLN-R does not affect receptor
pharmacology

Comparing the potencies and efficacies of ghrelin and the lgdoevtnone secretagogues
acting on the wild-type (untagged) and modified (tagged) receptared that there was
no differences in the responses of these receptors. ThiSSH@TP S data shows that
even with the N- and C-terminal modifications, ligands cairbatd to the GRLN-R and

the GRLN-R can still bind to (and activate) G protein.sTheas also been demonstrated for

other receptors such as thg adrenoceptor (Stanasila et al., 2003).

4.3.8 Summary

The results of this chapter have shown that modifying theNGRlwith both N- and C-
terminal epitope tags does not affect receptor localisatidrpharmacology. Furthermore,
the Flp-In™ T-Rex™ HEK293 cell line expressing the VSV-G-GRLMGFP construct
proved to be an extremely useful tool in studying both the ligapdratent and ligand-
independent activation of the GRLN-R.
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5 Exploring the promiscuous G protein coupling
of the GRLN-R

51 Introduction

It is now appreciated that instead of exhibiting just a siagtve state, GPCRs may
display multiple active conformations. This has been elegéderthonstrated in studies on
the purified , adrenoceptor labelled with a fluorescent probe (fluoresceiemide) at an
environmentally sensitive cysteine residue (C265) locatéukithird intracellular loop at
the cytoplasmic end of TMVI (Ghanouni et al., 2001; Swamina#th €2004). Using
fluorescent lifetime spectroscopy to detect changes in theofibore, and therefore
changes in the conformational state of thadrenoceptor, it could be seen that binding of
the full agonist isoproterenol resulted in the display of two distonformational states of
the receptor. However, binding of the partial agonist dobutamine to #ueenoceptor led
to a significant change in the fluorescent lifetime of ointn@se conformational states,
demonstrating that different agonists stabilise differenagonist-specific’, receptor
states (Ghanouni et al., 2001; Kobilka, 2002).

Further evidence for agonist-specific receptor states hasftoméhe observation that
changes in the potencies and/or efficacies of a panelasfdgyacting on a single receptor
type can be measured upon activation of different pathwayeparty that can be
described by the term ‘functional selectivity’ (Urbarakt 2007). Functional selectivity
has been demonstrated at the pituitary adenylate cyclasatact peptide (PACAP)
receptor, where the agonists PAGARPand PACAR_zscould stimulate PACAP receptor-
mediated adenylate cyclase activation with equal potermiesnly PACAR.sgcould
evoke an increase in inositol phosphate levels through activatigmsholipase C
(Spengler et al., 1993). Functional selectivity, as demondtistelifferences in ligand
efficacies, has been shown at the serotonin type 2C recegtidr, where the agonists
(x)-2.5-Dimethoxy-4-iodoamphetamine (DOI) and 5-hydroxytryptamine (pdiSplayed
equal efficacies in activation of the arachidonic acid paghwailst DOI elicited only 60

% of the 5-HT-induced increase in inositol phosphate accumulatieng @ al., 1998).

The GRLN-R has been described as a promiscuous receptoraléeng couple to £5/11
(Howard et al., 1996), £ (Bassil et al., 2007; Esler et al., 2007)s (Rossi et al., 2008;
Kohno et al., 2003) and &z (Holst et al., 2005). The aim of this chapter was to further
explore the promiscuous coupling of the GRLN-R, by comparing thea#ioth of Gig/11
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and Gy, pathways in response to ghrelin and the growth hormone seagatsy To

achieve this responses of the GRLN-R were measured bdih latvel of G protein
activation, by the use of5]GTRSS binding assays, and in whole cell second messenger

signalling assays.
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5.2 Results

5.2.1 Testing G 4, coupling to GRLN-R

[**S]GTRS filtration binding and scintillation proximity assays (shdwiChapters 3 and
4) are generally thought to reflectissignalling, thus it was assumed that the responses in
the P°S]GTRS filtration binding assays were mediated solely througha@&d
endogenous £, expressed in the Flp-In™ T-REx™ HEK293 cells. In this chapter
sought to confirm that this signalling was indeegl,@&ediated by the use of selective
pharmacological inhibitors. The interaction between a receptbtree G, class of G
proteins can be abolished Bgprdella pertussisoxin (PTx)-mediated ADP-ribosylation of
a cysteine residue four residues from the extreme C-termihus. GRLN-R cells were
co-incubated with 6 ng/mL doxycycline and 25 ng/mL PTx for 1edtlowing cell
harvesting, membranes were prepared and the responsenetreaith 1 M ghrelin
measured. To confirm that the response was not mediated thr@uGly,t1 family,
membranes were challenged witiM ghrelin in the presence of 0.M YM-254890
(Figure 5-1). YM-254890 is a toxin isolated fradbhromobacteriunspecies that
specifically blocks the exchange of GDP for GTP on #sebunit of the Gy11 family of

G proteins (Takasaki et al., 2004).

A one-way ANOVA with Tukey’s multiple comparison test reteebthat treating
membranes from uninduced GRLN-R cells withM ghrelin did not increasé B]GTRSS
binding compared to basal values (p>0.05). Inducing GRLN-R esipreked to a
significant increase in binding (p<0.01) in response to ghséilinulation. Indeed, binding
of [**S]GTRS in membranes co-incubated with YM-254890 and ghrelin also showed a
significant increase over basal levels (p<0.01) — an dffiettvas not statistically different
to that obtained in the absence of YM-254890 (p>0.05). Treatmemewibranes with

PTx or a combination of PTx and YM-254890 attenuated the responieetim @p>0.05;
compared to basal values in uninduced cells). Thus it apihedrthe filtration method

indeed measured predominantly;Gmediated 'S]GTRSS binding in this system.

To assess if PTx and YM-254890 were having an effect on sz leaels of PS]|GTRS
binding, a one-way ANOVA was performed on the combined raw alatained from these
experiments. There was no significant difference in levidimsal {°S]GTRGS binding
(p=0.75).
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Figure 5-1 — The GRLN-R can couple to the G 4, pathway. GRLN-R cells were transfected with
Gai and receptor expression induced, as required, with 6 ng/mL doxycycline (dox.) for 16 h. A. To
test receptor coupling to G ;, membranes were prepared from GRLN-R cells treated with 25 ng/mL
PTx (16 h) and the response to 1 M ghrelin (20 min; 30 °C) measured. To test receptor coupling
to G ¢11 the response to 1 M ghrelin was measured after co-administration with 0.1 M YM-
254890 (20 min; 30 °C). G protein-bound [SSS]GTP S was separated from the reaction mixture by
rapid filtration through GF/C filters soaked in 1 x PBS and bound [**S]GTP S measured (for 5 min)
using liquid-scintillation spectrometry. Data points represent the mean + S.E.M of four independent
experiments performed in triplicate. Data is expressed as the percentage of the response over
basal values obtained in each of the conditions outlined above. N/s = non-significant, **p<0.01
when compared using a one-wagl ANOVA with Tukey’s multiple comparison test. B. Raw data
obtained for the basal levels of [°>S]GTP S loading after treatment with YM-254890, PTx or a
combination of the two. Data points represent the mean + S.E.M of four independent experiments
performed in triplicate.

In Chapter 4, | demonstrated that, in membranes from GRIcHHR enriched with G,
the GRLN-R could increasé>B]GTRyS binding upon treatment with ghrelin and the
growth hormone secretagogues. However, transfection of exgraté@n into the cells
creates a stimulus-bias which could force GRLN-R to couptenh-preferred G protein
speciesThus to test whether the GRLN-R could couple ig,@& GRLN-R cells, a

[**S]GTRS filtration assay was conducted in the absence of exogenowsed f{Figure
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Figure 5-2 - The GRLN-R can respond to ghrelinint he absence of exogenous G protein.
GRLN-R cells were induced with 6 ng/mL doxycycline (16 h) and membranes prepared. A
[SSS]GTPgS filtration binding assay was used to measure [SSS]GTP S binding at basal levels and
after treatment with 1 M ghrelin (20 min; 30 °C). G protein-bound [SSS]GTP S was separated from
the reaction mixture by rapid filtration through GF/C filters soaked in 1 x PBS and bound

[SSS]GTP S measured (for 5 min) using liquid-scintillation spectrometry. Data points represent the
mean = S.E.M of three independent experiments performed in duplicate. * p<0.05 as measured
using an unpaired, two-tailed t-test.

5-2). An unpaired, two-tailed t-test revealed a signifitactease in¥S]GTP S binding
upon treatment with 1M ghrelin (p<0.05). Overall there was around a 1.2-fold irszéa
signal upon stimulation with ghrelin, compared to around a 2-fol@¢@se observed upon

the transfection of additional G protein.

5.2.2 Response of GRLN-R through G 4411 activation

The P°S]GTRSS filtration assay is limited to measuring the activatibthe G, family of
G proteins due to a combination of the high rate of basal guangieotide exchange of
Gaiio and their relatively high expression levels in HEK293 g@Midligan, 2003). To
measure activation of other G proteif8S|GTRS binding assays are commonly
employed, using an immunoprecipitation step to separate G phmeird f°S]|GTRS

from unbound S]GTRSS (e.g Stoddart et al., 2008; Parenty et al., 2008). Thus in this
study, to measure activation ofdas, a B*S]GTRSS binding assay with an
immunoprecipitation step was performed in membranes preparadriduced GRLN-R
cells transfected with £ (Figure 5-3), where*{S]GTRS-bound Gq Was measured

following immunoprecipitation with anti-£3 antisera.

To investigate whether the GRLN-R constitutively activatetlGq pathway, Gqwas
transfected into GRLN-R cells and receptor expression wasedduith 6 ng/mL
doxycycline (16 h). Receptor expression led to a significané@se in basal loading of
[**S]GTRS (p<0.001), a response 17.6 + 2.6 % over the basal response maatheed
absence of the GRLN-R. Ghrelin stimulation significantigreased*fS]GTRS binding in
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Figure 5-3 - Ghrelin and the growth hormone secreta  gogues can increase | 35S]GTP(_[)}S

binding via activation of the G 5411 pathway in membranes prepared from GRLN-R cells. A

To test whether GRLN-R was constitutively active in the G  pathway, membranes were prepared
from GRLN-R cells transfected with G,4 and receptor expressmn either induced with 6ng/mL
doxycycline (16 h) (black bars) or left uninduced (white bars). [>S]GTP S binding was measured at
basal levels and after stimulation with 1 M ghrelin (30 min; 30 °C), as indicated. G, qrsWas
immunoprecipitated from the reaction mixture using anti-G,4 antiserum and bound [3 S|GTP S
measured using liquid scintillation spectrometry (5 min/sample). Data is expressed as the
percentage of the maximum response to ghrelin in doxycycline-induced cells. Data points represent
the mean + S.E.M of five independent experiments performed in triplicate. ***p <0.001 as
measured using a one-way ANOVA with Tukey’s multiple comparison test. B. Concentration-
response curves to ghrelin, MK-677, GHRP-6 and L-692,585 (30 min; 30 °C) were performed on
membranes prepared from induced GRLN-R cells transfected with G.4. Data points represent the
mean = S.E.M of three independent experiments performed in triplicate.

membranes prepared from induced GRLN-R cells (p<0.001), buidha@nificant affect
in membranes prepared from uninduced GRLN-R cells (p>0.05).

To obtain potency and efficacy values for ghrelin and the growthdre@secretagogues
through Gg/11 activation, concentration-response curves were generatedgBig)rusing
a [°S]GTRSS binding assay with an immunoprecipitation step. Table Splagis the

values obtained. A one-way ANOVA with Dunnett’s post-hoc $bstved that L-692,585

was significantly less potent than ghrelin in inducing.g:@response (p<0.01). There was
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no statistical difference in the efficacy of the ligands caeghao ghrelin as determined
using a one-way ANOVA (p=0.51).

Table 5-1 — Potency and efficacy values of ligands  acting at GRLN-R via G ,4 activation as
measured using a [ 35S]GTngS binding assay with immunoprecipitation step.

Ligand PEC 50 £ S.EM | Eax £ S.E-M

Ghrelin 9.03+0.13 94.3+4.0

MK-677 9.05+0.15 98.7+4.8

GHRP-6 7.98 £0.23 113.2+10.9

L-692,585 | 7.11 + 0.20** 116.5+12.7

Data is expressed as mean = S.E.M of three-seven individual experiments performed in triplicate.
Enmax IS the maximum response of ligand expressed as the percentage of the maximum response to
ghrelin. **p<0.01 when responses were compared to ghrelin using a one-way ANOVA with
Dunnett’s post-hoc test.

Sensitivity of the ’S]GTRJS signal to YM-254890 was tested to confirm that the response
to ghrelin measured in th&$]GTRYS binding assay with immunoprecipitation step was
solely mediated throughJg As it was shown in Chapter 3 and 4 (and Figure 5-1 of this
chapter) that the GRLN-R could couple tg,&3he effect of PTx (25 ng/mL; 16 h) on
[**S]GTRS binding was also investigated. Cells were transfectddGyj, receptor
expressioinduced with 6 ng/mL doxycycline (16 h; as required) and challengixd wi
either 1 M ghrelin or 1 M SPA. As Figure 5-4 demonstrates, no significant effect on
[**S]GTRSS binding could be detected in membranes prepared from unindiRigd-B
cells treated with either ghrelin or SPA. The addition oMLghrelin caused a significant
increase in boundJS]GTRSS, both in membranes prepared from induced cells and
induced cells treated with PTx (p<0.001). This effect was stioadi upon treatment with
YM-254890 or upon co-incubation with YM-254890 and PTx.

To assess if PTx and YM-254890 altered basal levefS$JGTRSS binding a one-way
ANOVA with Tukey’s multiple comparison test was performedioecombined raw data.
The effect of 1 M of the inverse agonist SPA was also assessed. Tlaalesvthat
receptor expression led to a significant increase in basfihtpaf F>S]GTRS in
membranes from doxycycline-induced cells and doxycycline-inducegdtated with
PTx (p<0.001 and p<0.01, respectively). Incubation wittMISPA caused a significant
reduction in binding of fS]GTRJS in membranes prepared from doxycycline-induced

GRLN-R cells although this was not significant in membranepared from PTx treated
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Figure 5-4 — The [ 35S]GTng;S binding assay with immunoprecipitation step solel y measures

activation of the G 4411 pathway. GRLN-R cells were transfected with G,411 and induced with 6
ng/mL doxycycline (16 h). A. To test receptor coupling to G ;,,, membranes were prepared from
GRLN-R cells treated with 25 ng/mL PTx (16 h) and the responseto 1 M ghrelinand 1 M SPA
measured (30 min; 30 °C). To test receptor coupling to G ¢, the responseto 1 M ghrelin and 1

M SPA was measured after co-administration with 0.1 M YM-254890 (30 min; 30 °C), as
|nd|cated GagWas immunoprecipitated from the reaction mixture using anti-G,4 antiserum and
bound [ S]GTP S measured using liquid scintillation spectrometry (5 min/sample). Data points
represent the mean + S.E.M of four independent experiments performed in triplicate. Data is
expressed as the percentage of the response over basal values obtained in each of the conditions
outlined above. ***p<0.001 when compared using a one-way ANOVA with Tukey’s multiple
comparison test. B. Raw data obtained for the basal levels of [ S]GTP S loading after treatment
with YM-254890, PTx or a combination of the two. Data points represent the mean + S.E.M of three
independent experiments performed in triplicate. * p<0.05, **p<0.01 and ***p<0.001 when
measured using a one-way ANOVA with Tukey’s multiple comparison test
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Figure 5-5 — The G 4411 inhibitor YM-254890 inhibits the response of the G~ RLN-R to ghrelin in
[SSS]GTPgS binding assays performed using an immunoprecipita tion step. GRLN-R cells were
transfected with G,q11 and receptor expression induced with 6 ng/mL doxycycline (16 h).
Membranes were prepared and incubated with 1 M ghrelin and varying concentrations of YM-
254890 (30 min; 30 °Cg. GaqWas immunoprecipitated from the reaction mixture using anti-G,q
antiserum and bound [ 5S]GTP S measured using liquid scintillation spectrometry (5 min/sample).
Data is expressed as the percentage of ghrelin E,., with 100 % set as the signal to ghrelin in the
absence of YM-254890 treatment and 0 % set as the signal obtained in the absence of ghrelin or
YM-254890 treatment. Data points represent the mean = S.E.M of one experiment performed in
triplicate.

cells. Treatment with YM-254890 abolished the iasein basal binding o’B]GTRS
that was seen upon GRLN-R expression. Indeed the ¢ [*>S]GTRSS binding achieved
upon YM-254890 treatment was not significantly erént to that achieved upon
incubation with SPA (Figure 5-4).

To further test the response of the GRLN-R in thg:@pathway the sensitivity of the
response to ghrelin was measured in the presertbe @11 inhibitor YM-254890

(Figure 5-5). A concentration-response curve waegged to YM-254890 (n = 1) in the
presence of 1M ghrelin. Fitting of the data with a concentrati@sponse curve yielded a
PEGso value of 8.05 + 0.32 (n = 1). Data was normalisethat 100 % equalled the level
of bound f°S]GTRJS observed upon treatment with ¥l ghrelin in the absence of YM-
254890 and 0 % equalled the level of boufiB]GTRSS obtained upon GRLN-R
expression in the absence of ghrelin and YM-2548@0malisation of the data revealed
that YM-254890 could lower the level 6P§]GTRSS binding to below that observed upon
GRLN-R expression, suggesting that YM-254890 wdsiceng the constitutive activity of
the GRLN-R. At low concentrations of YM-254890 fieared that YM-254890 could
compete with ghrelin for binding to the GRLN-R $at only around 25 % of the

maximum ghrelin signal could be obtained.
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Figure 5-6 — Ghrelin and the growth hormone secreta  gogues can evoke a response in

inositol phosphate accumulation assays. GRLN-R expression was induced as required with 6
ng/mL doxycycline (16 h) and media supplemented with 1  Ci/mL [°H]myo-inositol (16 h). Prior to
the assay, media was replaced with Krebs-Ringer buffer supplemented with 10 mM lithium chloride
to block the breakdown of inositol phosphates into myo-inositol. A. Cells were stimulated with 1 M
ghrelin (30 min; 37 °C) as indicated, in the absence (white bars) or presence (black bars) of the
GRLN-R. After ligand-stimulation cells were lysed with perchloric acid and [°H]total inositol
phosphates isolated from the mixture using ion-exchange chromatography. The amount of [*HJtotal
inositol phosphates accumulated were measured using liquid scintillation spectrometry (120
s/sample). Data points represent the mean + S.E.M of four experiments performed in duplicate.
***n<0.001; **p< 0.01, *p<0.05 as measured using a one-way ANOVA with Tukey’'s multiple
comparison test. B. Concentration-response curves to ghrelin, MK-677, GHRP-6 and L-692,585
were performed (as described above) in induced GRLN-R cells (30 min; 37 °C). Data points
represent the mean + S.E.M of three-six experiments performed in duplicate.

5.2.3  Whole cell assays to measure G 4q11 response

[**S]GTRSS experiments are useful for measuring one ofiteesteps in signal
transduction; activation of G proteins. Howeveesih assays need to be performed in

membranes or detergent-treated cellS*&JGTRSS is membrane-impermeable. As
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GRLN-R couples to 11 an inositol phosphate accumulation assay waslesttat) to
measure functional responses to ghrelin and thetgrbormone secretagogues in an intact
cell system (using native 11 expressed in HEK293 cells). This assay measuees th
accumulation ofJH]total inositol phosphates, synthesised fréhi]nycinositol by the

cell. Breakdown ofH]total inositol phosphates back inttH]myoinositol was inhibited

by the addition of 10 mM lithium chloride to thesag buffer which was added to the cells
30 min prior to stimulation with ligand. Subsequgnligand was diluted in assay buffer

containing LiCl and cells stimulated with this mirg for 30 min.

A one-way ANOVA with Tukey’s multiple comparisonsterevealed that inducing
receptor expression led to a significant increasleé generation ofifJtotal inositol
phosphates (p<0.01), which could be further ina@dds/ incubation with 1M ghrelin
(p<0.001). The level of basaH]total inositol phosphates accumulated after rearep
induction was 48.5 £ 5.6 % above that obtainetiénabsence of the GRLN-R. In the
absence of the GRLN-R, ghrelin treatment had necethn the level of inositol phosphate

accumulation that was observed in basal conditibiaire 5-6).

Concentration-response curves were generated éighGHRP-6, L-692,585 and MK-
677 (Figure 5-6) using an inositol phosphate acdatimn assay, which allowed the
measurement of the potency and efficacy of eacheotompounds in activating the 1
pathway (Table 5-2). A one-way ANOVA with Dunnetgest-hoc test showed there was
no significant difference in potencies (p=0.14gf#ficacies (p=0.16) of GHRP-6, L-
692,585 or MK-677 compared to ghrelin.

Table 5-2 Potency and efficacy values of ligands ac
inositol phosphate accumulation assay.

ting at GRLN-R as measured using an

Ligand PEC 50 £ S.EM | Eax £ S.E.M
Ghrelin 9.22+0.11 97.5+438
MK-677 9.43+0.13 1214+ 7.3
GHRP-6 | 9.05%0.19 99.1+9.5
L-692,585 | 9.24 + 0.22 92.7+79

Data is expressed as mean = S.E.M of three-four individual experiments performed in triplicate.
Emax is the maximum response of ligand expressed as the percentage of the maximum response to
ghrelin.

To investigate the effect of YM-254890 on the cduoste activity of the GRLN-R,
GRLN-R cells were induced with doxycycline and camttation-response curves to YM-
254890 and SPA were generated (Figure 5-7). Dasaneamalised so that 0 % was the
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Figure 5-7 — Both YM-254890 and SPA can reduce the constitutive activity of the GRLN-R in
inositol phosphate accumulation experiments. Cells were incubated with 6 ng/mL doxycycline
(16 h) to induce GRLN-R expression, as required, and media supplemented with 1  Ci/mL
[*H]myo-inositol (16 h). Prior to the assay, media was replaced with Krebs-Ringer buffer
supplemented with 10 mM lithium chloride to block the breakdown of inositol phosphates into myo-
inositol. Subsequently, concentration-response curves to A. SPA or B. YM-254890 were generated
(30 min; 37 °C). After ligand-stimulation cells were lysed with perchloric acid and [*HJtotal inositol
phosphates isolated from the mixture using ion-exchange chromatography. The amount of [3H]total
inositol phosphates accumulated were measured using liquid scintillation spectrometry (120
s/sample). Data is expressed as percentage of signal obtained by doxycycline induction, with 0%
set as the signal obtained in the absence of GRLN-R. For the SPA concentration-response curve
the data points represent the mean + S.E.M of three independent experiments performed in
duplicate. For the YM-254890 concentration-response curve data points represent the mean =
S.E.M of one experiment performed in triplicate.

level of inositol phosphates accumulated in theemnbs of the GRLN-R and 100 % was the
level of inositol phosphates obtained in the pneseof the GRLN-R. This yielded pk&C
values of 8.21 + 0.32 for YM-254890 (n = 1) and97+50.45 for SPA (n = 3).
Normalisation of the data showed that at maximetfgctive concentration of YM-254890
and SPA there was a 56.7 = 6.9 % and 49.1 + 20é&dUction, respectively, in the level

of inositol phosphates accumulated. These resudfgest that, in the inositol phosphate
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"Q = biotinylated cAMP

()
\_/ = cAMP

Figure 5-8 — lllustration of the AlphaScreen cAMP t  echnology (adapted from the cAMP
AlphaScreen product guide, Perkin EImer ). The AlphaScreen cAMP assay utilises a Tr-FRET
based technology which measures energy transfer from ‘donor beads’ to ‘acceptor beads’ that are
provided in the AlphaScreen kit. Briefly, donor beads are coated in streptavidin to which
biotinylated cAMP can bind, whilst the acceptor beads are coated in an anti-cAMP antibody. If
biotinylated cAMP binds to the anti-cAMP antibody it brings the donor bead in close proximity to the
acceptor bead. Upon excitation of the donor bead with a laser at 680 nm, singlet oxygen energy
(*O,) produced by the donor bead is transferred to fluorescent acceptors within the acceptor bead.
This generates a signal with a wavelength of around 560-620 nm. cAMP synthesised within cells
can compete with biotinylated cAMP, binding to the antibody on the acceptor beads; in this
situation energy transfer between the donor and acceptor beads does not occur as the beads are
not in close enough proximity.

accumulation assay, neither YM-254890 or SPA \figtg inhibiting the constitutive
activity of the GRLN-R.

5.2.4  Whole cell assay to measure G 4, activation

An AlphaScreen cAMP accumulation assay was usete@sure Gy, responses in intact
GRLN-R cells. This assay utilises time-resolvedifescence resonance energy transfer
(Tr-FRET) technology to measure changes in cAMRIewithin cells. Briefly, a donor
bead is coated in streptavidin to which biotinyte¢&MP molecules can bind via their
biotin moiety. The acceptor beads are coated witardi-cAMP antibody to which the
biotinylated cAMP also binds, this time via the cRNpart of the molecule. Excitation with
light at 680 nm causes the donor bead to convertearhoxygen to single state oxygen,
which can diffuse up to 250 nm before decayinghédf donor bead is in close proximity to
the acceptor bead, the energy from the oxygenetingpassed to fluorescent acceptors in
the acceptor bead. This leads to a fluorescenabk@rb20-620 nm being generated
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Figure 5-9 - The GRLN-R does not signal through the  G,;, pathway in an intact cell assay.
Cells were induced with 6 ng/mL doxycycline (16 h) and the response to 1 M ghrelin (30 min; 37
°C) measured using an AlphaScreen cAMP accumulation assay. Data is expressed as the
percentage of the response compared to that achieved by 0.1 M forskolin. Data points represent
the mean + S.E.M of three independent experiments performed in triplicate. Data is expressed as
the percentage of the cCAMP response achieved by 0.1 M forskolin.

(Figure 5-8). Synthesised cAMP from within a celhtpetes with the biotinylated cCAMP
on the acceptor bead — thus decreasing the ambBREST occurring proportionally to
amount of cCAMP produced. Consequently, arésponse is seen as a decrease in the
FRET signal. To obtain afg response, the level of cAMP within a cell needbeo
increased by activation of the enzyme adenylatéasgc this is most commonly achieved
by addition of forskolin. Upon activation of thes family of G proteins, the activity of
adenylate cyclase is inhibited, leading to a deséa CAMP levels, thus increasing the Tr-
FRET signal obtained. For ease of interpretatibonAVP AlphaScreen results presented

in this chapter are expressed as the percentafe ofésponse of cells to 0.M forskolin.

GRLN-R cells were treated with doxycycline to indueceptor expression. A standard
curve of forskolin stimulation was constructed é&aot shown) and a concentration of 0.1
M forskolin, which produced a response around t8e,Bvas chosen to activate
adenylate cyclase. To test if ghrelin could evokesponse via £, activation, cells were
co-incubated for 30 min at 37 °C with 0.M forskolin and 1 M ghrelin (Figure 5-9).
There was no significant response to ghrelin ia #ssay (p=0.95), suggesting that either
the GRLN-R could not couple to thejgpathway in intact GRLN-R cells or that it is not

possible to measure cAMP inhibition in respons&RLN-R activation in these cells.

5.2.5 Whole cell assay to measure G ¢ activation

Further investigation revealed that an increassAMP levels (therefore a Gmediated
response) could be observed in response to ghimetioxycycline-induced GRLN-R cells.
Thus concentration-response curves were gene@tgurelin and the growth hormone

secretagogues using the AlphaScreen cAMP accumnlatisay (Figure 5-10). The
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potency and efficacy values are obtained in Tat8e Gomparing the potency and efficacy
values obtained for GHRP-6, L-692,585 and MK-67gMoelin using a one-way ANOVA
with Dunnett’s post-hoc test revealed that L-693,B8hibited a significantly lower
potency and efficacy (p<0.05) than ghrelin.

Table 5-3 — Potency and efficacy values of ligands acting at GRLN-R as measured using a
CAMP accumulation assay.

Ligand PEC 50 S.EM | Epax £ S.EM
Ghrelin 8.78 £+ 0.15 93.2+5.0
MK-677 8.66 £ 0.21 85.0+ 6.6
GHRP-6 7.85+0.19 919+7.3
L-692,585 | 7.97 £ 0.21* 70.0 + 5.8*

Data is expressed as mean = S.E.M of three individual experiments performed in triplicate. Epax is
the maximum response to ligand expressed as the percentage of the maximum response to
ghrelin. * p<0.05 when responses were compared to ghrelin using a one-way ANOVA with
Dunnett’s post-hoc test.

To test whether ghrelin and the growth hormoneetagogues could evoke a cCAMP
response in the absence of GRLN-R expression, GRLdgHls were incubated with M
ghrelin, GHRP-6, L-692,585 or MK-677 and the resgmmeasured using an AlphaScreen
cAMP accumulation assay. There was no significasponse to ghrelin and the growth
hormone secretagogues (p=0.06; tested using a apANOVA), thus showing GRLN-R

expression was required for ag@nediated response in GRLN-R cells.

Finally, the ability of the GRLN-R to constitutivectivate the G pathway was tested.
Doxycycline-induced GRLN-R cells were treated withM SPA and the level of
accumulated cAMP was compared to the level of cAMRiined in basal conditions using
an unpaired, two-tailed t-test (Figure 5-11). SRA& ho significant effect on cAMP
accumulation compared to that observed in basalitons (p=0.35). Furthermore, there
was no significant difference in cCAMP accumulatiorasured in the absence and presence
of GRLN-R expression (p=0.10), thus further dem@istg that there was no measurable

constitutive activation of the GRLN-R via activatiof the Gs pathway
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Figure 5-10 — The GRLN-R can signal through the G ¢ pathway after challenge with ghrelin

and the growth hormone secretagogues in an intact ¢ ell assay. A. GRLN-R expression was
induced by treatment of GRLN-R cells with 6 ng/mL doxycycline (16 h). Concentration-response
curves were generated to ghrelin, GHRP-6, MK-677 and L-692,585 (30 min; 37 °C) in intact GRLN-
R cells using an AlphaScreen cAMP accumulation assay. Data points represent the mean + S.E.M
of three independent experiments performed in triplicate. B. Testing the ability of ghrelin and the
growth hormone secretagogues to evoke a response in uninduced GRLN-R cells. Uninduced
GRLN-R cells were incubated with 1 M ghrelin, GHRP-6, MK-677 or L-692,585 (30 min; 37 °C)
and the response measured using an AlphaScreen cAMP accumulation assay. Data points
represent mean + S.E.M of three independent experiments performed in triplicate. Data is
expressed as the percentage of the cAMP response achieved by 0.1 M forskolin.
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Figure 5-11 — The GRLN-R does not appear to consti  tutively activate the G ¢ pathway in an
intact cell assay. GRLN-R expression was induced by the treatment of GRLN-R cells with 6
ng/mL doxycycline (16 h).A.The effect of treatment with 1 M SPA (30 min; 37 °C) on the level of
cAMP accumulated upon GRLN-R expression was measured. B. The difference in the levels of
cAMP accumulation in uninduced (white bar) and induced (black bar) GRLN-R cells were
measured. In both experiments data points represent the mean + S.E.M of three individual
experiments performed in triplicate. Data is expressed as the percentage of the cCAMP response

achieved by 0.1 M forskolin.
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5.3 Discussion

5.3.1  Comparison of signaling of the GRLN-R as mea sured
using G zgm1 and G 4o [3SS]GTP S binding assays

Although some studies have useJGTRSS binding assays to measure ghrelin-induced
activation of the G, pathway (i.e. both Bassil et al., 2007 and Deztki.e2007 have
demonstrated a response to ghrelin through adivati G;;) none of these studies have
been extended to investigate the effects thatrbwth hormone secretagogues have on
[**S]GTRSS binding. Furthermore, there is a total lack’dBJGTR)S binding data
investigating Gy1:-mediated signalling of the GRLN-R in responseitbez ghrelin or the

growth hormone secretagogues.

In this study 1°S]GTRSS binding assays proved extremely useful toolstiadying the
pharmacology of the GRLN-R. For example, althouglmmalian cells express a number
of endogenous G proteins to which the GRLN-R mayptm the use of selective G protein
inhibitors revealed that thé&>B]GTRSS filtration binding assays measured a ghrelin
response solely mediated through a PTx-sensitiyg,Y@&mily of G proteins, whilst the
[**S]GTRSS binding assay with immunoprecipitation step esiviely measured a YM-
254890-sensitive (&/11) response. Furthermore, as it is best to measaxgmm

efficacy of a ligand in a response system clogbéaeceptor, where fewer compounds
would reach the maximum system response (Stra®§8)2F°S]GTRS binding assays
provided an excellent system for allowing compariebthe potencies and efficacies of
ghrelin and the growth hormone secretagogues megisimrough the activation ofag11

and Gi, pathways.

Comparison of the £/11 and Gipo [**S]GTRSS binding assays revealed that, although there
was little difference in the potencies of ghrelimdahe growth hormone secretagogues
(Table 5-4), in the Gy, pathway the growth hormone secretagogues all astediper-
agonists compared to the response obtained upefirgtreatment (see Chapter 4, Figure
4-9 or Table 5-5). In contrast, measurement of3hg ; pathway showed that ghrelin and
the growth hormone secretagogues acted with edficd@es. These findings demonstrate
that the GRLN-R exhibits functional selectivity.rhermore, as the potencies of ghrelin
and the growth hormone secretagogues do not ateselen the 611 and G signalling
pathways it can be extrapolated that the growtmboe secretagogues stabilise a receptor

structure that favours coupling tqife
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5.3.2 The GRLN-R can activate G 4

Interestingly, in this study ghrelin and the growtirmone secretagogues could evoke a
Gag-mediated $SIGTRS response. Studies into the activation of the GRLt4ough
activation of the G171 pathway have focused on measuring inositol phdspha
accumulation or calcium mobilisation. Only one stutthe initial cloning of the GRLN-R,
has investigated to which G protein in thg,& family the GRLN-R couples, reporting
that inXenopus oocytehe receptor can activate {zbut not G4 (Howard et al., 1996).
The differences in the expression systems (mammaligk293 cells versus amphibian
Xenopus oocytg¢sould account for the discrepancies between theskes. As the level
of Gyqtransfected in the study by Howard et al. (19963 wat reported, it is possible that
the G protein concentration in th&nopus oocytasay not have been high enough to
measure activation of {gas the GRLN-R could preferentially tq.{ It would be

interesting to investigate this further.

5.3.3 Inositol phosphate accumulation assays

In contrast to the’}S]GTRSS binding assays, there have been a number ofsttlttt

have used inositol phosphate accumulation assayist(et al., 2003; Holst et al., 2004;
Holst et al., 2007; Liu et al., 2007; Van Craeneelk, et al., 2004) or cCAMP
accumulation assays (Rossi et al., 2008; Caminak,&t005) to measure activation of the
GRLN-R.

Generation of concentration-response curves imtb&tol phosphate accumulation assay
revealed that the potencies of ghrelin, GHRP-6MKd&677 in this study were similar to
those previously published (Holst et al., 2003)widwer, in contrast to Schwartz’'s group
who found that GHRP-6 acted as a super-agoniss(tédlal., 2003), in this study, and
consistent with the £3/11 [**S]GTRSS binding results, GHRP-6 acted with efficacy edaal
that of ghrelin. Indeed in this study the efficactd ghrelin and the growth hormone
secretagogues and the potencies of ghrelin and KiK+@easured in the inositol
phosphate accumulation assays were all simildrdaset measured in the,§a1 [**SIGTRS
binding assays (Tables 5-4 and 5-5). However, GldRiRd L-692,585 acted with
significantly higher potencies in the inositol ppbate accumulation assay compared to
the P°S]GTRSS binding assays, which may reflect a differenceereptor reserve between

[**S]GTRS binding assays and inositol phosphate assays.
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Nucleotide exchange is one of the earliest meakustages in the stimulus-response
cascade, therefore the potency of compounds tested [°S]GTR)S binding assays
would be expected to be lower than responses nmeagufurther downstream assays,
which are subjected to a degree of amplificatiarchSresponse amplification has been
observed in receptors such as the chemokine recEpiGR2 (Hall et al., 1999) and the
dopamine R receptor (Gardner et al., 1997). In contrastch & signal amplification may
reflect interaction with a receptor that is onlyodg coupled to the G protein of study. As
the potencies of both ghrelin and MK-677 are ngihiicantly greater in the inositol
phosphate accumulation assay than the potenciesuneebin the 11 [**SIGTRS

binding assay, this may reflect poor coupling & @RLN-R to Gq11. However, the low
levels of amplification of the MK-677 and ghreliesponses could be an artefact of the
system due to the enrichment of G protein in tA8]GTP S binding assays that could
alter coupling efficiency (which depends on théoraf G protein to receptor; Kenakin,
1997).

It is important to bear in mind that the inositblggphate accumulation assays were
performed in intact cells; consequently the respdaghrelin and the growth hormone
secretagogues could include activation of otherd®emn-dependent or even G-protein-
independent pathways. For example, Gierschik attdagues demonstrated that PLC
activity could be stimulated by G protein-subunits released via activation ofjgfamily
of G proteins (Camps et al., 1992). Thus, activatibthe G, family of G proteins by
ghrelin or the growth hormone secretagogues c@ald to activation of PLG thereby
increasing inositol phosphate levels within thdscélhus activation of ¢, may be
responsible for the apparent increase in poten&HiRP-6 and L-692,585 in the inositol
phosphate accumulation assay. This could be assbgsaeasurement of inositol
phosphate accumulation in the presence of PTxhewadih such studies were beyond the

scope of this thesis.

5.3.4 cAMP accumulation assays

In Chapters 3 and 4 the GRLN-R was shown to cotaptke G, family of G proteins in a
[**S]GTRS filtration binding assay, yet in this chaptewits found that ghrelin could not
decrease the level of cCAMP accumulation achievem&ybation of GRLN-R cells with an
ECso concentration of forskolin. Further experiments aeeded to test whether the
GRLN-R does not couple to & in intact GRLN-R cells or whether the absence of a

decrease in cAMP accumulation was because AC waslmbited in these experiments.
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This could be achieved by reproducing the expertimath a positive control (i.e. by
activating Gi—coupled bradykinin 2 receptors which are endogsigaxpressed in
HEK293 cells; Kramarenko et al., 2009). If bradyki@ receptors mediate afsresponse
in the GRLN-R this could suggest that the GRLN-Rslnot couple to £,. Is is also
possible that the GRLN-R may not couple to thg,@athway in HEK293 cells as the

receptor may preferentially couple to endogenous (or even Gs.

Initial [**S]GTRYS binding experiments were performed in the presefexogenous i,
yet coupling of the receptor to,6Gin HEK293 cells may be expected to have no effact o
CAMP accumulation. The &subfamily of G proteins inhibits the adenylyl cysga

isoform AC1, which is only expressed in the brainesal medulla (Sunahara and Taussig,
2002). Although Go can inhibit the adenylyl cyclase isoforms AC5 (eeged in heart,
brain, kidneys, liver, lung, uterus and brown adgtissue; Haber et al., 1994) and AC6
(ubiquitously expressed; Haber et al., 1994) itsdaeless potently than the;G protein
subfamily (Sunahara and Taussig, 2002). Furtherntioeesignificant response to ghrelin
in [**S]GTRSS binding studies in the absence of exogenous @iproonfirms that
coupling of GRLN-R to Gy, was not an artefact due to the enrichment of eatts G,o1.
This suggests that in this system the GRLN-R campleoto Goz but not to G;. Indeed, the
expression pattern of the ghrelin receptor aggl Gverlap, as &: is the most abundantly

expressed G protein in the nervous system (Offens&2001).

In a study by Bassil et al. (2007), ghrelin waseablincrease®}S]GTRSS binding in

HEK293 cells co-expressing the GRLN-R ang,Guggesting that tf@RLN-R could

signal through G activation. Thus further studies are required tthier elucidate whether
the GRLN-R can couple togz.;and Go:. This could be achieved by testing the response
to ghrelin in PTx-treated GRLN-R cells transfectgth PTx-insensitive versions of{p

Gaiz Gaiz and Gy, a system previously used by our group to studyptiomiscuous

coupling of the dopaminebeceptor (Lane et al., 2007).

In the absence of forskolin, ghrelin could evokeramease in CAMP accumulation,
therefore demonstrating coupling of the GRLN-R tg @hich is in agreement with other
recombinant studies into the pharmacology of th&.l$R (Rossi et al., 2008; Caminos et
al., 2005). Indeed, ghrelin increased cAMP accutraravith a pEGp value of 8.78 + 0.15
which is in close agreement to the pg@lue published by Rossi et al. (pk@.28; Rossi
et al. 2008). The concentration-response curvesrgéd using the cAMP accumulation
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assay revealed that ghrelin and the growth hormseneetagogues all acted with similar
potencies as measured in tARS|[GTRSS binding assays, with MK-677 and GHRP-6
exhibiting similar efficacies to those measurethi®s G121 [°S]GTP S binding assays and
inositol phosphate accumulation assays. HowevehartAMP accumulation assay, L-
692,585 acted as a partial agonist, having a sogmfly lower efficacy and potency than
ghrelin in the G pathway, thus suggesting that L-692,585 only wea&lples to the G
pathway.

It is well known that overexpression of a recept@an lead to an increase in receptor
reserve and in this condition a partial agonist mpyear to have full intrinsic activity
(Adham et al., 1993; Watts et al., 1995; Pohjanatsa., 1997). Therefore it is hard to
compare the efficacies in downstream effector systeuch as the inositol phosphate
accumulation and cAMP pathways, which may exhilffecent degrees of receptor
reserve. Furthermore, negative or positive feedbadss-regulation and even
convergence of different effector systems may bésoontribute to measures of
downstream functional assays complicating experateasults (Wess 1998). Thus further
experiments are needed to measurga@tivation in the S]GTRSS binding assay to allow
comparison of the responses to thg,@nd Gqz11 pathways. For example, use of the
[**S]GTRSS binding assay with immunoprecipitation of,@ould allow a direct
comparison to activation of the.gz1 pathway and of the responses obtained in thetintac

cell G s assay.

5.3.5 The GRLN-R may be promiscuous in vivo

The findings from this study have clearly demoristighat the GRLN-R is a promiscuous
receptor, coupling to £o, Gag11 and Gs in the GRLN-R cell line. However, receptor
coupling to G protein in the native cell environrhaot only depends on the relative
affinities of the receptor for different G proteibnst also on the relative proportions and
availability of receptors and G proteins. Inde¢ds ivell established that altering the G
protein to GPCR ratio can alter ligand function aackptor pharmacology (Milligan,
2000). Nevertheless, promiscuity cannot be sequiady an artefact of recombinant
systems as there are numerous examples of it aogimrvivo or in cell lines
endogenously expressing the receptor of studyekample, the opioid receptor,
endogenously expressed in NG108-115 cells, has siemmn to activate £p.3and Goi-2

in response to the receptor agonist DAQBEather et al., 1994). Conversely, the presence

of multiple G protein families does not necessamlyult in receptor promiscuity. For
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example, use of a recombinant system to studydpardine D2 receptor ligangs
tyramine and S-(-)-3PPP showed these ligands wgmeists at Go; but could not elicit a

response via activation ofi(z3 (Lane et al., 2007).

In support of the findings from this study, areex@ examples of ghrelin activating £
Gag1and Gip pathways in cell lines endogenously expressing3ReN-R. The GRLN-
R has been reported to couple tg/4 in a cell line from a rat pituitary adenoma
endogenously expressing GRLN-R (Falls et al., 2@0@) in the AR42J cell line from rat
pancreas (Lai et al., 2005). Evidence for g @teractionin vivo is demonstrated in a
study by Dezaki et al., (2007) which showed thalL8FR activates G in rat pancreatic
islet -cells. In 3T3-L1 preadipocytes the mitogenic eff@fcghrelin is mediated via
PI3K/Akt and MAP kinase signalling via a PTx-seiv&tG protein (Kim et al., 2004).

The ability of the GRLN-R to couple to (3s more controversial. In NPY neurones the
cAMP pathway has been implicated in ghrelin-inducaldium mobilisation as a protein
kinase A inhibitor reduced the calcium responsgiciting the Gg11 pathway is not solely
responsible for the calcium signal observed (Koénal., 2003). In cultured porcine
pituitary cells, GRLN-R activation led to an incsean cAMP comparable to that obtained
by activation of the G coupled growth hormone releasing hormone (GHRE@péor.
Furthermore, ghrelin acted additively in increasi#dVIP levels in porcine somatotrophs
when co-administered with GHRH (Malagon et al., 20BHowever, studies in
recombinant systems suggest thag €ignalling may not be mediated solely through
GRLN-R activation. In one study using HeLa-T4 ceB&RLN-R could not increase cAMP
levels in response to ghrelin. Meanwhile, co-at¢toraof GRLN-R and GHRH produced
an increase in the cAMP response compared to GHiRisaHion alone. This response was
not altered upon inhibition of signalling molecuessociated with GRLN-R activation e.g.
phospholipase C A possible explanation for the potentiation @fgilling was the
formation of heterodimers of GRLN-R and GHRH (Caramd Mayo, 2002).

Interestingly, GHRH has been described as an alicsnodulator of the GRLN-R, acting
as an agonist in calcium mobilisation assays bendo-administered with ghrelin,

GHRH decreases the potency of ghrelin (Casanueat, @008). However, the Casanueva
study found that neither ghrelin nor GHRH coulduod a significant effect on cAMP
levels in HEK293 cells (Casanueva et al., 2008ysTie ability of the GRLN-R to couple

to G5 in vivoremains inconclusive.
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5.3.6  Constitutive activity of the GRLN-Rinthe G 441 and G
pathways

The GRLN-R is recognised as a highly constitutivadyive receptor, based upon the
receptor exhibiting a high degree of constitutiggwty in inositol phosphate
accumulation assays (Holst et al., 2003). Howeavegnnot be assumed that the GRLN-R
would constitutively activate every G protein pa#lywto which it is coupled. For example,
it is possible that a promiscuous receptor cantdatigely activate one pathway but be
silent in another, as seen by thg adrenoceptor mutated at C1Z8.28F) that is able to

constitutively activate Gy11 pathway but not the Gpathway (Perez et al., 1996).

In agreement with multiple studies (e.g. Holstlet2003; Holst et al., 2004; Holst and
Schwartz, 2004; Liu et al., 2007) the GRLN-R wasvsin to constitutively activate the 6
pathway. This was demonstrated by the increasasaltboading ofa[r’S]GTP S upon
expression of the GRLN-R, which was fully inhibiteg incubation with either YM-
254890 or SPA. Indeed YM-254890 was shown to infifd8]GTRyS binding to a level
below that achieved by expression of the GRLN-Rpalestrating YM-254890 could
inhibit the constitutive activity of the GRLN-R.

Interestingly, SPA, at maximally effective concatitrns, decreased inositol phosphate
accumulation to a level that was still 50.9 % abtinat observed in the absence of GRLN-
R expression. This suggests that other receptoather proteins for example, insulin-like
growth factor (EI-Shewy et al., 2006) were actingtG,q11. However, treatment with YM-
254890 alone was still not sufficient to returnsitol phosphate accumulation to the level
obtained in the absence of the GRLN-R. Even at maly effective concentrations, the
response was still 43.3 % above that measurectiatisence of receptor. Thus the residual
level of inositol phosphates appeared not to beigdead by either activation of the GRLN-
R or the Gg11 pathway, but by non-£311: mediated pathways, such as from cross-talk with
other endogenous receptors expressed in HEK298 &e possible that the continued
accumulation of inositol phosphates observed cbaldue to signalling of GRLN-R

through Gg/11 activation from within intracellular compartmeniisdeed Gg11 is

distributed both on the plasma membrane and iadetiular compartments (Hughes et al.,
2001) and an endosomal G protein signalling pathiwesypreviously been described in
yeast (Slessareva et al., 2006). As the GRLN-Rigigually internalising and recycling,
the cell-impermeable compounds SPA and YM-254890lavbe unable to bind to and
inhibit the signalling of internalised GRLN-R. Howex, by trapping the GRLN-R in

endosomes, Holliday et al. (2007) demonstratedeztbee inhibition of the constitutive
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inositol phosphate accumulation mediated by the ISR, suggesting that the GRLN-R

does not signal upon internalisation through thg:Gpathway.

The results of this study are of contrast to thafddolst et al. (2003) who have previously
shown that the inverse agonist SPA is a full ineexgonist, fully inhibiting the

constitutive accumulation of inositol phosphatesiated by the GRLN-R (Holst et al.,
2003). The differences in the ability of SPA tdyuhhibit the constitutive accumulation

of inositol phosphates in this study and in Schzisugroup may be solely due to the
expression system used; HEK293 cells in this sy COS-7 cells in the study by Holst
et al. (2003), although no attempt was made théurinvestigate this in the present study.
The plGo values of SPA acting to decrease the constitatdtvity of the GRLN-R were

in close agreement in this study (8.21 £ 0.13) withstudy by Holst et al. (2003) (8.3 +
0.7).

Comparing the constitutive activity in thedz; assays revealed that the constitutive
activity of the GRLN-R was significantly higher ihe inositol phosphate accumulation
assays than thé>B]GTRgS binding assays. This was presumably due to agiliin of
the GRLN-R-mediated signal, as the response meAgutbe inositol phosphate
accumulation assay is further down the stimulupease pathway than the response
measured in théJS]GTRSS binding assay.

In contrast to the &11 pathway, the GRLN-R did not appear to constitugiaetivate the
G s pathway, as seen by the absence of a respong&itaril the lack of an increase in
basal cAMP accumulation upon receptor expressibis hay be a consequence of a
weaker coupling of the GRLN-R to the {pathway than the £ and Gg11 pathways.
Also once Gsis activated it can dissociate from the membrartaé cytosol
(Wedegaertner et al., 1994; Ransnas et al., 19&% ¥ al., 1999), therefore to evoke a
further response another G protein must be foufar®¢he next G protein cycle can be
activated. In Chapter 4 the constitutive activatbthe G, pathway through GRLN-R
activation was only revealed upon inducing recepiqression at a higher doxycycline
concentration than used in this study (i.e. 25 hghot 6 ng/mL used in this study). Thus
increasing the GRLN-R expression level may alseaéthat the GRLN-R can

constitutively activate the Gpathway, a suggestion that warrants further ingason.

As the apparent constitutive activity of a GPCR magy substantially in various systems

(Seifert and Wenzel-Seifert, 2002) it is impossiisleompare the constitutive activities



Kirstie Ann Bennett, 2009 Chapter 5, 185

achieved in the &Gy11, Gaioand Gs pathways. The use of #$]GTP S binding assay
followed by immunoprecipitation of £, G s and G, from the reaction mixture using G
protein specific antiserum could allow a direct pamson of the constitutive activity of
these pathways, but the variables of G proteinesgion and relative affinities of the G
protein antibodies must be taken into account.

5.4 Summary

In this study {°S]GTP S binding studies revealed that the growth hornssmeetagogues
act with a higher efficacy in activation of thgijgpathway than ghrelin, but act with
similar efficacies in the g pathway, thus for the first time demonstrating tiowal
selectivity of the GRLN-R. Furthermore, it has bebiown that GRLN-R can couple to
G s Gy and Ggpathways. Certainly, it is possible that GRLN-R ncayple to all four G
protein families as a study by Schwartz’s grouphagested the GRLN-R stimulate
serum response element-mediated transcriptionaitsatia the activation of Gs (Holst
et al., 2005).

Table 5-4 — Potency of ghrelin and the growth hormo  ne secretagogues as measured in the
[3SS]GTPQS binding, inositol phosphate accumulation and cAMP accumulation assays.

Ligand pPECs, + S.E.M
Gaio Gaq [*°SIGTPGS Inositol phosphate | cAMP accumulation
[*SIGTPgS binding assay with | accumulation assay | assay (G s)
filtration binding | immunoprecipitation | (Gag11)
assay step
Ghrelin 9.19+£0.16 9.03+£0.13 9.22£0.11 8.78 £ 0.15
MK-677 9.28 + 0.24 9.05+0.15 9.43+0.13 8.66 £ 0.21
GHRP-6 8.01 £ 0.07 7.98 £ 0.23 9.05+0.19 " 7.85+0.19
L-692,585 | 7.20 £ 0.03 7.11£0.20 9.24+0.22" 7.97 £0.21

# GHRP-6 acts with a significantly higher potency in the inositol phosphate accumulation assay
than in the G,y filtration binding assay (p<0.05), the G,411 binding assay with immunoprecipitation
step (p<0.05) and the cAMP accumulation assay (p<0.01).

t L-692,585 acts with a significantly higher potency in the inositol phosphate accumulation assay
than the G,y filtration binding assay (p<0.01), the G,q11 binding assay with immunoprecipitation
step (p<0.01) and the cAMP accumulation assay (p<0.01).

Data was compared using a one-way ANOVA with Turkey's multiple comparison test. Data is
expressed as the mean £ S.E.M of at least three individual experiments.
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ormone secretagogues as measured via
accumulation assays.

Ligand Emax £ S.EM
Gailo Gaq [*°SIGTPgS Inositol phosphate | cAMP accumulation
[*S]GTPgS binding assay with | accumulation assay | assay (G s)
filtration binding | immunoprecipitation | (Gag11)
assay step
Ghrelin 98.1+1.9 94.3+4.0 975+4.8 93.2+5.0
MK-677 167.8 + 8.4" 98.7+4.8 1214+ 7.3 85.0+ 6.6
GHRP-6 152.7+6.5" 113.2+10.9 99.1+95 919+7.3
L-692,585 | 150.5 + 8.0 116.5+12.7 92.7+7.9 70.0+5.8

# MK-677 acts with a significantly higher efficacy in the G, filtration binding assay than in the
Gaq1 binding assay with immunoprecipitation step (p<0.001), the inositol phosphate accumulation
assay (p<0.01) and the cAMP accumulation assay (p<0.001).

t GHRP-6 acts with a significantly higher efficacy in the G, filtration binding assay than measured
in the inositol phosphate accumulation assay (p<0.05) and the cAMP accumulation assay.

T L-692,585 acts with a significantly higher efficacy in the G, filtration binding assay than
measured in the inositol phosphate accumulation assay (p<0.01) and the cAMP accumulation

assay (p<0.001). L-692,585 also acts with a significantly higher efficacy in the G,411 binding assay
with immunoprecipitation step than measured in the cAMP accumulation assay (p<0.05).

Data is expressed as the percentage of the maximum response achieved to ghrelin in each assay
(mean = S.E.M). Data was compared using a one-way ANOVA with Turkey’s multiple comparison
test. Data is expressed as the mean + S.E.M of at least three individual experiments.
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6 Effect of A204E and 1134T mutations on the
function of the GRLN-R

6.1 Introduction

Mutations within GPCR genes may affect receptocfiem and have been linked to the
development of a number of human diseases sudbraale infertility (Huhtaniemi et al.,
2006); nephrogenidiabetes insipidugRosenthal et al., 1992; Van den Ouweland et al.,
1992)retinitis pigmentosdKennan et al., 2005) and obesity (Vaisse efl8b8, Vaisse et
al., 2000; Sina et al., 1999). The latter involtles melanocortin-4 receptor, in which over
50 different obesity-associated mutations have besoribed, most of which are missense
mutations (point mutations that result in the siigdn of one amino acid for another) that
reduce the ability of the receptor to signal teemslogenous ligand,-melanocyte-
stimulating hormone (Farooqi et al., 2003; Lubr&@esthelier et al., 2003; Vaisse et al.,
1998; Vaisse et al., 2000; Nijenhuis et al., 2003).

As well as affecting receptor pharmacology, mutatiwithin GPCRs can disrupt the
normal trafficking of receptors to the cell surfaxecells employ a quality control system
in the ER to prevent misfolded membrane proteiosfbeing trafficked to the plasma
membrane. Any proteins that do not attain theiiveatonformation are retained in the ER
to undergo several rounds of protein folding. ¥ trative conformation fails to be reached,
they are unfolded, transported to the cytosol argtatied by the proteasome (Ma &
Hendershot, 2001).

Four naturally occurring missense mutations ofGiRLN-R have been identified that
result in decreased cell surface expression anichctipharmacological abnormalities of
the GRLN-R (Liu et al., 2007, Wang et al., 2004jd¢tland Schwartz, 2006; Pantel et al.,
2006). The 1134T {1*3, V160M (V**3 and F279L (E*) mutations are present in the
third, fourth and sixth transmembrane spanning diosyaespectively, whilst the A204E
mutation is located in the second extracellulapl@@igure 6-1). The results of studies that
have investigated the effects of these mutationheGRLN-R are summarised in Table
6-1.
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Figure 6-1 — Structure of the GRLN-R identifying th e known missense mutations of the
GRLN-R. Missense mutations of the GRLN-R are shown in red. A cysteine residue in the
extracellular end of TMIII is predicted to form a disulphide bond with a cysteine residue in ECL2
(shown as a dotted line). Residues that are predicted to undergo N-linked glycosylation are marked

with V.

Interestingly, the A204E and F279L mutations hagerbassociated with the development
of a short stature/obese phenotypeivo (Pantel et al., 2006). Indeed, it has been
suggested that the development of this phenotypédas evidence that constitutive
activity of the GRLN-R is importanh vivo (Holst & Schwartz, 2006). However, the

F279L mutation has been described in one studgdigcing, but not completely ablating,
the constitutive activity of the mutated GRLN-R{let al., 2007). Thus the reduced cell-
surface expression of the GRLN-R, caused by thegations (Liu et al., 2007) may be
important in the development of the short staturese phenotype. To date no studies have
investigated whether the decreased cell-surfaceesegn of the GRLN-R caused by the

A204E is due to ER-retention of the receptor.

The 1134T mutation has been shown to ablate thealigg of the GRLN-R to ghrelin,
whilst having no effect on the constitutive actuitf the receptor (Liu et al., 2007).
However, the effect of this mutation on the signaglto the growth hormone
secretagogues has not been tested. Indeed asgimdlihe growth hormone
secretagogues have overlapping, but not identiodiry sites, on the GRLN-R (Holst et
al., 2009; Feighner et al., 1998), it is possibi the mutated GRLN-R retains its ability

to signal upon activation by the growth hormoneeggogues.
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Table 6-1 — Effect of the A204E, F279L, 1134T and V 160M mutations on the pharmacology of
the GRLN-R.

Mutation | Effect in vitro Phenotype in
Vivo*

A204E No effect on ghrelin affinity and efficacyl. Ablated the constitutive Short stature
activity of the GRLN- R"**. May decrease cell surface expression of | and obese
the GRLN-R** phenotype4

F279L One study showed the F279L mutation ablated receptor constitutive Short stature
activity®, another showed a reduced but nonetheless measurable and obese

constitutive activity®. One study showed the F279L mutation had no phenotype®
affect on ghrelin potency whilst another study showed the mutation
decreased the potency of ghrelm The mutation has also been
reported to decrease the cell surface expressmn of the GRLN-R® and
decrease the specific binding of MK- 677°

134T Ablates signalling to ghrelin, no effect on the constltutlve activity of Not reported
the GRLN-R, decreased cell surface expression’

V160M Increased ghrelin potency by some 20-fold, reduced the constltutwe Not reported
activity of the GRLN-R, decreased cell surface expression ®

Holllday et al., 2007, Holst et al., 2004, Liu et al., 2007,*Pantel et al., 2006, "Wang et al., 2004,
®Feighner et al., 1998, "Holst et aI 2009. * Due to the rarity of these mutations, a direct I|nk
between the A204E and F279L mutations and the phenotype observed in vivo cannot be
established.

The aim of this study was to explore the effectthefA204E and 1134T mutations on the
localisation and signalling of the GRLN-R; in pautiar, to establish whether these
mutations caused ER-retention of the GRLN-R angsowhether receptor containing the

134T mutation retained its ability to signal tethrowth hormone secretagogues.
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6.2 Results

6.2.1  Construction of a Flp-In™ T-REx™ cell line ex pressing
HA-GRLN-R-1134T-eCFP or HA-GRLN-R-A204E-eCFP

Epitope tags were added to the GRLN-R containititeeithe A204E or the 1134T
missense mutations, to allow detection of the rerdpy immunoblotting and
epifluorescence microscopy. The 9 amino acid HA(¥RYNVPDYA), which originates
from the full length haemagglutinin protein, a gpeotein required for infectivity of the
human influenza virus (Wilson et al., 1984), waseidl at the N-terminus (directly after the
initiating methionine residue) and a eCFP repartelecule at the C-terminus (Figure 6-2).
The HA tag was added to the mutant receptors raltlaera VSV-G tag added to the wild-
type receptor (i.e. the un-mutated GRLN-R taggeti@iN-terminus with VSV-G and at
the C-terminus with eCFP; described in Chapteo4jid future studies into the
dimerisation of the mutated receptors with the syijde GRLN-R, which would require

differential tagging of the receptors.

The HA-GRLN-R-I1134T-eCFP and the HA-GRLN-R-A204Efconstructs were
ligated into pcDNA5 and co-transfected with the-Fdpombinase expression plasmid
pOG44 into Flp-In™ T-REx™ HEK293 cells. Flp-In™ TER™ HEK293 cells
transfected with the HA-GRLN-R-1134T-eCFP constrilwreafter referred to as GRLN-
R-1134T cells) or the HA-GRLN-R-A204E-eCFP constr(6RLN-R-A204E cells) were

A

N C
PECFP-N1
GRLN-R-1134T

? ?

Hindlll Kpnl Notl

B

N C
pECFP-N1
GRLN-R-A204E

i A

Hindlll Kpnl Notl

Figure 6-2 - Schematic diagrams of the HA-GRLN-R-I1  34T-eCFP and HA-GRLN-R-A204E-
eCFP constructs. A. PCR was used to mutate 1134°* to T134%* or B. to mutate A204 to E204.
Subsequently PCR was used to add a Hindlll site and an HA tag at the N terminus as well as to
add a Kpnl restriction site and to remove the STOP codon at the C-terminus of the mutated
receptors. The resulting PCR products and vector () ECFP-N1) were sequentially digested with
Hindlll and Kpnl, before the constructs were ligated into the vector in-frame with eCFP.
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Figure 6-3 - Testing doxycycline induction in GRLN- ~ R-1134T and GRLN-R-A204E cells. Cells
were treated with varying concentrations of doxycycline (0-50 ng/mL) for 16 h. Cells were
harvested and lysates prepared. As a control lysates were also prepared from parental Flp-In™ T-
REx™ HEK293 cells (marked ‘C’). Samples were resolved using SDS-PAGE followed by western
blotting using sheep anti-GFP antiserum (which cross-reacts with eCFP). The top panel is the
resulting western blot of lysates from GRLN-R-1134T cells and the bottom panel from GRLN-R-
A204E cells. Immunoblot is representative of the results from three individual experiments.

tested for the successful integration of the exgiodscassette into the host cell line. To test
whether receptor expression could be detected; welie grown for 16 h in media
supplemented with increasing concentrations (0gthh) of doxycycline; the cells were

subsequently lysed and the samples analysed by mminhotting.

In the absence of doxycycline, both the GRLN-R-AR@hd GRLN-R-1134T cells

showed similar protein banding to parental Flp-ITTREx™ HEK293 cells, indicating

that no receptor-specific signals were detectegufiei 6-3). In lysates prepared from
GRLN-R-1134T cells the addition of doxycycline lexlthe detection of two receptor
species; one with a molecular mass of approximat@likDa and another with an apparent
molecular mass of 105 kDa (the mass of the cortsswexpected to be around 69 kDa). At
doxycycline concentrations of 6-50 ng/mL, the |atgeroportion of signal was expressed
as the 105 kDa form. In contrast, immunoblottindysates prepared from GRLN-R-
A204E cells showed that, despite a doxycycline-ddpat increase in receptor expression,
even at the highest doxycycline concentrationgteshe majority of receptor detected

existed as a species with an apparent moleculas ofa® kDa.

As Flp-In™ T-REx™ cells ensure integration of theng occurs at only one locus, protein
expression becomes solely the property of the gémgerest, thus construction of the cell
lines expressing the GRLN-R-1134T or the GRLN-R-AEGallowed comparison of the
pharmacology and localisation of the mutant reaspaoth the wild-type GRLN-R. As

treatment with 6 ng/mL doxycycline (16 h) was suiffint to induce expression of the
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GRLN-R, GRLN-R-I1134T and GRLN-R-A204E, this conceion was chosen to induce

receptor expression in all further studies.

6.2.2  Glycosylation states of the GRLN-R, GRLN-R-I1 34T and
GRLN-R-A204E

Glycosylated membrane proteins change from a highnose glycosylated state to a
complex glycosylated state in the medralns-Golgi compartment (Sadeghi et al., 1997).
Addition of complex glycosylation renders protemsensitive to digestion with Ende-
acetylglucosamindase H (Endo H) whilst retaining skensitivity of the protein to peptide-
N*-(acetyl- -glucosaminyl)-asparagine amidase (PNGaseF). Tigastibn of membrane
proteins with Endo H and/or PNGaseF has been widksdyl to determine whether a
mutant membrane protein resides in thed®RGolgi complex (Sadeghi et al., 1997). To
determine the glycosylation states of both wildetgmd mutated GRLN-R, lysates were
prepared from doxycycline-treated GRLN-R, GRLN-RO4E and GRLN-R-1134T cells
and digested with either PNGaseF or Endo H and,castrol, samples were prepared
without the addition of enzyme (Figure 6-4). Immbluiting of these cell lysates with
anti-GFP antiserum revealed that for both the GRR.HAd the GRLN-R-1134T, in the
abscence of treatment with PNGaseF or Endo Hga laroportion of total receptor
existed with a mass of around 105 kDa; althougmallgproportion of receptor with an
apparent mass of 70 kDa was also detected. Treath#re cell lysates with Endo H did
not reduce the apparent mass of the 105 kDa spéoegver Endo H reduced the
apparent mass of the 70 kDa receptor pool to aré0rkDa. Treatment of the cell lysates
with PNGaseF reduced the mass of both receptorespeesulting in the detection of a

species with a molecular mass around 50-60 kDa.

Immunoblotting cell lysates produced from GRLN-RO%E cells showed that, in the
absence of treatment with PNGaseF or Endo H, amyreceptor specific species with a
mass of around 70 kDa was detected. This 70 kDwbwas reduced to a mass of around
50 kDa by treatment with either PNGaseF or Endintérestingly, treatment with
PNGaseF led to an increase in intensity of the3® gignal (corresponding to

unglycosylated receptor), compared to that obtaafeet Endo H treatment.

The results from these experiments demonstratelibahajority of GRLN-R and GRLN-

R-1134T exist as mature (complex-glycosylated) ptae In contrast, the largest
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Figure 6-4 - Effect of deglycosylation with Endo H or PNGaseF on the molecular mass of
GRLN-R, GRLN-R-I1134T and GRLN-R-A204E. GRLN-R. GRLN-R-1134T and GRLN-R-A204E
cells were incubated in media supplemented, as required, with 6 ng/mL doxycycline (16 h). Cells
were harvested, lysates prepared and to 30 g of protein 1 unit (U) of PNGaseF or 1 mU of Endo H

was added. Samples were digested for 16 h at 4 °C before being resolved by SDS-PAGE followed
by immunoblotting with sheep anti-GFP antiserum. Immunoblots are representative of the results
from three individual experiments.

proportion of GRLN-R-A204E exists as immature (higannose glycosylated) receptor,
suggesting that the GRLN-R-A204E is being retaiwédin the pretrans-Golgi
compartment. However, the results of the degly@igyh experiments suggest that some
mature GRLN-R-A204E is formed, as digestion withGddeF appeared to lead to an
increase in the intensity of the species with gmaagnt mass of 50 kDa (corresponding to
unglycosylated receptor) compared to that obtaafest digestion with Endo H.

6.2.3 Localisation of GRLN-R-1134T and GRLN-R-A204E

The results of the deglycosylation experimentsyfégs-4) suggested that the GRLN-R-
A204E might be retained within the ER. Thus thealmsation of the wild-type GRLN-R

and its mutants were examined to test whether titations had any effect on the
receptors’ subcellular distribution. Receptor legation was visualised by exciting the
eCFP tag located at the receptor’'s C-terminusoth BBRLN-R-1134T and GRLN-R-
A204E cell lines, no fluorescent signal was obsegiimethe absence of doxycycline (Figure
6-5). In GRLN-R-1134T cells, eCFP expression waeded both at the plasma membrane
and in vesicles within the cell, a distribution ganto that observed for wild-type GRLN-
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Figure 6-5 - Epifluorescence microscopy images show ing the localisation of the wild-type
GRLN-R, the GRLN-R-1134T and the GRLN-R-A204E. Wild-type GRLN-R cells (top panel),
GRLN-R-1134T cells (middle panel) and GRLN-R-A204E cells (bottom panel) were grown on
coverslipes in media supplemented, where indicated, with 6 ng/mL doxycycline (16 h). Subsquently
cells were formaldehyde-fixed (3.7 %, formaldehyde; 10 min; 25 °C) and receptor expression
viewed by excitation of the C-terminal eCFP tag with 436/12 nm light. In the absence of
doxycycline, eCFP fluorescence could not be observed. Upon doxycycline induction, in the wild-
type GRLN-R and GRLN-R-1134T cells, eCFP linked to the receptor could be seen both at the
plasma membrane and in vesicles throughout the cell. In the GRLN-R-A204E cells the eCFP-linked
receptor appeared to be retained in cytoplasmic regions of the cells. Scale bar width represents 20
m. Images are representative of three individual experiments.
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R cells (see Chapter 4, Figure 4-6). In contrasthé GRLN-R-A204E cells, eCFP

expression appeared to be distributed evenly throuigthe inside of the cell.

To further investigate the subcellular distributmirthe receptors, an ER-Tracker™ red
dye was used to stain the ER and co-localisatitn @CFP fluorescence assessed.
Analysis of GRLN-R, GRLN-R-1134T and GRLN-R-A204Ells revealed weak co-
localisation of the GRLN-R and GRLN-R-1134T withetER marker, with the eCFP signal
also detected in punctuate vesicles within thetbeli did not co-localise with the ER
marker. In contrast, the GRLN-R-A204E showed a higbree of co-localisation with the
ER marker, demonstrating that the receptor vamas trapped within the early secretory

pathway (Figure 6-6).

6.2.4  Testing the interaction of GRLN-R, GRLN-R-113 4T and
GRLN-R-A204E with calnexin

Calnexin is an ER chaperone protein that is invbiveensuring the proper folding of
many transmembrane glycoproteins (Parodi, 2000kjmggrolonged interaction of a
protein with calnexin indicative of protein misfalg. The results of the previous
experiments had provided evidence that the A204t&tion caused the GRLN-R to be
retained within the ER, possibly due to proteinfolding. Thus to test whether the
GRLN-R-A204E associated more stably with calnekemtthe GRLN-R or the GRLN-

134T, a co-immunoprecipitation assay was utilised.

Lysates from GRLN-R, GRLN-R-A204E and GRLN-R-I113d4lls were prepared,
immunoprecipitated using anti-GFP antiserum andyaed by western blotting. Analysis
of the total lysates demonstrated that all sampke equally loaded and there was no up-
regulation of calnexin following receptor express(&igure 6-7). Analysis of the total
lysates for the receptor’'s eCFP tag showed recepmession was only observed upon
induction with 6 ng/mL doxycycline. Despite equaddling of the lysates, the GRLN-R
and GRLN-R-1134T were expressed at substantiatipédn levels than the intracellularly
retained GRLN-A204E.

Analysis of the immunoprecipitation samples showed each of the receptors interacted
with calnexin, although to different extents. Whaking into account for the differences
in receptor expression level, the GRLN-R-A204E appd to show a more stable
interaction with calnexin compared to both the GRRMind the GRLN-R-1134T whilst
both the GRLN-R and the GRLN-R-1134T showed simiteeractions with calnexin. Thus
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GRLN-R ER marker colour combi ne

Figure 6-6 - Co-localisation of GRLN-R, GRLN-R-I134 T and GRLN-R-A204E with a marker of
the ER. In each cell line receptor expression was induced with 6 ng/mL doxycycline (16 h). Cells
were rinsed with PBS before incubation in a humidified incubator (37 °C; 5 % CO,/ 95 % air) with 1

M ER-tracker™ red (20 min). Cells were subsequently formaldehyde-fixed and mounted onto
microscope slides. The images of receptor (pseudo-coloured green) and ER marker (red) were
aligned (colour combine column) with overlapping regions shown as a yellow colour. Scale bar
width equals 20 m. Images are representative of two individual experiments.
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Figure 6-7 - Interaction of GRLN-R, GRLN-R-I1134T an d GRLN-R-A204E with the ER

chaperone protein calnexin.  Expression of GRLN-R, GRLN-R-1134T or GRLN-R-A204E was
induced by the addition of 6 ng/mL doxycycline (16 h) in the respective cell lines. Cells were lysed
and proteins immunoprecipitated using sheep anti-GFP antiserum. Subsequently, total lysates and
immunoprecipitated (pulldown) lysates were resolved by SDS-PAGE followed by western blotting
with either a rabbit anti-GFP antibody or an anti-calnexin antibody. Results shown are from one
experiment (n =1).

these results are consistent with the previousrfgse] which suggest that the A204E

mutation leads to intracellular retention of thelGRR.

6.2.5 Time course of GRLN-R-A204E folding

Next, to determine whether the GRLN-R-A204E failedchieve maturation, or whether it
exhibited slower folding kinetics than the GRLN-RIEGRLN-R-1134T to reach its native

conformation, a time course of induction of protekpression was performed.

Lysates were prepared from GRLN-R-A204E cells tizat been treated with doxycycline
for 0-72 h, lysates were subsequently deglycosylétdth either Endo H or PNGaseF) and
analysed by immunoblotting. In the absence of dgaljee, no signal could be detected
(Figure 6-8), whereas after 9 h induction, a faihkkDa signal was detected that was
reduced to 50 kDa by treatment with Endo H or PNGad he intensity of the signal for
immature receptor increased as time of doxycyadllerction increased. Interestingly, a

faint signal for the 105 kDa mature receptor wase aetected, although this could
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Oh 9h 16 h 72h
K_H r - N A N r A- N\
105 kbDa —
75 kDa —
50 kDa —
105 kba —
EndoH - + - - 4+ - - 4+ - - 4+
PNGaseF - - + - - + - - + - - 4+

Figure 6-8 - Time course of folding of GRLN-R-A204E  mutant. Lysates were prepared from
GRLN-R-A204E cells treated with 1 g/mL doxycycline for 0 =72 h. Samples were deglycosylated
for 16 h (4 °C) with 1 mU Endo H or 1 U PNGaseF (as indicated) before being resolved by SDS-
PAGE followed by western blotting with anti-GFP antiserum. The lower panel shows the presence
of a signal at 105 kDa after overexposure of the blot. Immunoblots representative of an n=1.

only be seen after prolonged exposure of the immlahdlower panel of Figure 6-8).
Treatment with PNGaseF reduced the intensity ofKIB® band and increased the signal
for the unglycosylated 50 kDa form. Thus, this desitates that some, albeit a small,
proportion of GRLN-R-A204E protein underwent comptgycosylation.

6.2.6  Signalling of the GRLN-R-A204E in intact cell s

To test whether mature receptors were being forameldwhether these receptors were
fully functional, an intact cell assay was utiliséa ghrelin is a peptide ligand it is
expected to be cell-impermeable, as such, any nsspo ghrelin must be mediated via
activation of receptors expressed at the plasmabrarm. Using an inositol phosphate
accumulation assay, non-induced control cells skaweresponse to treatment with
ghrelin or 1 M of the inverse agonist SPA (Figure 6-9). Uporuictibn of GRLN-R-
A204E expression, a significant response to ghegird be obtained (p<0.001; one-way
ANOVA with Tukey’s multiple comparison test), denstrating that some functional
GRLN-R-A204E was expressed at the plasma membhaaiecing receptor expression
had no effect on the level of basal inositol ph@éplaccumulation compared to non-

induced cells, suggesting that unlike the wild-t@@RLN-R, this receptor mutant was not
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Figure 6-9 - Response of GRLN-R-A204E to ghrelin an d SPA as measured using an inositol
phosphate accumulation assay.  Cells were incubated with 1 Ci/mL [*H]myo-inositol and
receptor expression induced as required. Prior to the assay media was replaced with Krebs-Ringer
buffer supplemented with 10 mM lithium chloride to block the breakdown of inositol phosphates into
myo-inositol. A. Cells were stimulated with 1 M ghrelin or 1 M SPA for 30 min (37 °C), as
indicated. White bars indicate the responses obtained in the absence of receptor expression, whilst
black bars indicate the responses obtained upon expression of GRLN-R-A204E. After ligand-
stimulation cells were lysed with perchloric acid and [3H]total inositol phosphates isolated from the
mixture using ion-exchange chromatography. The amount of [°H]total inositol phosphates
accumulated were measured using liquid scintillation spectrometry (120 s/sample). Data points
represent the mean + S.E.M of three independent experiments performed in duplicate. ***p<0.001
as measured using a one-way ANOVA with Tukey’'s multiple comparison test. B. A concentration-
response curve to ghrelin was generated in induced GRLN-R-A204E cells. Data points represent
the mean + S.E.M of three independent experiments performed in duplicate.
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constitutively active. This was confirmed by treatrof cells with 1 M SPA, which had
no effect on the level of inositol phosphate acclatien in the absence of ghrelin.

To determine the potency of ghrelin signalling dRLBI-R-A204E at the plasma
membrane, the inositol phosphate accumulation asaayused to generate a
concentration-response curve to ghrelin. This destrated that the level of inositol
phosphate accumulation increased in a concentrd@pendent manner (Figure 6-9),
yielding a pEGo value of 8.93 + 0.12 a value that was shown tdoeatignificantly

different (p=0.14) to the wild-type receptor (pis€ 9.22 + 0.11) when compared using an

unpaired, two-tailed t-test.

6.2.7  Signalling of the GRLN-R-A204E through the G 40
pathway

As the inositol phosphate accumulation assays dstradad that the GRLN-R-A204E
retained its ability to signal through activatidrtioe Gyq/11 pathway, the ability of the
receptor to activate the,fs pathway was tested. The wild-type GRLN-R has been
described as a promiscuous receptor, able to &etike G, pathway in response to
stimulation with ghrelin (Bassil et al., 2007; Bsé al., 2007; Dezaki et al., 2007;
Chapters 3 and 4).
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Figure 6-10 - Testing the ability of the GRLN-R-A20  4E to evoke a [ >S]GTP S response
through activation of G, pathway GRLN-R-A204E cells were transfected with G,,; and receptor
expression was induced by the addition of 6 ng/mL doxycycline (16 h) Membranes were prepared
and tested for their ability to increase [SSS]GTP S binding in response to stimulation with increasing
concentrations of ghrelin (20 min; 30 °C). G protein-bound [**S]GTP S was separated from the
reaction mixture by rapid filtration through GF/C filters soaked in 1 x PBS and bound [SSS]GTP S
measured (for 5 min) using liquid-scintillation spectrometry. Data points represent the mean =
S.E.M of three independent experiments performed in triplicate.
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Figure 6-11 - Binding of [His[ '*°I]]-ghrelin to membranes prepared from GRLN-R, GRLN  -R-
134T and GRLN-R-A204E cells. GRLN-R, GRLN-R-1134T, and GRLN-R-A204E cells were
induced with 6 ng/mL doxycycline (16 h); subsequently cells were harvested and membranes
prepared. Binding of [His[ *°I]]-ghrelin was determined by addition of a final concentration of 83 pM
of [His[**®I]]ghrelin to 5 g of cell membranes, + 1 M cold ghrelin to label non-specific binding, in a
final volume of 150 L. Binding was carried out for 120 min at 4 °C before being terminated by
rapid filtration through GF/B soaked in 0.5 %) PEI. Specific binding of [His[**I]]ghrelin to
membranes from GRLN-R cells and GRLN-R-1134T cells was determined by subtracting total
[His[**®I]]-ghrelin binding from non-specific binding. Data points represent the mean + S.E.M of
three independent experiments performed in duplicate. *p<0.05 as compared using a one-way
ANOVA with Dunnett’s post-hoc test.

GRLN-R-A204E cells were transfected to expregs @1d receptor expression was
induced by the addition of doxycycline. Membranesevprepared and, using a

[358]GTP S binding assay, a concentration-response curgbriin was generated,
allowing determination of the potency of ghrelife(@o = 8.94 + 0.44), a value that was
not significantly different (p=0.63) to that of tiaeld-type GRLN-R (pEGo = 9.19 + 0.16)
when compared using an unpaired, two-tailed t{fégure 6-10). Thus the results from
both this experiment and the inositol phosphate@actation experiments demonstrate that
the A204E mutation does not alter the potency o&lghvia activation of the g11 and

Gaio pathway, respectively. Furthermore it demonstrttas like the wild-type GRLN-R,
the GRLN-R-A204E is able to promiscuously couplentatiple G protein pathways.

6.2.8  Binding of [His[ '®I]]-ghrelin to membranes prepared from
GRLN-R, GRLN-R-1134T and GRLN-R-A204E cells

To assess whether the A204E or 1134T mutationsttfie expression levels of the
GRLN-R, a radioligand binding assay was utilise@&nMbranes were prepared from wild-
type GRLN-R, GRLN-R-1134T and GRLN-R-A204E cellsdae specific binding of
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[His[**3]]-ghrelin to the membranes measured. (Figure B-$pecific binding of
[His[*?3]]-ghrelin to membranes prepared from GRLN-R-A20z#Hs was significantly
lower than in membranes prepared from wild-type GIFR.cells (p<0.05; one-way
ANOVA with Dunnett’s post-hoc test). In contrastetl134T mutation had no significant
effect on the level of specific [H&I]]-ghrelin binding compared to the wild-type GRLN-
R, indicating that this mutation did not affect thetant’s expression level. Moreover, in
contrast to published data (Liu et al., 2007), tlita demonstrates that the 1134T mutation
does not ablate ghrelin binding to the GRLN-R.

6.2.9 Testing the response to GRLN-R-1134T inan in tact cell
assay

As the GRLN-R-1134T was shown to be able to bin&[2]]-ghrelin (section 6.2.8), the
ability of the mutant receptor to signal in respotws ghrelin was tested using the intact-
cell inositol phosphate assay. In the absenceceipter, no significant (p>0.05; one-way
ANOVA with Tukey’s multiple comparison test) resgsenof the cells to 1M ghrelin or
to1 M SPA was observed (Figure 6-12). Receptor expradsd to a significant increase
(p<0.05) in basal inositol phosphate accumulatorgsponse around 6.5-fold above that
measured in the absence of receptor expressionntrease in the basal levels of inositol
phosphate accumulation was similar to the 6.34fuddease in inositol phosphate levels
measured upon expression of the wild-type GRLN-&shin Chapter 5 (Figure 5-6).
However, for the GRLN-R-I1134T, incubation with M SPA did not significantly reduce
the level of inositol phosphate accumulation td tit#ained in the absence of receptor
expression, although the level of inositol phosplaatcumulated in the absence of receptor
expression was not statistically different compae8PA-treated cells. These results
suggest that the efficacy and/or affinity of SPAtttee GRLN-R may have been lowered
by the 1134T mutation.

In line with the radioligand binding data (sect®®2.8), a significant response to ¥
ghrelin was obtained in cells expressing GRLN-R4IL§p<0.001). Moreover, GRLN-R-
1134T responded to ghrelin in a concentration-ddpahmanner yielding a psg&ralue of
8.76 = 0.13 (Figure 6-12). This value was not sigantly different (p=0.05) to the
potency of ghrelin acting at the GRLN-R (p&g€ 9.22 + 0.11; Chapter 5; Table 5-3;

compared using an unpaired, two tail t-test). Takgether, these findings suggest that
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Figure 6-12 - Response of GRLN-R-1134T to ghrelina nd SPA as measured using an inositol
phosphate accumulation assay.  Cells were incubated with 1 Ci/mL [*H]myo-inositol and
receptor expression induced as required. Prior to the assay, media was replaced with Krebs-Ringer
buffer supplemented with 10 mM lithium chloride to block the breakdown of inositol phosphates into
myo-inositol. A. Cells were stimulated with 1 M ghrelin or 1 M SPA for 30 min (37 °C), as
indicated. White bars indicate the responses obtained in the absence of receptor expression, whilst
black bars indicate the responses obtained upon expression of GRLN-R-1134T. After ligand-
stimulation cells were lysed with perchloric acid and [3H]total inositol phosphates isolated from the
mixture using ion-exchange chromatography. The amount of [3H]total inositol phosphates
accumulated were measured using liquid scintillation spectrometry (120 s/sample).Data points
represent the mean = S.E.M of three independent experiments performed in duplicate. ***p<0.001;
* p<0.05, as measured using a one-way ANOVA with Tukey’s multiple comparison test. B. A
concentration-response curve to ghrelin was generated in induced GRLN-R-1134T cells. Data
points represent the mean + S.E.M of three independent experiments performed in duplicate.
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the GRLN-R-I1134T was constitutively active, and kcbsignal in response to ghrelin.

6.2.10 Signalling of GRLN-R-1134T through G 4411 and G 4o

pathways

As the wild-type GRLN-R was shown to signal throdlgé G,g11 and Gio pathways, the
signaling of the GRLN-R-1134T through these pathsvesas tested usind®S]GTP S
binding assays. As the 1134T mutation has been showblate the signaling of the
GRLN-R to ghrelin (Liu et al., 2007), the ability the GRLN-R-1134T to signal to the

growth hormone secretagogues was also tested.

The ability of the GRLN-R-1134T to couple ta.4a1 can be shown as an increase in
inositol phosphate accumulation in response tolghréo assess whether a maximally
effective concentration of either ghrelin or thewth hormone secretagogues could
increase S]GTP S binding via activation of G, a [*>S]GTP S binding assay with
immunoprecipitation step was used. Expression dfi&R-1134T was induced by the
addition of doxycycline to GRLN-R-1134T cells trdested with Gy; subsequently
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Figure 6-13 - Testing the ability of ghrelin and th e growth hormone secretagogues to evoke
a[®S]GTP S response in GRLN-R-1134T cells transfected to exp  ress G aq. GRLN-R-1134T cells
were transfected to express G,qand receptor expression was induced by the addition of 6 ng/mL
doxycycline (16 h). Membranes were prepared and tested for their ability to increase [*°S]GTP S
binding in response to stimulation with 1 M ghrelin, MK-677, GHRP-6 or L-692,585 (30 min; 37
°C). GagWas immunoprecipitated from the reaction mixture using anti-G,4 antiserum and bound
[SSS]GTP S measured using liquid scintillation spectrometry (5 min/sample). Data points represent
the mean + S.E.M of three independent experiments performed in triplicate. **p<0.01 when
compared to basal using a one-way ANOVA with Dunnett’s post-hoc test.
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membranes were prepared and stimulated withl hrelin, GHRP-6, L-692,585 or MK-
677 and inositol phosphate accumulation was medgéigure 6-12). Membranes from
GRLN-R-1134T cells showed significantly increasee@.001; one-way ANOVA with
Dunnett's post-hoc testf’SB]GTP S binding in response to incubation with ghrelinl &me
growth hormone secretagogues, compared to membiramesinstimulated GRLN-R-
1134T cells (Figure 6-13)

Next, to test whether the GRLN-R-1134T could adgvthe Gy, pathway, cells were
transfected with G;and the ability to increasé®8]GTP S binding measured (Figure 6-
14). In the absence of receptor expression, tredtmigh maximally effective
concentrations of ghrelin and the growth hormoreetagogues failed to significantly
increase the levels oPB]GTP S binding compared to the absence of ligand (p=@#é-
way ANOVA). Upon induction of GRLN-R-1134T expreesi, ghrelin, GHRP-6, L-

692,585 and MK-677 increased$]GTP S binding in a concentration-dependent manner.
The potency and efficacy values of ghrelin andgiteevth hormone secretagogues are
listed in (Table 6-2).

Table 6-2 - Potency and efficacy values of ligands acting at GRLN-R-1134T via G ,i;0
activation, measured using a[ *S]GTP S binding assay.

Ligand PEC 50 £ S.E.M | Ejax £ S.E.M
Ghrelin 9.72+0.18 89.6+5.1
MK-677 9.77 £ 0.22 147.2 +10.3
GHRP-6 7.63+0.17 145.3+85
L-692,585 | 7.37 £ 0.34 150.4 £ 20.8

Data is expressed as the mean + S.E.M of two (MK-677, GHRP-6, L-692,585) or three (ghrelin)
individual experiments performed in triplicate. E. is displayed as the maximum response of ligand
expressed as the percentage of the maximum response achieved by ghrelin.

The potency values obtained for ghrelin actindiat&@RLN-R-1134T were compared to
ghrelin acting at the wild-type GRLN-R (obtainedGhapter 4; Table 4-1) with an
unpaired, two-tailed t-test. This showed there m@significant difference in the potency
of ghrelin acting at the wild-type GRLN-R and thRIGN-R-1134T (p=0.09). The
potencies and efficacies of the growth hormoneetagogues acting at the GRLN-R-
1134T appeared to be similar to those measurdueawild-type GRLN-R (obtained in
Chapter 4; Table 4-1), however, due to the numbekperiments performed (n=2)

statistical tests could not be used to comparelaie.
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Figure 6-14 - Response of the GRLN-R-1134T via acti vation of the G 4, pathway as measured
using a [ ®S]GTP S binding assay. A. Membranes prepared from uninduced GRLN-R-1134T cells
transfected with G, Were tested for their ability to increase levels of [*°S]GTP S binding in
responseto 1 M ghrelin, GHRP-6, L-692,585 and MK-677 (20 min; 30 °C). G protein-bound
[**S]GTP S was separated from the reaction mixture by rapid filtration through GF/C filters soaked
in 1 x PBS and bound [®S]GTP S measured (for 5 min) using liquid-scintillation spectrometry.
Data points represent the mean + S.E.M of three independent experiments performed in triplicate.
B. Concentration-response curves to ghrelin, GHRP-6, MK-677 and L-692,585 were generated in
membranes prepared from GRLN-R-1134T cells transfected with G4, in which receptor expression
had been induced by treatment with doxycycline (6 ng/mL; 16 h). Data points represent the mean +
S.E.M of three independent (for ghrelin) or two independent experiments (for GHRP-6, MK-677 and
L-692,585) performed in triplicate.
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6.2.11 Effect of ghrelin and the growth hormone sec  retagogues
on the localisation of GRLN-R-1134T and GRLN-R-A204 E

Finally, as both the GRLN-R-A204E and the GRLN-R4T responded to ghrelin the
effect of ghrelin and the growth hormone secretagsgn the localisation of the receptors
was tested. In Chapter 4, epifluorescence micmssbowed that the GRLN-R appeared
to internalise upon treatment with maximally effeetconcentrations of ghrelin and the
growth hormone secretagogues. In contrast, treatmémthe inverse agonist SPA was
shown to trap the GRLN-R at the plasma membrardirigeo a loss of punctate vesicles

within intracellular regions of the cells.

In the absence of ligand, GRLN-R-A204E was fourgide the cell to a large extent, but
the receptor also showed overlap with the plasnalnane marker wheat germ agglutinin
(Figure 6-15). The addition of maximally effectigencentrations of ghrelin, GHRP-6,
MK-677, or L-692,585 (1 M; 30 min) shifted the localisation of the receptimipunctuate
vesicles within the cell (Figure 6-15). Quantificat of the images showed that the
formation of vesicles was accompanied by a sigaificlecrease of the eCFP fluorescence
intensity at the plasma membrane for ghrelin ahdralvth hormone secretagogues
(p<0.01; one-way ANOVA with Dunnett’s post-hoc dedtigure 6-16). Surprisingly, the
addition of the inverse agonist SPA (¥; 16 h) also decreased the amount of cell surface
receptors (p<0.05), although this was not accongahby the formation of intracellular

vesicles.

In the GRLN-R-I1134T cells, the addition of maxinyadiffective concentrations of ghrelin
and the growth hormone secretagogues also increasegtor internalisation from the
plasma membrane into large punctuate vesiclesmitta cell (Figure 6-16).

Quantification of the fluorescent signals showeat there was no significant decrease in
plasma membrane-localised receptors upon treatwitmghrelin or the growth hormone
secretagogues compared to the basal conditionr@-8y17). The addition of SPA caused
a significant (p<0.01) redistribution of the GRLNHR34T to plasma membrane,

indicating both that SPA binds to the GRLN-R-113&Td that it acts as an inverse agonist,

increasing the proportion of GRLN-R-I1134T localisstdhe plasma membrane.
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GRLN-R-A204E plasma membrane colour combine

Figure 6-15 - Localisation of GRLN-R-A204E after tr eatment with ghrelin, GHRP-6, L-692,585,
MK-677 or SPA (cont'd overleaf). Receptor was induced as required and treated with a maximally
effective concentration of agonist (1 M; 30 min for ghrelin, GHRP-6, L-692,585 and MK-677 and 1

M for 16 h for SPA; 37 °C). Cells were formaldehyde-fixed before the plasma membrane was
stained with WGA-Alexa Fluor®-594 conjugate. Cells were mounted onto coverslips, eCFP
visualized using 436/12 nm light and the WGA-Alexa Fluor®-594 conjugate visualized at 575/12
nm. The images of GRLN-R-A204E (pseudo-coloured green) and the plasma membrane (red)
were aligned (colour combine column) with overlapping regions shown as a yellow colour. Scale
bar width represents 20 m.
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GRLN-R-A204E plasma membrane colour combine

Figure 6-15 (cont'd) - Localisation of GRLN-R-A204E  after treatment with ghrelin, GHRP-6, L-
692,585, MK-677 or SPA. Receptor was induced as required and treated with a maximally
effective concentration of agonist (1 M; 30 min for ghrelin, GHRP-6, L-692,585 and MK-677 and 1

M for 16 h for SPA; 37 °C). Cells were formaldehyde-fixed before the plasma membrane was
stained with WGA-Alexa Fluor®-594 conjugate. Cells were mounted onto coverslips, eCFP
visualized using 436/12 nm light and the WGA-Alexa Fluor®-594 conjugate visualized at 575/12
nm. The images of GRLN-R-A204E (pseudo-coloured green) and the plasma membrane (red)
were aligned (colour combine column) with overlapping regions shown as a yellow colour. Scale
bar width represents 20 m.
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GRLN-R-1134T plasma membrane colour combine

Figure 6-16 - Localisation of GRLN-R-1134T after tr eatment with ghrelin, GHRP-6, L-692,585,
MK-677 or SPA (cont'd overleaf). Receptor was induced as required and treated with a maximally
effective concentration of agonist (1 M; 30 min for ghrelin, GHRP-6, L-692,585 and MK-677 and 1

M for 16 h for SPA; 37 °C). Cells were formaldehyde-fixed before the plasma membrane was
stained with WGA-Alexa Fluor®-594 conjugate. Cells were mounted onto coverslips, eCFP
visualized using 436/12 nm light and the WGA-Alexa Fluor®-594 conjugate visualized at 575/12
nm. The images of GRLN-R-1134T (pseudo-coloured green) and the plasma membrane (red) were
aligned (colour combine column) with overlapping regions shown as a yellow colour. Scale bar
width represents 20 m.



211

GRLN-R-1134T plasma membrane colour combine

Figure 6-16 (cont'd) — Localisation of GRLN-R-1134T  after treatment with ghrelin, GHRP-6, L-
692,585, MK-677 or SPA. Receptor was induced as required and treated with a maximally
effective concentration of agonist (1 M; 30 min for ghrelin, GHRP-6, L-692,585 and MK-677 and 1

M for 16 h for SPA; 37 °C). Cells were formaldehyde-fixed before the plasma membrane was
stained with WGA-Alexa Fluor®-594 conjugate. Cells were mounted onto coverslips, eCFP
visualized using 436/12 nm light and the WGA-Alexa Fluor®-594 conjugate visualized at 575/12
nm. The images of GRLN-R-1134T (pseudo-coloured green) and the plasma membrane (red) were
aligned (colour combine column) with overlapping regions shown as a yellow colour. Scale bar
width represents 20 m.
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Figure 6-17 - Proportion of GRLN-R-A204E and GRLN-R -1134T detected at the plasma
membrane after treatment with ghrelin, the growth h ormone secretagogues or the inverse
agonist SPA. Autoquant software was used to determine the proportion of total eCFP fluorescence
located at the plasma membrane after treatment with 1 M ghrelin, GHRP-6, L-692,595 or MK-677
for30 minor 1 M SPA for 16 h (37 °C). Data points represent the mean + S.E.M of the
quantification of A. three GRLN-R-A204E cells or B. three GRLN-R-1134T cells. *p<0.05, **p<0.001
when compared to basal using a one-way ANOVA with Dunnett’s post-hoc test.
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6.3 Discussion

Mutations within genes encoding GPCRs may affexgptor function and, for the GRLN-
R, two missense mutations (A204E and F279L) haea bssociated with the
development of a short-stature/obese phenatyp&/o (Pantel et al., 2006; Wang et al.,
2004). The aim of this study was to further invgestie two missense mutations of the
GRLN-R, A204E and 134T, which have been reporteldave altered pharmacology.

To aid studies into the effects of missense mutatan the function of the GRLN-R,
receptors were engineered to contain either thelB2fy 1134T missense mutations and
were subsequently tagged at the N-terminus witi\ddd and at the C-terminus with
eCFP. In Chapter 4 the addition of an N-terminatioge tag (VSV-G) and a C-terminal
eCFP tag to the GRLN-R was investigated and shovrate no effect on the
pharmacology and localisation of the receptor. dtidition of a HA tag at the N-terminus
of the GRLN-R has previously been used to studypti@macology of the wild-type
GRLN-R (Liu et al., 2007; Pantel et al., 2006). bripntly, these studies showed that the
addition of the HA tag to the wild-type receptod aiot affect the constitutive activity of
the receptor (Pantel et al., 2006). Furthermome affinity of ghrelin for the GRLN-R was
similar to the affinity values obtained for the agpgjed receptor and similar to the affinity

values reported by Holst et al. (2005).

Using the HA-GRLN-R-A204E-eCFP and the HA-GRLN-R34T-eCFP constructs two
inducible cell lines were created which proved ecelatremely useful for investigating the
effect of the A204E and 1134T mutations on the prerology and localisation of the
GRLN-R.

6.3.1 The GRLN-R-A204E is partially ER-retained

Whilst studies investigating the affects of the AEGmutation agree that this mutation
ablates the constitutive activity of the GRLN-R (litiay et al., 2007; Liu et al., 2007,
Pantel et al., 2006), conflicting reports have beelished about the effect of the A204E
mutation on receptor localisation. If the A204E atiatn only interferes with constitutive
activity of the GRLN-R, the receptor would be exeecto be plasma membrane
delineated, as constitutive activity of the recepims been shown to be a key requirement
for constitutive endocytosis (Holliday et al., 200hdeed the distribution of the GRLN-R-
A204E has been shown to be plasma membrane delthemaa study by Holliday et al.
(2007). However, in this study, epifluorescenceroscopy data showed that the GRLN-
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R-A204E was trapped within the cell, a finding greement with that of Pantel et al.
(2006). Furthermore immunoblotting of lysates predegrom GRLN-R-A204E cells
revealed that, in contrast to the GRLN-R, the largeoportion of the GRLN-R-A204E
existed as immature, high mannose glycosylategtece a glycosylation state indicative
of ER retention of a GPCR (Sadeghi et al., 199@}if@munoprecipitation assays also
revealed that, compared to the amount of proteiawered, the GRLN-R-A204E
interacted more stably with the ER-resident molkecahaperone calnexin than the GRLN-
R. Together, these experiments demonstrated thage fraction of GRLN-A204E was
being retained within the ER.

The insertion or removal of charged amino acidsiigsense mutations are well known to
affect protein structure and folding. For examglsjngle change in the net charge of the
gonadotrophin releasing hormone receptor (thealter of a alanine residue, A1, to

an aspartic acid residue) is sufficient to favoRr iétention of the receptor, decreasing the
amount of receptor available at the cell membrbeaaling to the disorder
hypergonadotropic hypogonadism (Conn et al., 208imilarly, the V206D mutation in

the type 2 vasopressin receptor has been repariaduce ER retention of the receptor
(Robben et al., 2006), leading to the heritablerdisr nephrogenidiabetes insipidudn

line with these studies, the A204E mutation in@®LN-R that introduces a negatively
charged glutamic acid residue in place of a neatealine residue causes ER retention of
the GRLN-R-A204E. However, in this study, immundbitg experiments revealed that a
small proportion of receptor was complex glycossdbas it was insensitive to Endo H, but
could be digested by PNGaseF. Furthermore, ghnelsixshown to increase the level of
inositol phosphate accumulation in a concentratiependent manner in an intact cell
assay; as ghrelin is membrane-impermeable the wxb@rcrease in inositol phosphate
levels is most likely derived from GRLN-R-A204E &iised at the cell-surface membrane.
Therefore, even though a large proportion of the. 8fR-A204E was ER retained, these
data clearly demonstrated that some mature GRLN2B4E was expressed at the cell-
surface; a finding in agreement with other group® Wwave used intact cell inositol
phosphate accumulation assays to measure activatibe GRLN-R-A204E in response
to ghrelin (Pantel et al., 2006; Liu et al., 208i6]liday et al., 2007).

The difference between the localisation of the GRRM204E in this study compared to
that of Holliday et al. (2007) may be due to thehnes used to detect the receptor.
Holliday et al. (2007) used immunocytochemistryhnan antibody raised against a FLAG
epitope tag (added to the N-terminus of the GRLRR4E) to detect the receptor
expressed in (permeabilised) HEK293 cells, pertiagstructure of the ER-retained
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receptor was altered in such a way that the anjilas unable to recognise the FLAG

tag.

6.3.2 Effect of the A204E mutation on the cell-surf  ace
expression of the GRLN-R-A204E

Interestingly, although data from this experimdatdy showed that the GRLN-R-A204E
was partially ER retained, the data from the epiiscence microscopy experiments
seemed to contradict this, showing that the GRLNZR4E was expressed at the cell-
surface at a higher level than the wild-type GRLNrkeasured in Chapter 4; Figure 4-8).
Although it could be interpreted that the A204E atiain increased the level of surface
expression of the GRLN-R-A204E compared to the \ylok receptor, quantification of
epifluorescence microscopy images is a crude measnt of cell-surface expression and
contradicts the findings from the more sensitivedinng and immunoblotting experiments.
Indeed the radioligand binding experiments dematestrthat specific binding of
[His[**]]-ghrelin to the GRLN-R-A204E was significantlgwer than for the wild-type
GRLN-R; whilst immunoblotting experiments showedttthe majority of the GRLN-R-

A204E existed as an immature form.

6.3.3 The A204E mutation ablates the constitutive a  ctivity of
the GRLN-R

The A204E mutation has been described to ablatedhstitutive activity of the GRLN-R-
A204E (Holliday et al., 2007; Liu et al., 2007; Ralret al., 2006). Indeed, in this study the
GRLN-R-A204E appeared to lack any measurable dotist activity. The inositol
phosphate accumulation studies (shown in Figurgréz@aled that, in contrast to the
wild-type GRLN-R, induction of the expression oétBRLN-R-A204E did not alter the
level of inositol phosphates observed compareelis tacking receptor expression. In
addition, incubation of GRLN-R-A204E cells with threverse agonist SPA had no effect
on the accumulation of inositol phosphates measuardte absence of ligand treatment.
However, the results of the epifluorescence mi@pg@xperiments appeared to show an

inconsistency with the other data.

In a steady-state situation, the wild-type GRLNsRoicalised at the plasma membrane and
in intracellular vesicles, whilst treatment witlketimverse agonist SPA promotes its
accumulation at the plasma membrane; likely thrdaiglking the constitutive activity,

and thereby constitutive internalisation, of thelBIRR (Holliday et al., 2007). As
treatment of the GRLN-R-A204E cells with SPA hadefiiect on signalling of the
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receptor in the inositol phosphate accumulatioreexrpents, SPA was predicted to have
little effect on the localisation of the GRLN-R-A2B. However, quantification of the
epifluorescence microscopy experiments (shownguireé 6-17) showed treatment with
SPA actually led to a significant reduction in ttedl surface expression of the GRLN-R-
A204E.

The serotonin 5-Hi: receptor is an example of a constitutively acteeeptor whose
expression can be down-regulated, bothitro andin vivo by chronic inverse agonist
exposure (>24 h) (Devlin et al., 2004). In thisdstthe GRLN-R-A204E was incubated
with inverse agonist for 16 h. Although 16 h inctiba with SPA was shown to increase
the level of both wild-type GRLN-R and GRLN-R-I134®ompared to basal conditions,
this was likely due to retarding constitutive refoectivity which would trap the receptor
at the plasma membrane. Thus the down-regulatitineo&GERLN-R may only become
apparent in a situation where the receptor lackscanstitutive activity. However, further
studies are needed to investigate this, as 1@rvefse agonist exposure may be too short

a time for receptor down-regulation to occur.

6.3.4 The GRLN-R-A204E responds to ghrelin witha p otency
similar to that of the GRLN-R

As many peptide ligands tend to exploit residuethénextracellular end of TM helices and
in the extracellular domains upon receptor bind®chwartz et al., 2006), the A204E
mutation could have affected the binding of ghrelirany of the growth hormone
secretagogues. Indeed, another mutation in thendemdracellular loop of the GRLN-R
(E197G) was found to decrease the potency of gh¢elblst et al., 2009). However, in this
study and in keeping with the findings from othierdées (Liu et al., 2007; Pantel et al.,
2006), the A204E mutation appeared to have no tefiethe signalling of the receptor to
ghrelin. The GRLN-R-A204E responded to ghrelinha inositol phosphate accumulation
assay with a potency (pkg& that was not statistically different to that dbead by the
wild-type GRLN-R. Furthermore, the A204E mutaticaadmo effect on the promiscuous
coupling of the GRLN-R, as in GRLN-R-A204E cell thotency of ghrelin in the £z
pathway was also similar to that obtained for tfL8-R. In addition, maximally

effective concentrations of ghrelin and the grotmthmone secretagogues were all able to
internalise the GRLN-R-A204E suggesting that tfeeptor could also bind and signal to
GHRP-6, MK-677 and L-692,585 at the cell surface.
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The effect of the A204E mutation on the structurthe GRLN-R has not been determined
in this or any other study. However, another miseanutation of the GRLN-R, the F279L
mutation in TMVI, has also been reported to affeet constitutive activity of the GRLN-R
(Liu et al., 2007; Holst et al., 2004). The F279Uutation occurs in a cluster of amino acids
in TMVI and TMVII that were shown in mutagenesiadies to be critical in maintaining
the constitutive activity of the GRLN-R (Holst ét,2004). Although the A204E mutation
is distinct from this region and is distinct froesidues known to participate in the ghrelin-
binding pocket (Feighner et al., 1998, Holst et2009) the data presented here suggest
the A204E mutation may alter receptor folding, alging the structural domain
responsible for the constitutive activity of theeptor. The concept of altered receptor
folding is also supported by the findings that nafdhe GRLN-R-A204E exists as an

immature form and that the receptor is partially-ERined.

A recent study on the free fatty acid 1 receptar steown that a glutamic acid to alanine
mutation at two positions in ECL2 results in cansive activation of the receptor due to
the disruption of a ionic-lock formed between twe glutamic acid residues and two
arginine residues located in the TM domains (TMY @MVII) (Sum et al., 2009). Thus
the A204E mutation in the GRLN-R may result in #idlity of the glutamic acid to form
an ionic-lock with residues in the TM domains, dibig the constitutive activity of the

receptor, although clearly this would need to béhier explored.

Interestingly, in the melanocortin-4 receptor, ntiotas within the extracellular domain of
the receptor, which selectively impair the consiiiactivity of the receptor, have been
linked to the development of obesity (Srinivasaalgt2004). Although it is tempting to
link this lack of constitutive activity of the GRI-R-A204E to the obese phenotype
observed in subjects harbouring the A204E mutatlomresults from this study
demonstrate that the GRLN-R-A204E undergoes a higbgree of ER retention than the
wild-type GRLN-R. Thus, the observed phenotype tagolely due to lower cell-surface
expression of GRLN-R-A204E. As the expression ef&RLN-R has been reported to be
extremely lowin vivo (Katugampola et al., 2001), ER retention of the GIRR-A204E
could potentially have a severe impact on receqgpalling. The short/obese phenotype
has also been observed in subjects displaying2f@8lFEmutation (Wang et al., 2004). In
one study the F279L mutation was shown to redultesedace expression of the GRLN-
R, whilst reducing, but not completely inhibitirthe constitutive activity of the mutated
GRLN-R (Liu et al., 2007). Thus, the decreased sgtface expression of the F279L or
A204E mutants, rather than their reduced/lack ofttutive activity, may be the main
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determinant for the development of the short/olpdeotype observad vivo. However,

this question requires further investigation.

6.3.5 The GRLN-R-I1134T is localised both at the cel |-surface
membrane and in vesicles within the cell

In contrast to the A204E mutation, the 1134T muatathas been reported to ablate the
response of the GRLN-R to ghrelin whilst havingeff@ct on the constitutive activity of

the receptor (Liu et al., 2007). As the growth honm secretagogues have been shown to
have overlapping but not identical binding sitedlmGRLN-R (Feighner et al., 1998;
Holst et al., 2009), this study sought to invedtighe effect of the growth hormone
secretagogues on the 1134T mutant. The 1134T nuta&uses a change of a non-polar,
neutral isoleucine residue to a polar, neutraldhiee residue. Therefore, although the
mutation is within the structurally important tramsmbrane domains, it may not have such
a pronounced effect on the GRLN-R as the A204E nuunta

In studies by Liu and colleagues (2007) the I134Xation was demonstrated to decrease
the cell-surface expression of the GRLN-R-1134Tabgund 50 %. In this study the co-
immunoprecipitation experiments appeared to shawttite GRLN-R-1134T indeed was
expressed at a lower level than wild-type GRLN+Rcdntrast, radioligand binding studies
performed in membrane samples revealed that thefispainding of [Hisf21]]-ghrelin to
GRLN-R-1134T was not significantly different to thaf the GRLN-R, although the use of
membrane samples means that, potentially, {HI§fghrelin may also be binding to
receptor expressed in the ER. However, immunoblpiixperiments indicated that the
largest proportion of receptor appeared to be matiamplex glycosylated protein,
indicative of a localisation beyond this-Golgi complex. Moreover, epifluorescence
microscopy data demonstrated that the GRLN-R-11%4% located both at the plasma
membrane and in small vesicles within the cell,ilsirmo the wild-type GRLN-R.

However, studies by Liu et al. (2007) suggest thati134T mutation may decrease the
cell-surface expression of the GRLN-R-1134T, whigeds to be confirmed by intact cell

binding studies.

Interestingly, both the GRLN-R-1134T and the wiigg¢ GRLN-R showed weak co-
localisation with a marker of the ER. Moreover,iconunoprecipitation studies showed
that both the GRLN-R-1134T and the wild-type GRLN¥ffReract with calnexin, although
this interaction was weaker compared to that oleskfor GRLN-R-A204E. Likely, these
ER-localised GRLN-R and GRLN-R-I1134T represent pawlnewly-synthesised receptor
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that are being folded in the ER. Alternatively,eptor overexpression may saturate the N-
terminal glycosylation and/or protein folding systef the early secretory pathway,
resulting in intracellular accumulation of theseagtors. This could be investigated by
assessing the interaction of these receptors wltiegin upon combined inhibition of
protein synthesis (i.e. with cyclohexamide) andgamsomal degradation (i.e. using
Bortezomib), which would discriminate between at@irothat stayed retained within the

ER and a protein that temporarily resides therdsivheing folded.

6.3.6 The GRLN-R-1134T is constitutively active

Since the GRLN-R-I1134T shows a similar localisatasthe wild-type GRLN-R, and the
vesicular distribution of the wild-type receptorsathe result of its constitutive activity, the
constitutive activity of the GRLN-R-1134T was asses. Epifluorescence microscopy data
demonstrated that the inverse agonist SPA causgphéicant increase in the amount of
GRLN-R-1134T located at the plasma membrane, arftqndonsistent with inhibition of

the constitutive activity and hence, constitutiweernalisation of the GRLN-R-1134T.

In inositol phosphate accumulation studies, exjwassf the GRLN-R-1134T increased
accumulation of inositol phosphates, indicating tBRLN-R-1134T was constitutively
active, at least in the {11 pathway. Indeed the increase in inositol phospleatss upon
expression of the GRLN-R-I1134T was similar to thiaserved upon expression of the
wild-type GRLN-R. Interestingly, incubation of tieells with the inverse agonist SPA
reduced inositol phosphate levels slightly, butmtd cause a significant reduction to the
level observed in the absence of GRLN-R-1134T esgion. This suggested that, although
the receptor was constitutively active, the 11340tamion might reduce the efficacy of
SPA on the GRLN-R, perhaps by reducing the affinit$sPA for the receptor.

The results from the inositol phosphate and epilsocence experiments are in agreement
with the study by Liu and colleagues, who found tfespite conserved inverse agonist
function, both the efficacy and potency of SPA wetuced at the GRLN-R-1134T (Liu et
al., 2007).

6.3.7 The GRLN-R-1134T is activated by ghrelin and  growth
hormone secretagogues

In contrast to previously published results (Liwakt 2007), this study has shown that the
GRLN-R-1134T responded to ghrelin in a concentradilependent manner. In the inositol

phosphate accumulation assay this yielded a respaitls a pEG of 8.76 £ 0.13, a
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response not significantly different to ghrelinieating the wild-type receptor. Thus the
GRLN-R-1134T, like the wild-type GRLN-R, was capaldf activating more than one G
protein family. Liu et al. (2007) used inositol @phate experiments conducted in COS-7
cells to try to measure activation of the GRLN-RB4T by ghrelin, however, in this study
inositol phosphate accumulation experiments wertopaed in HEK293 cells, thus the
discrepancies between the results of these stadigdd reflect differences in the folding of
the GRLN-R-I134T in the two expression systemsebd] mutagenesis studies have
identified several residues that are critical fimding of both ghrelin and the growth
hormone secretagogues (Feighner et al., 1998; Eb#dt, 2009). Although the residue
1134** was not analysed in these studies, it appearshisatesidue is too deep within the
TM domain to be critical for ligand binding, althgluit cannot be ruled out that alteration

of this residue causes a disturbance in recepiactate.

In the G, pathway the growth hormone secretagogues all agtedootencies and
efficacies at the GRLN-R-1134T that were not sigrahtly different to that observed upon
activation of the GRLN-R. Ghrelin and the growthhone-secretagogues were also
shown to be able to increaséq]GTP S binding through activation of thexga 1 pathway,
but further studies are needed to test whethee tlvere any significant changes in the
potencies of the growth hormone secretagoguesdhrthus pathway. Further evidence
that ghrelin and the growth hormone secretagogimes®RLN-R-1134T came from
epifluoresence microscopy experiments that showRHNGR-1134T was internalised

upon addition of maximally effective concentratiaighrelin, GHRP-6, L-692,585 and
MK-677 into large intracellular vesicles. Howevguantification of these images showed
that receptor localisation at the plasma membraoa agonist treatment was not
significantly reduced compared to control cellsisT$uggests that for the GRLN-R-1134T,
ghrelin and the growth hormone secretagogues haweuzed ability to internalise the
receptor. However, as semi-quantification of epifescence data introduces relatively
large errors (especially when there is so littleepor co-localised at the plasma membrane
in basal conditions) whole-cell binding studiesell surface biotinylation experiments

will likely allow a more accurate quantification afceptor levels at the plasma membrane

after treatment with ghrelin, the growth hormonerseagogues or SPA.

6.3.8 Classification of the A204E and 1134T mutatio ns

A classification scheme to define melanocortin-¢egor inactivating mutations has been
proposed in which receptors could be classed imbfige groups (Tao & Segaloff, 2003)

according to their cell-biological and/or pharmagptal effects. These are: defective
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biosynthesis (class 1); impaired trafficking to tell surface (class I1); defective ligand
binding (class Ill); defective receptor activati@tass V) or no defects (class V).
According to this system, the data from this stedggests that the A204E mutation leads
to both class Il and class IV defects, as the teceép ER-retained (although its partial
localisation at the plasma membrane makes it falt alass Il mutant) and the
constitutive activity of the receptor is ablate@®ASacting at the GRLN-R-1134T appears to
be less efficacious in lowering accumulated leeélsositol phosphates upon expression
of the GRLN-R-1134T compared to the wild-type GRIEN-Thus the 1134T mutation
could cause a class Il (defective ligand bindiagdl/or a class IV (defective receptor
activation) mutation, as more studies are needeéeétermine whether ghrelin and SPA
bind to the GRLN-R-1134T with the same affinityths wild-type GRLN-R (which, if

they did, would rule out a class Ill mutation).

6.4 Summary and conclusions

The results of this study have demonstrated fofiteetime that the A204E mutation
causes partial ER retention of the GRLN-R. This rnaye detrimental effecis vivoas
the reduced expression of the GRLN-R-A204E anbbitslevel of plasma membrane
localisation could have a serious impact on regdptaction. Moreover, expression of
mutant GPCRs may interfere with the cell surfageressiorof their corresponding wild-
type counterparts through their associatmotihhe ER and intracellular entrapment of the
resulting complex (Zhu and We4998; Brothers et al., 2004; Gehret et2006).

In contrast to the A204E mutation, the 1134T muiatiioes not cause ER-retention of the
GRLN-R-1134T, but instead shows a subcellular Isadion similar to the wild-type
GRLN-R. However, the efficacy of the inverse agbBBA appears reduced by the 1134T
mutation. Interestingly, in the melanocortin-4 netce the S127L (5% mutation, a
missense mutation linked to the development of ibhedecreases the potencyasf
melanocyte-stimulating hormone some 30-fold bhag no effect on the constitutive
activity of this receptor (Govaerts et al., 200B)us it will be interesting to see if the

134T mutation is linked to the development of disgn vivo.
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7 Final discussion

Ghrelin and the GRLN-R have been shown to be iresbim a number of physiological
processes, such as: GH release, sleep regulatiergyehomeostasis and appetite
stimulation. This makes the ghrelin/GRLN-R systema#iractive therapeutic target for the
treatment of disorders such as cachexia, GH defigieobesity and ageing (i.e. by
reversing the natural decline of GH which can leaffailty and loss of independence).
Although the GRLN-R has been suggested to coupteultiple G protein pathways
(Gagi1s, Gaino, G s and Gaznd), little is known about the signalling of the GRiRto ghrelin
and the growth hormone secretagogues in all buBthe: pathway. The aim of this thesis

was to further investigate the activation of theLGIRR through the Gy, pathway.

7.1 Ligand-induced activation of the GRLN-R

In 2005 the growth hormone secretagogues GHRP-&.&%82,429 were described to act
as ago-allosteric modulators of the GRLN-R (Hotsdle 2005). Co-administration of the
growth hormone secretagogues with ghrelin led tmerease in ghrelin’s efficacy (as the
growth hormone secretagogues acted as co-agonwiigt L-692,429 and GHRP-6 acted
either to increase or decrease (respectively) deengy of ghrelin (Holst et al., 2005). As
the binding sites for ghrelin and the growth horesecretagogues were known to
overlap, to describe their results Holst and cglles developed a necessarily complex
model that relied on the GRLN-R existing as a haimoer (Holst et al., 2005). Ghrelin,
due to its large size, was predicted to only bandrte protomer leaving the second
protomer free to bind a growth hormone secretagadgoeever, the study by Holst and
colleagues was not designed to fully investigatestdric regulation of the GRLN-R and
thus did not examine any of the hallmarks of aostdiric interaction i.e. that the effect was
saturable, probe-dependent or that the dissociéiratics of a radiolabelled version of
ghrelin was altered by co-administration with GHRBF L-692,429. Nevertheless, up
until now L-692,429 and GHRP-6 have been univeysaitepted as allosteric modulators
of the GRLN-R (May et al., 2007; Leach et al., 200&@hgmead and Christopoulos, 2006).

In this thesis, the effects of co-administratiorgbfelin with either GHRP-6, L-692,585 (a
commercially available analogue of L-692,429) or K7 was measured through
activation of the G, pathway. f5S]GTP S assays were chosen to study activation of the
Gaio pathway to allow measurement of ligand efficacrea system where fewer

compounds would reach the maximum system resp&@ismn@e, 2008) and to avoid the
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measurement of other G protein-dependent or indkperpathways activated by the
GRLN-R. Interestingly, in this system, GHRP-6, L26885 and MK-677 were shown not
to be ago-allosteric modulators of the GRLN-R bnoitpde orthosteric ligands.

Concentration-response curves to ghrelin in thegree of multiple, fixed concentrations
of the growth hormone secretagogues led to anaseren the efficacy of ghrelin, most
likely because each of the growth hormone secrgtagptested acted with a significantly
higher efficacy than ghrelin i.e. they acted asestggonists. In the reverse experiment
(where concentration-response curves were genexated growth hormone
secretagogues in the presence of varying, fixedemnations of ghrelin), ghrelin led to a
concentration-dependent increase in the efficadchefyrowth hormone secretagogues at
low growth hormone secretagogues concentrationsgstvat high concentrations, ghrelin

had no effect on efficacy.

In the presence of increasing ghrelin concentrattbe growth hormone secretagogues
showed a trend towards a decreased potency, sutdhid be due to ghrelin (which acts
as a partial agonist in regards to the growth hoersecretagogues) competing with the
growth hormone secretagogues for binding to the IHRL Indeed, fitting the
experimental data to a modified operational modeallosterism (originally described by
Leach et al., 2007 and modified by Dr Christophangmead at GlaxoSmithKline),
showed that the data was best fitted to a modethwiiescribed a competitive, rather than
an allosteric, interaction. Furthermore, bindingdgéts demonstrated that the dissociation
of [His[**3]]-ghrelin from the GRLN-R was not altered by adhistration of the growth

hormone secretagogues, thus demonstrating a laalosterism.

The model generated by Holst et al (2005) reliethenGRLN-R existing as a homo-
dimer. In this study no attempt was made to deteegmihether the GRLN-R existed as a
homo-dimer, although this has been previously desdr(Jiang et al., 2006; Leung et al.,
2007). This opens up the possibility that the stgggmist effects of the growth hormone
secretagogues could be due to their ability to bindoth protomers of a GRLN-R homo-
dimer, creating a receptor structure which signétils higher efficacy than that produced
by binding of ghrelin to one protomer of the dimEo. investigate this further an
asymmetrical homo-dimer could be formed betweedRalER mutated at E124°to
Q124 (a mutation which has been shown to ablate thditnof ghrelin and the growth
hormone secretagogues; Feighner et al., 1998; bédt, 2009) and a GRLN-R mutated
in the ERY sequence (i.e. at arginine RA#)to inhibit G protein coupling. This would

result in a receptor that could only signal to ¢gjhrand the growth hormone secretagogues
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A

Figure 7-1 — Use of an asymmetrical homo-dimertoi  nvestigate the pharmacology of the
GRLN-R. A. An asymmetrical homo-dimer could be created to investigate the pharmacology of the
GRLN-R by mutating E124%% (for example, to Q124%**) in one receptor (to ablate ligand binding;
dark blue receptor) and mutating the arginine residue (R141>*°) in the ERY sequence to inhibit G
protein binding to a second receptor (light-blue receptor). Ghrelin and the growth hormone
secretagogues should only evoke a G protein-mediated response if both the mutated receptors
come together to form a ‘homo-dimer’. B. In the model by Holst et al. (2005) the growth hormone
secretagogues were predicted to be able to bind to both protomers of a GRLN-R homo-dimer,
leading to the receptor signalling with a higher efficacy than that observed for ghrelin (which
because of its size is predicted to be unable to bind to both protomers simultaneously). The
asymmetrical homo-dimer could be used to investigate whether the growth hormone
secretagogues signal with an efficacy equal to that of ghrelin when one protomer of the dimer is
unable to bind ligand.

if the two mutated receptors formed a ‘homo-dimtrus allowing the measurement of
growth hormone secretagogues efficacy in a systaaraMigand could only bind to one
protomer of the dimer (Figure 1-1). It is worth ingtthat the receptor that is mutated to
inhibit ligand binding would still be able signal the absence of ligand as the Q%4

does not affect the constitutive activity of theaptor. Similar approaches have been used
successfully in the past for other GPCRs (e.gnte&abotropic glutamate receptors;
Goudet et al., 2005 and the leukotrieng@®eptor; Damian et al., 2008) to investigate

‘trans’ signalling across dimers.
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To allow further investigation into the pharmacolarf the GRLN-R a Flp-In™ T-REx™
HEK293 cell line was created expressing the receptyged at the N-terminus with VSV-
G and at the C-terminus with an eCFP fusion profEagging the GRLN-R had no effect
on the pharmacology or localisation of the receptat allowed confirmation that the
GRLN-R was modified bi-linked glycosylation, most likely at two asparagimesidues

at the N-terminus which occur as part of a N-X-810atif.

[**S]GTP S binding experiments used to measure G proteivagicin in membranes
prepared from GRLN-R cells (either transfected V@t or Gso1) revealed that GHRP-6,
L-692,585 and MK-677 all acted as super-agonisteenGi, pathway but as full agonists
in the Gg11 pathway, thus demonstrating functional selectigityhe GRLN-R. This is the
first time that functional selectivity at the GRLRlhas been described. This finding could
potentially have implicationm vivo, as the growth hormone secretagogues appear to
stabilise a receptor conformation that favours tiaggo G, the efficacy of a response
could differ from ghrelin depending on the locahcentrations of G protein in different

cells.

Whole-cell second messenger pathways were alsotasedasure activation of the.éa:
and Gij pathways. Inositol phosphate accumulation studéesahstrated that ghrelin and
the growth hormone secretagogues acted with effisabat were similar to those
measured in’fS]GTP S binding assays performed using an immunopretipitatep to
separate®PS]GTP S-bound Gq from unbound &,. However, GHRP-6 and L-692,585
acted with significantly higher potencies in thesitol phosphate accumulation assays
than the °S]GTP S binding assays, most likely due to response éogilbn or a
difference in receptor reserve between these twteBss. In contrast to th&$]GTP S
studies, ghrelin and the growth hormone secretag®tailed to induce a response in
CAMP accumulation assays. Although coupling of @RLN-R to Gy:could be viewed as
an artefact created by the addition of exogenopso®in, it was demonstrated that
[**S]GTP S binding assays were also able to measure a spoghrelin in the absence
of exogenous G protein. Th&$]GTP S filtration binding assay measured a response to
ghrelin that was sensitive to PTx, confirming canglof the GRLN-R to the o

pathway. Thus the results were interpreted asatgilg the inability of the GRLN-R to
couple to Gii-3, as inhibition of AC by Goi-2is less potent than by.(as, although
previous studies have demonstrated that the GRIddfRcouple to G in cells

endogenously expressing the GRLN-R (Bassil e2aby).
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Although studiesn vivoand in cell lines endogenously expressing the GiRLhave
suggested that the GRLN-R can couple tg(ohno et al., 2003; Malagon et al., 2003),
data from recombinant studies remains contradicteih some studies supportingG
coupling (Rossi et al., 2008; Caminos et al., 2G0%) others disagreeing with this (Cunha
and Mayo, 2002; Casanueva et al., 2008). Integdgtim this thesis ghrelin, GHRP-6, L-
692,585 and MK-677 were all shown to be able tdkewa Gs response in CAMP
accumulation assays, with ghrelin and the growtimome secretagogues displaying
similar potencies as measured in thiSJGTP S binding experiments. However, L-
692,585 acted as a partial agonist with respeghtelin, suggesting L-692,585 induces a

receptor conformation which only weakly couplestie G s pathway.

The results of these studies confirm that the GARIN-a promiscuous receptor being able
to couple to Gga1, Gaioand Gs pathways. However, it is clear that further exmpents,
aimed at deducing the specific isoforms within e&cprotein family the GRLN-R can
couple, are needed to aid understanding of thexp@ology of the GRLN-R. To achieve
this °S]GTP S binding assays could be performed in membraregsmaped from GRLN-R
cells transfected with a panel of G protein sulsyridllowed by immunoprecipitation of
[**S]GTP S-bound G protein from the reaction mixture. If dncentration-response
curves to ghrelin and the growth hormone secretag®gere performed then the
potencies at each of the G proteins could be medsalowing a rank-order of G protein

coupling to the GRLN-R to be compiled.

7.2 Constitutive activity of the GRLN-R

The expression of GRLN-R in the Flp-In™ T-REx™ HEXcell line resulted in the
HEK293 cells appearing rounded compared to un-iadwells, a response that was
accompanied by a high level of cell detachments Efiiect appeared to be mediated by the
GRLN-R as reducing the levels of receptor expreskd to a reduction in severity of the
cell-rounding phenotype. In contrast, HEK293 cellpressing the GRLN-R-A204E (a
mutant receptor that does not display any constéctivity) did not display the cell-
rounding phenotype (data not shown), supportindhifpothesis that constitutive activity
was responsible for the changed morphology of titd-type GRLN-R cells.

The cell-rounding phenotype has been reportedrfotteer constitutively active GPCR, the
sphingosine 1-phosphate-5 receptor (Niedernbeaf),e2003). It would be interesting to
investigate whether the phenotype mediated by GRL&kpression is the result of

constitutive activation of the £/13 pathway, a pathway that can alter cell morphoicgy
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by actin re-organisation (Riobo and Manning, 200%iis could be achieved by over-
expressing Gz (to see if this increased the severity of the maliRding phenotype) or by

using small interfering ribonucleic acid (SiRNA)sdence Gizexpression.

The GRLN-R has been reported to constitutivelyvatéi the Gq/11 pathway (Holliday et

al., 2007; Holst et al., 2004; Holst et al., 2008)ng able to evoke a response that is up to
50 % of the maximal signal achieved upon ghreimsfation (Holst et al., 2003).
However, it is clear that the constitutive activatfythe GRLN-R is not a result of receptor
over-expression as gene-dosing experiments pertbbyélolst et al. (2004) showed that,
at similar expression levels, the related rece®R38 remained silent in the absence of

ligand.

A doxycycline concentration of 6 ng/mL was deemptimal to stimulate GRLN-R
expression in the GRLN-R Flp-In™ T-REx™ cell liras this was the lowest
concentration of doxycycline tested that allowesigaificant response of the GRLN-R to
ghrelin to be detected if°B]JGTP S binding assays. At this expression level cortstitu
activity of the GRLN-R through activation ofsgscould be measured and the constitutive
activity significantly reduced by addition of theverse agonist SPA. However, in thg,G
pathway, although the addition of 6 ng/mL doxyayelied to a significant increase in
[**S]GTP S loading, there was no significant decreasé®B{GTP S binding levels upon
addition of the inverse agonist SPA. Thus furthgregiments are needed to determine
whether the GRLN-R is less effective at constielfhactivating the gy, pathway or
whether this is just an artefact created by compgattie response of the GRLN-R in two
different experimental systems (one using immuncipietion to recoverfS|GTP S-G
protein and another using a filtration step to satesf°>S]GTP S-bound G protein from
unbound G protein). Indeed, the level of constrtutctivity of the GRLN-R measured
upon addition of exogenous:£Gao1, Gasand Guzcould be compared, using, for example,
a [°S]GTP S assay with immunoprecipitation step to establisbther the GRLN-R can
constitutively activate every G protein pathwayuaich it is coupled (although the
variables of G protein expression and relativeniféis of the G protein antibodies must be

taken into account).

7.3 GRLN-R mutants

As well as studying the pharmacology of the wildgyGRLN-R, the effect of A204E or
134T missense mutations on the localisation ararphcology of the GRLN-R was

investigated. The A204E missense mutation occuEdh2, whilst the 1134T mutation
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occurs in TM3. Interestingly the A204E mutation {gfhhas been associated with the
development of an obese/short stature phenatypeo) was shown to cause partial
retention of the GRLN-R within the EBls-Golgi complex, whilst receptor expressed at
the cell-surface was shown to be devoid of any titoitise activity. The lack of

constitutive activity was in agreement with otheerdées into the A204E mutation (Pantel
et al., 2006; Liu et al., 2007; Holliday et al.,02). Although the A204E mutation has been
reported in some studies to lower cell-surface esgipn of the GRLN-R (Pantel et al.,
2006: Liu et al., 2007), this is the first studypi@vide evidence to suggest this is due to
partial retention of the receptor within the ER,sthprobably due to altered receptor

folding.

Interestingly, a recent study by Sum et al. (20@8)e shown that two glutamic residues in
ECL2 of the free fatty acid receptor FFA1 form anic lock with two arginine residues in
TMV and TMVII. Mutating the glutamic acid residutssalanine residues results in
constitutive activation of the FFAL. Thus the A20#kHtation may inhibit the constitutive
activity of the GRLN-R, for example, by forming a&mic lock with a residue within the
TM domains (such as R28% at the top of TMVI). This could be investigatedther by
introducing point mutations into the TM domainsse if the constitutive activity of the
GRLN-R could be ablated, for example, by mutati@®*°to A283*

The 1134T mutation has been suggested to ablate#ponse of the GRLN-R to ghrelin,
however, in this thesis the GRLN-R-1134T was shaavbe able to bind [Hidf]]-ghrelin
and retained the ability to signal to ghrelin and ¢frowth hormone secretagogues in both
the Gyg11 and Gio pathways. The efficacy of SPA at the GRLN-R-1134dsvghown to be
reduced in a study by Liu et al. (2007); resultthef inositol phosphate accumulation
experiments appeared to agree with this, as SRédfto return the inositol phosphate

levels accumulated upon receptor expression tethesn in the absence of receptor.

Missense mutations within GPCRs often result irtggromisfolding, which commonly
results in the retention of a misfolded receptahm ER by molecular chaperones and
quality control machinery. However, the expressibmisfolded GPCRs at the plasma
membrane can be greatly increased by treatmentolémical or pharmacological
chaperones (Brown et al., 1996; Sato et al., 1B&bpen et al., 2005). Chemical
chaperones include osmolytes such as glycerol, Dii&Dtrimethyl-amineN-oxide (Sato

et al., 1996; Tamarappoo et al., 1999; Yang ell@P9; Song and Chuang, 2001) that may
stabilise the receptor conformation or triggerrasst response that leads to upregulation of
chaperone proteins (Welch and Brown, 1996; Diareaat., 2001). Pharmacological
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chaperones include non-peptide receptor antagahaststabilise ER-retained mutated
protein — as seen for the vasopressin 2 receptorglld et al., 2000; Robben et al., 2006).
Indeed non-peptide antagonists have been usedssiigitgin vivoto relieve nephrogenic
diabetes insipiduéBernier et al., 2006) demonstrating that resciRgretained mutated
GPCRs offers a clinical treatment that may be tseaxire a number of debilitating
diseases. Due to the lack of commercially available-peptide GRLN-R antagonists the
effects of pharmacological chaperones in alteriRlL8-R-A204E localisation could not
be investigated. However the effects of chemicapenones (e.g. DMSO) on the

localisation of the GRLN-R-A204E warrants furthevéstigation.

7.4 Conclusion

This study has led to a fuller understanding ofgharmacology of the GRLN-R, showing
that the growth hormone secretagogues do not adiasderic modulators of the GRLN-R,
although they do act as super-agonists in the @athway (favouring coupling of the
GRLN-R to Gyjo). The development of GRLN-R cell lines has prodiéstremely useful
tools for studying the GRLN-R and the two mutatedeptors (GRLN-R-1134T and
GRLN-R-A204E) and will enable further investigatiimto the G protein coupling and

constitutive activation of the GRLN-R.
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