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Abstract :
Cdcium (C&") homeostasis is a tightly controlled mechanism by which adeqGat€levels are

maintained in the body. A -@rotein coupled receptor known as théalcium Sensing Receptor
(CaSR) plays crucial roledef* homeostasis bgensing minute changes in extracellulaf@ad
modulating the secretion of catropic hormones. It was shown that a group of accessory
proteins known as Receptor Activity Modifying Riias (RAMPS), specifically RAMIAH 3 are
responsible for celurface trafficking of the CaSR. Based on this, ithypsthesisedhat CaSR

and RAMPgraffic to the cellsurface as high-order oligomers.FRE®ased stoichiometry
revealedequal abilities 6 RAMP1 and 3 to chaperone CaSR to the cell surta@n though
RAMP3 interacted more efficiently. Furthermore, a higher fraction of RAMP3 than RAMP1 was
observed inthe CaSRomplexon the cellsurface suggesting a higharder oligomer. Next, it

was hypothesisedthat CaSR and RAMPs associatan endogenousexpressionsystemand

that RAMPs play a role in CaSR signalling. In medullary thyroid carcinoma TT cells, an
attenuation of CaSR signalling by RAMP1 kulookn suggestedan associatiorbetween them.

Also, blocking of RAMP1 usiagtibodiessignificantly attenuated CaSRediated signalling in
these cellsconsequentlydemonstrating its role in CaSR signalling. Binawashypothesised

that RAMP expressiois regulated by agents af&* homeostasis. However, no chargie
RAMPMRNA expressiowere observed upon treatment witlC&" and calcitriol in TT cells; and

with C&*in humanosteosarcoma cells.

Furthermore, it was showrusing FREThat RAMP1 associated and caused -safface
trafficking of GPRC6A, a GPCR closely relaténd t0aSR.

Taken togetherit is demonstratedfor the first time that RAMPlays a role in CaSR signalling
and further research could establisthe importance of RAMPs inC&" homeostasis and

subsequently as imptant drug targets gainst the pathologies adhe CaSR.
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List of Abbreviations

FGF2 Fibroblast Growth Factdt

6/ degreeCelsius

uF micro farads

pl Micro-litre

5" UTR 5' Untranslated Region

5-HT 5-Hydroxytryptophan

Albis A Acrylamide/BisAcrylamide

aa Amino acid

Ab antibody

I O i Beta actin

ADH Autosomal Dominant Hypocalcaemia
Ala alanine

ALP Alkaline Phosphatase

AM Adrenomedullin

AM ester Acetoxymethyl ester

AMBP1 Adrenomedullin Binding Protein 1
AMR1 Adrenomedullin receptor typéd
AMR2 Adrenomedullin receptor type2
AMR3 Adrenomedullin receptor typ&
AMY Amylin

AMYR1 Amylin receptor type 1

AMYR2 Amylin receptor type 2

AMYR3 Amylin receptor type 3

ANOVA Analysis of Variance

APS Ammonium persulfate

ATP Adenosine triphosphate

BCA Bicinchoninic acid

BLAST Basidocal Alignment Search Tool
Bmax Binding naximum

BMM Bone marrow macrophages

bp base pair

BRET Bioluminsecence Resonance Energy Transfer
BSA Bovine serum albumin

Cay intracellularC&* concentration
CAMP Cyclic adenosine monophosphate
CaSR Ca* Sensing Receptor

cDNA complimentary deoxyribonucleic acid
Cer Cerulean

CFP Cyan Fluorescent Protein

CGRP Calcitonin Gene Related Peptide
CHO cells Chinese Hamster Ovacglls
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Cit

Citrine

CLR Calcitonin Like Receptor

CMV Cytomegalovirus

CQ Carbon dioxide

CPM Countsper-minute

Ct Threshold cycle

CT Calcitonin

GHall Carboxyterminal tail

CTR Calcitonin receptor

Cys Cysteine

DAG Diacylglycerol

DEPC DiethylPyrocarbonate

DMEM Dulbecco's Modified Eagle Medium
DNA Deoxyribonucleic acid

dNTP Deoxynucleotide Triphosphate

DTT Dithiothreitol

Ec Characteristic FRET efficiency
Ec50 Half maximal effective concentration
ECD Extracellular domain

ECL Enhancedchemt luminescent

EDTA Ethylenediaminetetraacetic Acid
EGFR Epidermal growth factor receptor
EGTA Ethylene glycdletra aceticacid

ER Endoplasmic reticulum

ERE Oestrogen responsive elements
ERK Extracellular signakegulated kinase
ESTs Expressedequence tags

Fa Fraction of acceptor in FRET complex
FACS Fluorescencectivated cell sorting
FCS Foetal Calf Serum

Fd Fraction of donor in FRET complex
fg femto-gram

FHH Familial Hypocalciuric Hypercalcaemia
fM femto molar

FRET Forster Resonance Energy Transfer
g Gram

Gioi13 G-protein subtype 12/13

GABA gammaAminobutyric acid

GAPDH Glyceraldehyde -phosphate dehydrogenase
Gd* Gadolinium ion

GDP Guanosine diphosphate

GFP Green fluorescent protein
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GHRH Growthhormonereleasing hormone
GLP GlucagoHike peptide

Gluc Glucagon

GPCR Guanine Nucleotiddinding proteirCoupled Receptor
G-protein Guanine nucleotiddinding protein
GRE Glucorticoid responsive elements
GRK GPCR kinase

GTP Guanosines'-triphosphate

D¢ £ Guanosines'-O-[gammathio]triphosphate
HCI Hydrochloric acid

HEK293 Human Embryonic Kidney 293

HPRT1 Hypoxanthine phosphoribosyltransferase 1
hr Hour

Ia Intensity of acceptor channel

ICso half maximal inhibitoryconcentration

) Intensity of donor channel

[ Intensity of FRET channel

IGF Insulirtlike growth factor

IGF1R Insulinlike growth factor typel receptor
1gG Immunoglobulin

IL Interleukin

IP3 Inositol triphosphate

JNK c-Jun NH(2jerminal kinase

Kbp Kilo base pairs

Ky Dissociation constant

KDa KiloDalton

Ki inhibition constant

KO Knock out

kv Kilovolt

LB Luriabroth

LPS Lipopolysaccharide

LRP lipoprotein receptor related peptides
Lys Lysine

M3 receptor

Muscarinic receptor type 3

mAb

monoclonal antibody

MAPK Mitogen activated protein kinase
MCSF Macrophage colony stimulating factor
mg Milligram

mGIuR Metabotropic glutamate receptor

min minute(s)

mi Milliliter
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mM milli molar

mm Millimeter

MRNA messenger ribonucleic acid

ng nano-gram

NHERF Na'/ H" exchanger regulatory factef
nm nano meter

nM nano molar

NSF N-ethylmaleimide sensitive factor
NSHPT Neonatal Severe Hyperparathyroidism
N-terminal Aminoterminal

oD Optical density

PBS Phosphate buffered saline

PCR Polymerase chain reaction

PDGF Plateletderived growth factor

pg pico-gram

Pl Phosphoinositol

PKA Protein kinase A

PKC Protein kinase C

PLA Phospholipase A

PLC Phospholipase C

PLD Phospholipase D

pM pico molar

Pro Proline

PT Parathyroid

PTH Parathyroid hormone

PTH 1R Parathyroid hormone receptor type 1
PTH2R Parathyroid hormone receptor type 2
PTHrP Parathyroid hormoneelated peptide
PVDF polyvinylidene chloride

gPCR guantitative polymerase chain reaction
R (in FRET) The molar ratio of acceptor to donor
RAMP Receptor Activity Modifying Protein
RANKL WSOSLII2NI ! OGAGI G2NJ F2NJ bdzOf
RCP CGRReceptor component protein
RhoGEFs Ras homology guanine nucleotide exchange factors
RNA Ribonucleic acid

ROI Region of interest

rpm revolutions per minute

RT PCR Reverse transciptase polymerase chain reaction
SD Standard deviation

SDS Sodium dodecyl sulfate

SDSPAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
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sec second(s)
SEM standarderror of mean
SerLys SerineLysine
SiRNA small interfering RNA
SNPs Singlenucleotide polymorphism
SPA Scintillation Proximity Assay
t10 Halflife
TBS Trisbuffered saline
TEMED N,N,N',N‘'Tetramethylethylenediamine
Tm Melting temperature
™ Transmembrane
TRPV Transient receptor potential cation channel subfamily V
Tyr Tyrosine
viv volume per volume
VIP Vasoactive Intestinal Peptide
Vasoactive Pituitary Adenylate Cycleaetivating peptide
VPAC1R receptor typel
wiv weight per volume
Xg centrifugalacceleratiorrelative to g.
YFP Yellow fluorescence protein
Proportionality constant relating acceptor fluorescence at th
h acceptor excitation to the donor excitation
Proportionality constant relating donor fluorescence detecte
at the acceptor emission relative to that detected at the don
J emission
Ratio of the extinction coefficient of the acceptor to the dong
A at the donor excitation.
> 3 micro-gram
> f micro-litre
> a micro-molar
Proportionality constant relating theensitized acceptor
v emission to the decrease in donor fluorescence due to FRE
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1.1. Cdcium homeostasis:
Cdcium (C&) is an extremely importantelement involved in numerous physiological

processes. It also acts as an intracellular messenger as veatbeactor for enzymes inside the
cell[1]. Free ntracellularC&* concentrationsin the cytoplasm isisually ~100nM which can go
up to 1uM upon release from intracellular stores or influx of extracell@&” through channels
[1], whereas extracellula€&* concentrations are usually ~10,000 fold higher and aseally
maintained at 2.2.6mM total and 1.11.4mM ionkzed concentration through a tightly

regulated mechanism calle@&* homeostasig1, 2].

The mrathyroid gland is the most important organ involvedQe* homeostasis. Parathyroid
chief cells sense minute decreases in exatatar C£* concentration from the natural set point
of 1-1.3mM, and subsequentlycauserapid transient release of parathyroid hormone PTH
(typically 23% decrease in extracellul@&* can lead to 15@00 fold increase of serum PTH
levels)[2, 3]. This mobilizes G4from the reserves by enhancing renal reabsorptionGaf* and
excretion of phophate as well as promoting bonesorption [2]; and so is classified as a
hypercalcaemic hormone. Conversely, an increasexiracellular Cd inhibits PTH release and

its consequent actiong, 3].

Increase in serur€&” levels also cause an increase in secretion of the hypocalcaemic hormone
calcitonin from thyroid €ells[2]. Calcitonin is a peptide hormone which potently lowers serum
C&" by decreasing osteoclastic bone resorption and increasifguBiaary secretior{4, 5]. The

third calciotropic hormone invekd in C&* homeostasis is the active form of vitamin D
1,25(OH)D (calcitrio), which is converted into mature form in the kidney by the effects of
decreasedCa&* as well as increased PTH leVjéls Calcitriol increases intestin@i* absorption

from dietary sourced?2], enhances boneesorption [7], facilitates C&* reabsorption in the
kidneys[8] as well as inhibits the synthesis of PTH mRNA, thus compléten@ndocrine
feedback loofd9].

So, as shown in the Figure 1.1 these hormones coordinate to facilitate the operatiog of

homeostasis.
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Figure 1.1: Schematic representation 6&* homeostasis:

A decrease in extracellul@&* stimulates PTH production and secretion from the parathyroid glands,
which acts on kidnesto enhance renal reabsorption @& and stimulates the syn#sis of vitamin B

into its active form (calcitriol) in case of a prolonged hypocalcaemia (few hours). It also enhances bone
resorption causing release @f£* and phosphorous. Calcitriol increases intesti6d" absorption and
increases bone turnover. PlTalso prevents retention of phosphate mobilized from bone and intestinal
absorption. The consequent increased serGd’ levels cause the normalization of the natural set point
(1-1.3mM of freeC&" in mammals) and returns the secretion of PTH to basgboklalcaemic hormone,
calcitonin is secretefrom the thyroidwhen C&" levels are above the threshold which counteracts the
action of the hypercalcaemic hormones.

¢CKAad NRodzald YSOKIFIYyAaY OFly 2yfeé 0SS (Adkéf e
cdt Ay (KSANI SuyndidnhisReyiderd/by ecedirfade deceptomwhich is present

on the cellsinvolved in C&" homeostasis like the parathyroid, kidney and bone cells.
Accordingly, this receptor is called tief* Sensing Receptor (CaSR) and it belongs to the family
of receptors known as the -@rotein coupled receptors (GPCRs). CaSR was first isolated as a
Cd*-sensor from the bovine parathyroid cells, where it inhibited PTH secretion upon activation
[10]. Before moving into the detailsn the C&* sensng receptor, a brief introduction about the

GPCR family is necessary.
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1.2. G-protein coupled receptors (G PCRS9:
The GPCR family is ooé the largest families of ceflurface receptors in mammals (around

8001000 GPCRs in human genome, consisting of >2%otdiprcodinggenome)[11]. They
bind to a variety of targets and mediate their signaling through a pathway involving guanosine
nucleotidebinding proteins (G proteins). They are involved in numeraitel functions like

taste, oda, memory, response to light, action of hormones arairotransmitters[11].

GPCRare characterized by seven hydrophobic stretches of amino gadsthat form 7
transmembrane(TM) segments connected by alternating extracellular and intracellular loops
which form the Nterminal extracellular domain and -t€rminal intracellular deain
respectively (Figure 1.2). The first crystal structure of a GPCR was of bovine rhodopsin by
Palczewsket al [12]. Recentlythe crystal structures of other GPCRs halse been discovered

&4 dzOK | &adreindfg® receptor[13-15], opioid receptor [16, 17], M3 muscarinic
acetylcholne receptor [18] and nociception receptoif19]. Thesecrystal structureshave
provided important structural information regarding the conformational changes in the
structure of few GPCR caused bytheir activation by ligands. It has been shown that this
phenomenoninvolves an outward or inward movements ofetiM segmentdhree, five, six

and seven whicleonsequentlyfacilitates G protein coupling to the recepf@n-22].

G-proteinsare at the top in hierarchy of multiplignallingcomponents activated by a GPCR. G
proteins bind to specific regios on the Ctail or pats of transmembrane loops inthe
cytoplasm upon activation of the receptoconsequently leading to rapid changes in the
concentration of intracellular signaling molecules like cyclic AMP (cAMP), cyclic GMP (cGMP),
inositol phosphates, diacylglycer@DAQG, arachidonic acid and cytosolic iof3]. Apart from

0KS D LINRPGSAyasz Dt/ w-arrestih$ v¥ind IGRKs 2whicd 2mirdify fhe § 2
phosphorylation status of the recept@uncouple the G proteins) and thereby acting as safety
mechanisnto prevent overstimulation of GPCRsy | R R A (i Aa2rgbtingican als&douple |
GPCRs thinasepathways[24].
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Figure 1.2: Structure of a GPCR:

There are 7transmembrane (TM)domains connected by alternating extracellular and intracellular

loops which form the extracelluland CGterminal intracellular domains respectively

Gproteins are heterad NA YSNA O O2Y L] 4 SWits® F¢ RS ii -uHitg/&Re 1 D
tightly associated and can be regarded as a single functionaisuih23]. In an inactivated

adFrdS 2F (GKS NBOSLI 2 N®hiciDis repladed by GFRInydR adiivatiorDdf & dzo
the receptor. Binding of GTP causes dissociation-bl 6B 6 SAY FNRBY (KS NBOSLJ
oD¢t 0 2 dzy R U -unitsy Fhesé activaliedz@ulnits stimulate different secondary
messenger protein§23]. This mechanism is described in detailchapter 4, section 4.1.1. G
LINPGSAYya NS RAGARSR Ayd2 T2 dzNIsubunitsad shavdin 0 &4 SR
table 1.1.
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G-protein family Subtype Function
G G 3 Increassthe activity of
G2ty adenylate cyclase (AC).
G G awm Decreases AC activity,
Involved inphospholipase
G an C(PLC)ERKactivation
G Ao
G 21
G 2.
G i Involved in CE& K'
channels
G iwm Increass cGMP dependan
(C phosphodiesterase activity
G 3
G G ActivatesPLC
Gh MM
Gh Mn
G Mp 2NJ mc
Gi2 G uGwmo Regulats Ras homology
guanine nucleotide
exchange factors
(RhoGEFsS)

Tablel.1: G-protein families, their subtypes and respective functions
as reviewed in23].

GPCRs are classified into different families in humans based on their structure and [Rands

26):

Family A receptors (Rhodopsin family):

The rhodopsin familgonstitutes the largest number of GPCRs present in the hugeaiome.
The members of this family possess severarabteristics such as the ASerX-X-AsnPro-X-X-
Tyrmotif in the TM segment7 of the receptor. This motif is involved in maintaining receptors in
an inactiveconformation. These receptors also possess the Asp/&igTyr/Phe motif at the
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interface of TM segment3 and intracellular loop 2 that is involved in activation epiGteins
Generally, the gands tothis family of receptorsbind either to the extracellular domain or
extracellular loops of th@Mdomain The family is further classified into falng groups:

1 Receptors for retinals, odorants, adenosines, etc. The ligand binding site is localized in

the 7TMdomains.

1 Receptors for peptides, cytokines, thrombin, etc. The ligand binds to either to the

extracellular loops or to the upper parts of tiéldomain

1 Receptors for glycoprotein hormones. Receptors have large extracellular domain where

the ligands bind25, 26].

Family B receptors (Secretin receptor family):

The Nterminus of family B reqeors is ~6880 aalong and contains conserved Cys residues
which are particularly responsiblerf ligand binding. The ligands for this family are peptides.
The receptors include secretin receptor, calcitonin receptor, calcitonin receptor like receptor,
parathyroid hormone releasing receptor, vasoactive intestinal peptide receptor and di?&rs

26).

Frizzled/ Taste2 receptor family:
This family contains two groups of receptors clustered together to form a single family.

1 Frizzled receptors contain a 200 adagd¥minus with conserved Cys residygarticipating
in ligand binding. They bind to a glycoprotein cal\&tt as their ligand andequire
accessory proteins know #ipoprotein receptor related peptides (LRPs) for Wnt binding

and signaling.

1 Taste2 receptors have a very short-tdrminal andthe ligand binds to -TM domain.
They are expressed in the tongue and palate epithelium and function as bitter taste

receptors[25, 26].
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Family C receptors (Metabotropic glutamate receptor fag)i

The Nterminus of these receptors is ~280 to 580 aa long which contains the ligand recognition
domain. Family C receptors include 8 metabotropic glutamnaceptors, 2 GABA receptors,

CaSR, GPRCG6A and 5 taste recepfis The Nterminus forms two distinct lobes, separated

by a cavity in which ligand binds, causink S f 26 Sa G2 Of2aS | yR (Kdz
model (Figure 1.3). This twobed structure is separated from-TM domain by conserved

cysteine residues that play multiple roles like maintaining receptor conformation and functional

activation of recetor following stimulation by agonisf25, 26].

<«—ECD

<-Extracellular loops

<«—TMD

Intracellular loops>

7 <«— C-tail

Figure 1.3: Schematic representation of structure of Family C GPCR.
Two Family C GPCRs, CaSR and its closely related r&éeBRG6ere studied in this project

1.3. CaSR andts role in C&* homeostasis:
As mentioned earlier, CaSR is a GPCR which bitZi'tand sothe discovery of CaSR provided

a link between changes in extracellul@g* levels and changes in PTH secretid).
Pathologies related to the inherited mutations of CaSR have established thatag &n
important regulator of systemi€&" homeostasis, which will be described latersection 1.4
CaSR is a widely distributeglsurfacereceptor and its role irC&" homeostasis should be

understood by studying its expression in the tissues involved in the mechanism.
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1.3.1. Parathyroid cells:
CaSR is very highly expressed in the parathyroid glands on the chief cells, where it senses

increases in the levels of extracellul@&* and inhibits the secretion of PTH to prevent its
hypercalcaemic actionglO, 28, 29]. It also reduces the expression of PTH mR80 and
proliferation of parathyroid cells in cultur¢3l] through an array of second messenger
signalling. Recently, it has been shown that inhibition of PTH secretion is not a robust response
to check against hypercalcaenmas micelacking the PTH gene could defend against induced
hypercalaemia similato wild type micewhereas mice lacking both CaSR and PTH fzéled

to do so[32]. This means that hypercalcemia can be defended by other mechanisms. So, the
PTH secretion from chief cells to defend against hypocal@aés probably the primarlgut not

robustfunction of parathyroid glands i6&* homeostasis.

1.3.2. Thyroid:
CaSR is expressed tire thyroid parafollicular €ells where upon sensing increase in serum

Cd" levels, it facilitates the secretion of the hygalcaemic calcitonifid3]. Accordingly, mice
with a heterozygous mutation of CaSR have decreased secreted calcitonin levelsQafider
challenge, compared to wiltype mice and consequently exhibit a compromigedponse to
hypercalcaemiaindicating the role of CaSR in calcitonin secretidd]. The importance of
calcitonin inC&* homeostasis is demonstrated by a study where mice with a functional CaSR
but lackingthe PTH gene, defended against hypercalcaemia by sagratore calcitonin and

increasing renaC&* clearance compared to the double kneckt (Cast™. PthH’") mice[32)].

1.3.3. Kidney:
Kidney regulates the excretion/reabsorption of nutrients including divalent ions and hence

plays an important role in divalent ion homeosts. CaSR is widely expressed in different parts
of kidney, where it facilitates the excretion @&* and reabsorption of phosphorus upon
activation [32, 3537]. Role of CaSR in ren&l&" homeostasis has been conclusively
demonstrated and is shown to be ingendent of PTH regulation. It was shown that mice
lacking both CaSR and PTH gaomuld not defend against hypercalcaemia as compared to wild
type because of their reduced ren&@d" clearance[32, 35|, and compromised calcitonin

secretion[32]. In order to check whether these effects were due to the absence of PTH, mice
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with a functional CaSR but lacking PTH gene wese tsted under same hypercalcaemic
challenges and it was found that they could defend similar to wild type. This shows the
importance of renalC&* homeostasis governed by CaSR. Accordingly, réedlclearance

along with the actions of hypocalcaemic@al 1t 2 y Ay &aSNBSa a || WOSAftAY
[32].

C&"* reabsorption in the kidneys is caused by the action of'M&CI co-transporter (NKCCR
and the K" channel Kir 1.1. The actions of these channels cause reabsorption of NaCl, which
createsa difference inthe membrane potential favoring&* reabsorption[38]. It was shown
that CaSR inhibits the action of Kirl.1 channel under hypercald&gjisSo, it is suggested that
activation of CaSR leads to failure in generating membrane potential favorabl€d#6r
reabsorption. [38]. Further to this, 1,28lihydroxyvitamin@ also facilitates directC&"
reabsorption in kidneyf8]. Activation of CaSR also inhibits the PTH mediated maturatiah- of
hydroxycholecalciferdio calcitriol as shown by experiments in the hunyaoximal tubule cell

line HKEB [39]. In vivostudies onCasi™ mice have shown that CaSR dampens the response to
1,25dihydroxyvitaminRindependently of PTH actiofi40]. Thus CaSR exerts a tight control on
circulating 1,2&dihydroxyvitamin@ both at the level of its synthesis and in modulating its

effects.

1.3.4. Bone:
Boneis the largest reservoir o€&" in the body andsois also intimatelyinvolved in systemic

C&" homeostasisBoneconstantly undergoes formation and bredkwn leading to changes in
local C&* concentrations. Sensing such changes becomes important to orchestrate the activity
of different bone cells. CaSR is present in bone and plays a role in sensing local ch@xefes in
concentrations. CaSR is expressed in bone cells such as ostephlad®d, chondrocyte§43],

and osteoclast$44-46]. Targeted deletion of CaSR (lacking exon 7 which codd3Malomain

and intracellular loops) in osteoblasts in mice using t¥peollagen promoter resulted in
significant reduction in body weight and severe unda&neralization of skull, ribs and long
bones[43]. There was marked reduction in bone volume, bone mineral density and thickness of

trabecular and cortical bone and increasagbptosis of osteoblasigl3]. There was an increase
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in osteoclast numbers and osteoclast function promoting*BFsignalling47]. Also, expression
of IGF1 (anabolic in bone) was reducg#3]. Using a different promoterosterix which isnore
specific for osteoblasts, similar results were obtaind®]. Cocultures of osteoblasts and
osteoclasts derived from these mi@x vivoexhibited delayed differentiation and reduced
mineralization of eteoblasts and increased ostdastogenesis, supporg the in vivo
observations[47]. These results are also supported ibyvitro studies which show that CaSR
promotes primary osteoblast proliferation, expression of differentiation markersd
mineralized nodule formation upon increase in concentration of extracell@a via
extracellular signategulated kinasel/2 (ERK1/2 Akt or c-Jun NH(2jerminal kinase(JNK
pathways[41, 42]. These results show a direct role of CaSR in bone and the pathology of the
knockout models is related to defective mineradtion and paracrineC&* sensing leading to

imbalance in bone turnovda7).

CaSR deletion in chondrocytes in mouse model using-2ymellagen promoter caused
embryonic lethality before E3Lldue to inhibition of early cartilage and bone mineralizatji4§|.
Using tamoxifen inducible knockout, CaSR titmteafter E13 resulted into viable litters but with
severe defects in cartilage and bone mineralization and significant reductions-ihd@dF IGF

1R expression in growth plafé3]. This shows a definitive role of CaSR in cartilage.

In the case of osteocless CaSR, upon activation exhibits a regulatory fé&e 45]. In cultured

rabbit osteoclasts, CaSR is responsible for regulation of osteoclast activity as measured by pit
formation on dentine sliceg44]. Decreased osteoclastogenesis was seen in immature
osteoclasts (RAW 264.7 cells) expressing dominant negative CaSR mutant; and in osteoclasts
derived from Casf™ mice [45]. Also, CaSR activation by 20m®E" caused PLGIFSB
dependent apoptosis of normal cultured rabbit osteocldgtS]. This shows that CaSR dam

inhibitory role in osteoclast function.

Taken together, CaSR playsole in bone by sensing changlesal C&£* concentratiors within
the bone microenvironment and possibly by orchestrating the function of bone cells, as shown

in figure 1.4 below
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Figure 1.4: Schematic model for the role of CaSR in bone remodelling, based on the evidence from in
vitro studies:

CaSR on presteoclasts sense high loc&d" levels upon bone resorption causing decreased
osteoclastogenesis and increased apoptosis, whserCaSR on possteoblasts is activated promoting
proliferation and differentiation of osteoblasts. Adapted fr¢48].

1.3.5. Gut:
Food digestion and nutrient absorption includitiiat of C&*, takes place in the gut. CaSR

expression has been established ddiray the gastrointestinal tract namelyhe stomach[49],

small intestine[50] and colon[50, 51]. Although it is known thataicitriol increases intestinal

Cd&" absorption from dietary sowes[2] as a part ofC&" homoeostasis, a direct link between

the role of CaSR and intestir@# " transport is yet to be identified. However, the expression of
CaSR in the gut has been linked to facilitation of food digestion and nutrient sensing. CaSR is
shown to be activated by aromatiedain vitroin the presence of extracellul@z*[52]. So, the

aa serve as allosteric activators of CaSR. Indeed, it was shown that CaSR caused secretion of
CCK upon activation byada from intestinal mucosal cells isolated from mice, an effect which
was blocked byCaSR antagonig63]. Also, it was shown that in the @ells of stomach,
activation of CaSR leads to gastrin release, with a concurrent rise in intracEil§49]. This

aids in further digestion of food and consequent increase in nutrient absorpttdmas been
hypothesisedthat as the demand for mor€&” rises, the level of extracellulaE&” in the
stomach possibly modulates CaSR to cause more gastrin secretion, which causes more

ionization ofC&" from food and consequently its absorption in tmtestine[54].
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Thus, CaSR is essential @f* K2 YS24a il ara FtyR | O0Ga tA1S8

hyper and hypo calcaemic activities of hormones involved in the mechanism.

1.4. Pathological mutations and knock -out models of CaSR:
The importance of CaSR@a " homeostasis is supported by the pathological conditions caused

by its inactivating and activating mutatiores well ady the phenotypes of th&nockout mice

models.

Heterozygous inactivating mutations of CaSR cause Familial Hypocalciuric Hyperealcaemi
(FHH), which is an autosomal dominant disorder characterized by mild, long and asymptomatic
hypercalcaemia serum C&* concentration from ~275 to ~3.5 mmol/l), that significantly
reduces the rates of urinaryC&" excretion[55]. Hypercalcaemia is caused duethe decrease

in sensitivity forthe extracellularcC&* because of lossf-function mutations and consequently
increased PTH level]56]. Apart from theinactivatingmutations, it has been reported ithe
clinical studies that in some patients with normal functioning CaSR, production of auto

antibodies against the f#rminal of CaSR cause an acquired FHH like disfB@des8].

Homozygous lossf-function mutations of CaSRcause life threatening Neonatal Severe
Hyperparathyroidism (NSPHTP5, 59]. Accordingly, total parathyroidectomy must be
performed invery early stage of life to prevent death. NSHPT is charasdriby severe
hypercalcaemia (~3.5mmol/l to 6.257.5mmol/l total C&* levely, hyperparathyroidism,

skeletal defects such as fractures of long bones andguscauserespiratory distres$60].

In both casesdefective CaSR results impaired C&* perception and consequentlyeading to
an increase in th€&* sensing sepoint [61]. Accordinglythe parathyroid gland perceives the
C&* levels in the serum as low evehough they are higher than normal, and continues to
secrete PTH causing hypercalcaemia. Also,Gié levels inthe kidneys are detected as low
and so the excretion ofC&" is prevented by increasingenal reabsorption causing

hypercalcaemia
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On the other hand, activating mutations of CaSR cause Autosomal Dominant Hypocalcaemia
(ADH), in which the&C&*-set point is lowered byver-sensitive CaSR and consequently PTH

secretion is inhibited an@&* excretion is elevated even at low levelsG#* [62].

Approximately a total of 253 mutations of CaSR have been associated with FHH, NSHPT and
ADH according to the information on theC&" Sensing Receptor database

(http://www.casrdb.mcgill.ca/?Topic=MutationSearch&v=new&§=wthich includs missense,

nonsense, deletion and or ind&m, silent and splice variant mutationgth a majority of them

within the Nterminal domain of the receptasuggesting its importance.

Evidence from CaSR knemkt animal studies also demonstratd the vital role of CaSR in
systemicC&* homeostasis CaSR nockout mouse model with targeted disruption of exon 5
(which codes forthe residues 4636 ofthe Niterminal domair) exhibied similar phenotype

to FHH and NSHPT in humans corresponding to heterozygous and homozygous dg8&fions
These exon Hleficient Casi™ mice exhibied impaired growth from poshatal day 2 compared

to the wild type orCasr” mice. Also digh rate of mortality of the knoekut mice within day 7
postbirth was observed63]. The knockout mice exhibited increasedC&* and PTH levels,
modest increase in magnesium levels, parathyroid hyperplasia, iethaenal C£* excretion

and bone abnormalitie§63]. However, this phenotype could be rescued by deleting the PTH
gene [35], or the gene responsible for the development of parathyroid gikitbwn as Gcr2
(where the mice fail to develop parathyroid gland$4]. These results indicate that the
phenotype observed in exe deficientCasi™ mice was mainly due to hyperparathyroidism
and a definitive role of CaSR in individual organs like bone could not be established. Hawever, i
was found that exord CaSR knoakut is a hypomorph, which meant that the spliced receptor
lacking 77 ain the Nterminal domain was partially functional and could compensate for the
absence of full length CaSR in cultured mouse kerating@Bge growth plate chondrocytes
[66] and lungs[67]. Accordingly, an alternativ€aSR knoetut murine model has been
established with targeted deletions of exon 7 (codes fd@iVfdomain and 4 intracellular loops)

in specific tissues like parathyroid glands, bone or cartilage, as described earlier if43]3.4

Accordingly, this modelds shown that mice lacking CaSR in parathyroid glands have severe
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hyperparathyroidism, growth and bone defedts3]. The above evidences from the clinical and

animal model studies thus demonstrate an essential role of CaS&'inomeostasis.

1.5. Ligands of CaSR:
CaSR is a highly promiscuous receptor which binds a variety of natural and synthetic ligands.

Although the primary ligand is considered to 8¢, many functional studies have helped to
understand the affinities of various ligands activating the CaSRhwvpoint its important role in
physiology in different systems. Due to the absence of high affinity ligands of CaSR, the
potencies of ligand$iave been determined using functional assays for signal transduction

pathways, rather than the usual radioligahohding assay used for other GPCRs.

1.5.1. Cations:
CaSR was discovered a€&™-sensor from the bovine parathyroid cells, where it inhibited PTH

secretion upon activatiofil0]. The pharmacology @& " binding to the CaSR has been further
understood by expressing CaSR in various cell syssamds measuring the increases in
intracellularC&* concentrations and fand PIPLC activatiomccordingly, ser-expressing the
recombinant CaSR in various cell systems Xi&aopus laevisocytes[10], HEK293 R8]|[6§]

have reportedthe potencyfor C&* (Ego value) between 34 mM. The binding ofC&" to the

CaSR is a highly synergistic event, where binding of one molecule facilitates the binding of more
Y2t SOdzAf Sax | & Ay Raffldiend 6 R34 §68-71)11 Kdgestings multilesg™ O 2
binding sites. This property enables the receptor to sense minute changes in extrad@#iilar

levels, even though the Eds between 34 mM.

Apart fromCa®**, Mg®*is also an agonist of the Ca®fh an Eg of 47 mM depending on the
concentration ofextracellularC&*[10, 72, 73]. M¢f* is also considered to be a partial agonist of
CaSR, with a Hill&o-efficient of around 1 and eliciting 580% of maximum response
compared toC&" in IP activation30], suggesting that ain vivoconcentrationsC&" and Md"*

might activate CaSR in additive fashion.

Other cations with a higher potency than the above stated ligands as measur&h®R

mediatedC&* mobilization, IRactivation; or PLAactivation and pERK phosphorylation in CaSR
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transfected cells, includeGd* (~2.2 pM)[73-76], Zrf* (~132uM), Ni* (~120pM)[77], PE*
(~140pM), CB (~400uM) and F& (5mM elicits response, Egcnot determined)[74]. Other
divalent inorganic ion ligands of CaSR with potency in millimolar rangeCH{eand Md"*
include B&" (<2 mM) and MA* (2.8mM)[30] and Af* [75, 78]. While most of the divalent ions
may be thought to be present in the body asfeators for enzymesr for other purposes, their
physiological concentration is much lower than that required to activate the CaSR and are
unlikely to represent as physiological agonists of CaSR under normal conditigng7].
However, they may contribute to heavy metal toxicity in the body likthenkidneys or liver,

especiallysincethey activate CaSR additively wifl&" and Md™* and bind at a high affinitj74,
77).

It is shown that gontium ranelate which is used as an ansteoporoticdrug, exerts its effects
on osteoblasts and osteoclasts via the CEER80]. In rat primary osteoblasts, Bistimulated
the proliferation of the cellsby activating theCaSR59], whereas in ostedast St* induced
apoptosis viaCaSRnediatedt Y /-DAG pathway[80]. Its potencyto activate the CaSR is
positively relatel to the extracelluallC&* concentrations. This effeaif strontium ranelate on
the CaSR in osteoblasts and osteoclasty be directly implicatetb its antiresorptive actiorin

Vivo.

1.5.2. Polyamines:
CaSR is allosterically activated by sperming, (BE®00uM) and spermidine (kzc~4mM) inthe

presence of 0.5mM extracellul@&* concentration inCaSRransfectedHEK293 cell§71]. The
potenciesof the polyamines aralirectly related to the number of positive charges on the
molecule(spermine has 4 positive charges and spermidine has 2 positive charges), as well as to
the extracellularC#* concentration. The binding of polyamines is highlyoperative with a

| A f teficient©Of2-371].

1.5.3. Aminoglycoside antibiotics:
In cell systems like oocytes and HEX3 overexpressinghe CaSR, its has been shown that

neomycin (Eg ~50uM) activates the Ca$Rs, 81, 82]. In opossum kidnegellsendogenously

expressing CaSRBther aminoglycoside antibioticsn addition to the neomycin such as
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gentamycin (Bg ~258uM) and tobramycin (&t ~170uM) increased CaSRnediated
intracellularC&*levelsand ERKL,2 phosphorylation through PHPLC dependent pathwd$1].

The rank order of potenesof these antbiotics is directly proportional to the number of amino
group present in their structure$82]. In transfected HER93 cells, the sensitivitpf CaSR for
aminoglycosides was shown to pél mediated82]. Accordingy lowering the extracelllar pH

from 7.4 to 6.9 to mimi¢he conditions in the proximal tubule enhanced the sensitivityhaf
CaSR towardthe aminoglycoside antibiotics (lefthift in potency) withoutany change inthe
maximal response. This effect is thus related to timerease in ionization of thantibiotic [82].
Sincethe major site of aminoglycoside antibiotic toxicity is kidney, these studies suggested
CaSR activation by thentibiotics couldprobaldy be the mode of action of this phenomenon

[81, 82].

1.5.4. Amino -acids and polypeptides:
CaSR has been demonstratirlbe astereoselective receptor forthe L-aromaticaa It was

shown thatL-phenylalanine (Eg~2.2mM) and #ryptophan function in an allosterimanner, in
the presence of >1 mM extracellul@&* to activate CaSh transfected HER93 cells [52].
Furthermore, a mixture of-aaat a concentration emulating the fasting serum levels activated
the CaSR by increasing its sensitivitC' by 2040% compared to individuaia[52]. So it was
hypothesisedthat in physiology, CaS#®uld also act as a nutriemtensing receptor in the gut
where differences inthe levels of kaa can modulate its sensitivity leading to changes in
digestion response$52]. Furthermoresince CaSR is also expressed in the neurons, it
hypothesisedto contribute towards theneurotoxicity caused by high phenylalanine levels in

phenylketonurig52].

Using CaSRansfected HER93 cells and cultured rat hippocampal pyramidal neurons lacking
I F{wZ Al ¢ & RSY?2 ypeitdelactiRed thekOaSR al 1Y €oBcenRation
consequently eliciting Gearesponses via neselective cation channg83]. However, his effect

at normal physiological levels has not been verified[$8].
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1.5.5. Phenylalkylamine derivatives
Phenylalkylamine derivatives are small molecule, orally active compotiradsmodify the

affinity of the CaSR foE&*. The ompounds that increase the affinity of CaSR @ft* are

known as calcimimetics, whereas those inhibiting the activity of CaSR are known as calcilytics.

Calcimimetics function only ithe presence of extracellula€&” (minimum 0.5 mM) and hence
are positve allosteric modulator$29]. The first generation calcimimetics were NF& and
NPS568 which increased thsensitivity of CaSR f@&" in CaSR transfected HEB3 cells and
concurrently decreased the secretion of PTH in cultured bovine parathyroid 28)llSNP$568
was tested for use in humaregainstsecondary hyperparathyroidism (HPJaused by end
stage renal disead®4, 85]. The compound decreasetie serum PTH concentriains, increased

calcitonin secretion from thyroid-€ells and lowered ionize@& ™ in the serum[84, 85].

However, NPS68 was superseded la/second generation calcimimetic called Cinacalcet (NPS
1493, AMG 073, Sensipar®) which has better bioavailability and pharmacodyhaénig7].
Cinacalcet is the first calcimimetic available as an-&pkoved drug for the treatment of

secondary HPT and it efficiently reduces serum B and C&*-phogphorous level$88-91].

Interestingly, it has been shown that calcimimetic N¥B8 can act as amallmolecuk
chaperone for CaSR. CaSR like all GP&®Ribits a secretoy pathway for cellsurface
trafficking. Typically for GPC&fter synthesis the polypeptide is directed tive ER, where the
receptor gets folded, athored in the ER membrane amlcore-glycosylated. It is here that a
chaperoneif any, couples to the receptor Next, the receptor is transported to the Golgi
apparatus where it is terminally glycosylated before delivery to the plasma membrane. It was
observed in a study that overnight incubation with N6&B under normal cellula€&* levels,
rescued the lossf function CaSR mutants from ER retention and incrédseir expression on

the cell membrane in transfected HRR3 cells[92]. Using*[S]cysteine labeling strategy to
mark the newly synthesizetf[S]CaSR, it was disered that NP$S68 increased the plasma
membrane CaSpopulationby inducing an active conformation of the CaSR which increased its

co-translational stability and also increased the entry of maturely glycosylated CaSR into the
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secretory pathway from ER tell membrang93]. This shows a conformational check point in

the ER as a part of CaSR biosynth@ss

NPS 2143 ({6 ~43nM) was the first calcilytic reported to inhibit the function of CaSR in
transfected HE¥93 cells and increase the secretion of PTH in cultured bovine parathyroid cells
[94]. However, its long halffe resulted into chronic PTH elevations causing increased bone
turnover, but no change in the bone minerabity[95]. This study led to a novel approach for
the development of treatment for osteoporosis, wherelhort increases in endogenous PTH

levels can result in bone formatig@s].

SB423557, a calcilyticatived from NPS 2143, demonstrateeBZold transient increase in PTH
levels leading to increagdbone mineral density along with normal tolerance in healthy human
volunteers[96]. With recent advances other calcilytics with promising initial results in animals
have ben developed like compound 7h and 11m by Novartis and30%5T97, 98] but their

potency, efficacy and safety in clinical trials have not been reported yet.

1.6. Structure -functional relationships of the CaSR:
Brown et al were the first to clonethe CaSR by functional screeningtbé Xenopus laevis

oocytes transfected with bovine parathyregland RNA librarj10]. As described earlier, CaSR

belongs tothe Family C of GPRCs. The topatal structure predicted from its nucleotide

sequence consists of three main structural domaii3: g large extracellular amino terminal
R2YIAY 09/50 @KAOK AffytrllLIEA 20 +Q-¢fof SRR Y@k 346D @& e Syf
TM domain and3) ~2M aa Gterminal tail[10].

1.6.1. The extr acellular domain (ECD ):

The large ECD of the Famip@ / wa &Kl NSa | O02YY2y GRILEI RITWE 2
structure. The structure of the ECD of Class C receptors was first identified by 3D modeling of

the ligand binding ECD of the metabotropictghaate receptorl based on its homology with

bacterial periplasmic binding protembserved bysequence identity analys|99]. In the case of

CaSR, structural homology using the solved crystal structures of the extracellulardigeim)

domairs of mGIuR1100,, mGIluR3 and mGIuRZI01], demonstrated that CaSR shares the bi
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lobed Venudlytrap (VFTY~600 aa)domain followed by 62 residue of cysteineh domain
[102].

The Nterminal domain of the CaSR extends from the res&@é to 536 and has 11
glycosylation site$10, 103]. N-inked glycosylation is shown to be important for the effective
cellsurface delivery of CaSRL04]. Sitedirected mutagenesis revealed that out of the 11
putative Nglycosylation sites, 8 are effectively glycosylated #mel glycosylation of at least

three sites is critical focellsurfaceexpression of the receptdd 05).

ECD is the binding site f@&" aswasdemonstrated by chimeric receptor approach using ECD
of the CaSR and'M domain aml Gtail of mGluRXo measurePFPLC responses ©&". It was
shown that he mutant receptor was not compromised for i&f-sensing ability and could
activate P-PLC effedtely, thus indicating thaC&"* bound to the ECIPLO6, 107]. Recent studies

by Huanget alhave mapped akeast 5 important separate residues on lobes 1 and 2 of the ECD
and the hinge region connecting them as putattv&" binding[108]. Here theECD waslivided

and cloned into three functional subdomains containing putatBé* binding sites predicted
using homology modeling with mGluRIhedivalent bindingcharacteristics of thee proposed
siteswere testedusing terbiumluminescence transfer analysiad intracellularC&" increases
(Here, terbiumion- Tb*, is used as a trivalergnaloguefor C&* as it has same ionic rag and

it produces luminescence due to energy transfer frtdme aromatic residues in the binding
pocket, and hence is used to prokt" sites. Additionally, terbium binding is competed with
increasing concentration of&"). Based on the resultsbtained a twostate CaSR activation
modelwas proposel [108] (Fig 1.5); according to whichnder normal physiologic&&” levels
(1.1-1.3mM), the receptor exists in a partially active form dueC&#" binding to only onehigh
affinity site (site 1 shown in figure 1.5) and is responsible for sensing and maintenance of this
balance (basal activity). At low&z" levels thanl.1-1.3mM, the conformation of the receptor
changes to inactive form due to dissociationG#" from the highaffinity site 1. Such a change
would facilitate secretion of PTH, which in turn elevates extracellular leve@&4f On the
contrary, under very higiC&" levels,the receptor changes to an active conformation, due to

C&" dockingat all the bindingsites;whichin turn leads to inhibition of PTH secretiof108]. The
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study also identifiedhe known loss and gainf-function mutations relatd to FHH and ADH

respectively withinthe identified C&* binding sites, which not only supports the results

obtained, but also gives a physiological significance to tHd€§].

Also, the binding site for neomycin is localized to the ECD as reported by a study where a

chimeric receptor, containing ECD of mGIluR1 &htdomainand Gtail of CaSR, could not be

activated by neomycin, whereas the reverse cguafation of the chimeric receptor responded

to neomycin[107].

Inactive state

Normal [Ca*?]

Figure 1.5Hypothesisedwo-state working model of CaSR:

Active state

White circles represent empty sites and grey circles repre€etitdocked sites. LB=lobe. The active and
Ay SldZAf A6NRdzYE | yR
association or dissociation @&" ions in the predicted binding sites. HigHfinity site 1 senses the
normal rarge of extracellulaC&" levels (1.141.3mM). Under lowC&" conditions, theC&" binding sites
are empty, and the CaSR exists in an inactive conformation. UndeexiigitellularC&* conditions, the
binding of C&" to all sites leads to conformational @hges that favor activation of the receptor. Thus,
deviation from the state of homeostasis can be restored by the sensing of extrac€Hilary these
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putative C&*-binding sites and the resultant reversible conformational charjges]®
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In addition to the role as an orthosteric ligand binding domain, the E@I3o involved in CaSR

dimer formation by harboring Cy8ys covalent bond sitg09], which is discussed further in

section 16.4.
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A separate ysteinerich domain is attached to the end of ECD by 1eomalent interactions
[11Q, that consists of 9 highly conserved Cys residueish is responsiblen activating theTM

domain by theconformational changes due to agonist bindioghe EC[)102.

1.6.2. The trans-membrane domain:
The seven transnembrane helices of the CaSR alondhwite extra and intracellular loops are

involved in noaredundant roles suclas processing anaellsurfacetrafficking of the receptor
[111], maintaining normal conformation of the receptf®8, 112, binding of phenylalkaminre

derived allosteric modulatorgl 13] and Gprotein coupling114).

CaSR requires all the seven tranembrane domains for core glycosylation and -seliface
expression of the receptor. It was shown that CaSR mutants with three drdivemembrane
domains expressed in HE2R3 cells were not corglycosylated, failed tdraffic to the celt
surfaceand hence showed no activity in response to extracellG&f [111]. This can be due to
improper folding and ER retention or faster degradation of these mutant receptdrsn
compared to thewild-type receptors[11]]. It has been shown that five important acidic
residues (Ghr55, Gld757, Aspr58, Glu759 and GIw67) on the extracellular loop 2 are

responsible for celsurface trafficking and response @&£*[117).

In additon to this, the TM domain contains resigesthat preventan increase irthe sensitivity

of the receptor towards ligand without changiitg cellsurface trafficking. Alanirsubstitution

of three residuef TM domainwhich are conserved among the family C members {/Ash

Glu759 and GItr67), increased the sensitivity of CaSR@et, leading to aspeculation that

these residues impose conformational limitations to the CaSR to redsidesal activation

[117]. Indeed thephysiological importance of this is demonstrated by the presence of activating
mutations of CaSR causing ADH, in T domain. Residues between 4849 and GItB37
present at the junction offM helices 6 and 7 (includes extracellular loop 3) harbor these
activating mutations, which increase the sensitivity of the receptorddf, without change in
celksurface expression levels in context to wijghe receptor[68]® ¢ K A3aLJ2WKQ2 GF 2 NJ ! 5
mutations was discovered by creating CaSR mutants using systematic alanine mutagenesis of

these residues and measuring responsesQa’ in HEK293 cells[68]. Also, an important
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residue PreB23 on TM6 oftaSRs responsible for switching of the receptor framinactive to

an active(functional)state uponC& " binding.[68].

TM domain of the CaSR is also responsible for bindingt®positive and egative allosteric
modulators. A study using chimeric receptor approach with the ardi@oninus of the
rhodopsin receptor and th&M domainand Ctail of the CaSR demonstrated that the mutant
receptor still retained biological activity towards N8B, an allosteric positive modulator
[113. Different approaches have been used to m#pe residueswithin the TM domain
responsible forbinding the allosteric modulators. These include using ECD deleted CaSR
mutants J8]; mutation of specific residues tie TM domain B8][94]; using a homology model
of CaSR'M domainmade by sequence alignment withe rhodopsin receptor backbong 15|;

as well asa three-dimensional model of the CaSRM domainbuilt via sequence alignment
method based orthe conserved residuesbtained by usinghe crystal structure of bovine
rhodopsinreceptor as a template [116). The resultobtained by these studiebave revealed
overlapping and separateindingresidues for NRS68 (cécimimetic) and NPS 2143 (calcilytic)
on theTM helices 2, 3, 5, 6 and(doublelined and bold circles in figure 1[68, 112 115117
(TM domain3 and 5 residuesexclusively bind calcilytid;M helicess and 7 shared residues for
both). This suggests thahe binding pockets of the positive and negative allosteriautaigprs

are partially overlapping, but not identical.

Also, using chimeric receptor containing ECD of mGluRTkhdomain and>tail of the CaSR,
it was observed that Gd could activate the mutant receptor transfected Xenopus laevis

oocytes, indicatig the presence ats possible binding site ilM domainof the CaSRLO7].

Theintracellular loops of CaSR areportant for interactionof the receptorwith Gy1 proteins
(broken circles in figure 1,8)hich werediscoveredby testingthe effect of alanine scanning
mutagenesis on signalling tfie bovine CaSIRL14]. CaSR also couples to otheipfdteins as

described latebut the mechanism by which it couples to othesp@teins is still unknown.
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Figure 1.6: Schematic representation of CaBRdomain:

7 TM domains of CaSR are shown with alternating extracellular loops are shown in light grey and
intracellular loops are shown in dark gre9oublelined residuesepresent iteracting sites for both
calcimimetics and calcilyticBold circlesare residues interacting with calcilytics onBroken circlesn
intracellular loop 2 and 3 represent residues affecting,@ediated PIPLC activation. Reprinted from
[118] with kind permission from John Wiley and Sons. License nwBéi7650617213.

1.6.3. The Gterminal domain:
Gterminal tail of the human CaSR is 2d#&long and is composed of residues 88378[28§].

Functional importance of the-tail of CaSR is rendered by stretches of residues from83@5
which areshown to beinvolved in celsurface trafficking atWor signalling of the receptof69,

93, 111].

In the case of residues important fareceptor trafficking CaSR aail substitution or deletion
mutants reealed that residues between 8&%/4 (double circles in figure 1.pyomoted cel
surface receptor expressididll]. Recently, it has been demonstrated that residues between
868 to 898 are responsible for ER retention, a property of the CaSR which acts as a quality
control checkpoint[93]. They used®[S]cysteine labeling pulse chase tcomitor receptor

synthesis and trafficking of wild type vadl truncation CaSR mutanf83].
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For normal signal transduction t¢fie CaSR, residues 8888 (grey circles in figure 1.8re
essential for RPLC activatiolll]. Also, the residues between 8@&B6 (region indicated by
broken line in figure 1.7)especially the residue 876; appears to be important for Ge"

sensitive activation of g&roteins[69].

Activation ofthe CaSR can caupbosphorylationof protein kinase C (PKC), which disrupts the
signalling of the reeptor. PKC mediated phosphorylation of active CaSR causes inhibition of
most of the PIPLC mediatedignalling[119, 12(. The CaSRt@il as well as intracellular loops

of the TM, contain five PKC phosphorylation sites, out of which T888 is the maj@ngéasged

black triangle in figure 1.7)119. Hence,PK@mediated CaSR phosptylation serves as a
negative feedback mechanism leading to oscillations @f i@stead of constant elevate@a;

and thusprotecting againsthe cytotoxic effectof the latter[120].

There is evidence suggesting an involvement of GRK (GPCR kinase, regulating the activity of the
NB O S LJi 2-atdéstins ii RK@ediated inhibition of CaSR signallimHEK293 cells over
expresd Yy 3 D w ¥YaIrestinand aSR. It was initially reported that eeepressing GRK

GRKn I yaRestin2 in HEK 298aSR transfected cells caused agonist dependent inhibition
of CaSR signalling via GR&diated PKC phosphorylation of the receptordasubsequent

0 N} yaft 2 Gdrréstin2oythe #il ofithe CaSRL21]. However, a more recent study using
HEK293 cells modified for stronger anchoragashsuggested that an agonist dependent CaSR
LIK2 4 LK 2 NB f | (0 A 2 yarrestia medidted inachivatiod andi desensitization; whereas
GRK2 and not 4 leads to agonist dependent CaSR inactivation and desensitization by inhibiting
the G jjproteins and nbby PKC activation as previously reporfé@2. In addition to thesen

vitro studies, i -arrestin2 nultmouse exhibied increased sensitivity taC&* [121]. This was
demonstratedby lower PTH levels under moal conditions compared to the witype mice,

and an attenuation of increase in PTH secretiimresponse tdforced hypocalcaemiahence

F dzNJi K SNJ & dz3 3 S & (i Aayrébtinlin Ca$Ralesdnsitzafd2NR t S 2 F |

Slower desensitization following agonist stimulation is an importéedture of CaSR in
physiology which is attributed to the-@€rminal tail. It was showthat the residues between

868-886 (region indicated by broken line in figure 1.&$pecially 876, was responsible for CaSR
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desensitization[69]. This was done by measurin@&" activation of various CaSRtdll
truncatedGFP fused mutants artien studying their desensitization by visualizing for GFP to

assessheir location and expression levelpostactivation)[69].

Figure 1.7: Schematic representation of CaSRilC

Double circlesResidues 86874 supporting receptor expression and signal transducti@mey circles
Residues responsible for-PLC signal transduction alonBroken line circlesResponsible for co
operativity and decreasing rate of éensitization.Inverted blackriangle T-888 PLC phosphorylation
site. Black circlesResidues 96990 binding site for filamin A (discussedsection 18.3). Reprinted from
[118 with kind permission from John Wiley and Sons. License nuB&i7650617213.

1.6.4. Homo-dimerization of CaSR:
Oligodimerization is a comomly observed phenomenon amongst GPCRs, especially with Family

C receptors where it is a characteristic feat{it@3, 124]. CaSR exists as a houtimer on the
cellsurfaceand it is shown that its glycosylation is essential for the formation of a dit@9;
125]. CaSRidherization was discovered by reducing SEXSSE electrophoresis where shift in

the pattern of bands compared to nereducing conditions were observddi25. It was shown
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in transfected K293 cells that theCaSRouldexist in immature form being glycosylated with
carbohydrates with high mannose content (3B80kDa immuneeactive band) which is
present only intracellularly. On theellsurface it was present only in a mature state of

glycosylation (15.60kDa immuneeactive band]70, 104].

CaSRwvasshown tomainly exists as a dimer on tlellsurface at a size greater than 200kDa
observed byhon-reducing SD®AGE using HEXR3 CaSiansfectedcellsample. It was further
shownthat a proportion of 200kDa product got converted into a 160kiaad under reducing
conditions. This shows that only the mature glycosylatesulphidelinked dimeric CaSR is
present on the celsurface[125. These results were confirmed by-tomunoprecipitation
experimentsby transfectingseparatelytagged CaSRonomersinto HEK293 celld126]. Also, it
was reported that crosinking of thecellsurfaceproteins before SDBAGE produced bands
for CaSR at a siggeater than 280KDa suggesting its existence as adrdgr oligomer on the

celksurface[125].

The site for dimerization of CaSR has been mapped on the ECD of the receptor. It was sho
using sitedirected mutagenesis approach that €29 and Cy431 located within the region
protruding from one lobe of the Venus {tyap domain are essential for forming covalent
disubhide linkagefor the dimer formation[109]. However, it was observed in a later study that
mutating these residues could still facilitate the formation of a functiddaSRlimer, via non

covalentbonds betweerunrecognized residues possibly present in T domain[126)].

The importance of CaSR dimerization was demonstrated {expressiorof two CaSR mutants

one with a subunit unable to bind the agonist (mutation in ECD) and another with subunit
deficient for Gprotein activation (mutation in intracellular looplf. was observed thatdth the
mutants couldstill form dimersthat led to signaling, thusincovering the significance of
dimerizationof the CaSRo form a functional receptor unif127]. Thisresult also shows that

the ECD and the COOH are two important functional domains for the activity of the CaSR, which

may have compensatory role whefther oneof themis mutated[127].
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1.7. Signalling of CaSR:
Following the activation of CaSR, downstream signalling is complex artgpeetiependent.

CaSFhas been shown to activate various signalling pathways (figure 1.8) dependitite on
agonist orthe cell type.Sgnalling ofthe CaSR is discussed in more detail in section 4.1.2 of

chapter 4.

1.7.1. Pleiotropic G -protein coupling and activation of phosph olipases:
CaSR is shown to couple to more than orgr@ein by experiments in different cell typ§s28-

131]. The most characterized response upon activation of CaSR is increase in intraCeflular
levels mediated vi&y11 activated PLAP; pathway, in both CaSR transfected FHEX8 and cell
types endogenously expressing CaSR including bovine parathyroid[t88s.35]. In CaSR
transfected HEHR93 cells other phospholipases are also activated yja @athway such as

PLA which activates arachidonic acid and PLD which forms phosphatidifl&&d

Apart from Gn1, CaSR can also couple te ;@hich inhibits adenylate cyclase activity by
reducing cAMP stimulatiofii29]. In transfected canine kidney cells stably expressing CaSR, it
was shown that CaSR signals vig,gproteins[130]. Interestingly, it has been shown that CaSR
which couples to Gin normal breast epitheliatells, changes its-@otein preference to Gin

two breast cancer cell lines, with a potential significance for pathogenesis of cancer via PTHrP

secretion[131]. The mechanism for this is still unknown.

1.7.2. Protein Kinases:
CaSR activation has also been associated with activation of various MAPKSs to induce mitogenic

effects of extracellulaC&* on cells such as osteobladts36], ovarian surface epithelial cells
[137], fibroblastg138], opossum kidney and ovarian surface epithelial ¢8lls139, 14(].

ERK1/2 activation following &z and G activated PL@KC activation by CaSR has been
demonstrated in transfected HE¥3 cells and cultured human parathyroid cdlistl, 142].
ERK 1/2 activation has also beertriauted to PI3K-Akt pathway in various cell types such as
opossum kidney and ovarian surface epithelial cg@ls 139, 140]. How these pathways are

chosen or interact to cause ERK1/2 activation is not yet established.

45



Others MAPK activatl by CaSR are p38 in HEI3 transfected cells, murine osteoblasts like
cells and Leydig cell$43-145 and JNK in 300 Leydig cells and canine kidney cells line MDCK
[145, 146]. However, the significance of activation of different MAPKs by CaSR is not fully
understood in terms of its different biological actions via different ligands. Also, how various
signal transdugbn pathways (i.e. different @roteins to phospholipases tdifferent MAPK

activation) synchronize dependentlyr chosenexclusivelybased on agonist/cell type is poorly

i

understood.

& @ Cous) (575
PiK -

Figure 1.8: Schematic overview signalling pathways activated by th€aSR

1.8. Interaction of CaSR with other receptors and proteins:

1.8.1. Family C GPCRs:
FamilyC GPCRs have a characteristic feature of forming homodimers or heterodimers. As

already discussed, CaSR exists as hdimer onthe cellsurface Other family C receptors like
GABA receptors are shown to form obligatory functional hetiroers containing GABA(B1)
and GABA(B2) sulmits [147]. Alsq it has been shown that Famiy GPCRs can form high
order oligomers/hetereR A Y' S N& Y2y 3ad GKSYaStgSao -/ F{w
immunoprecipitated from bovine brain and 4ocalized in ippocampal and cerebellar regions

[148). This interaction was confirmed in transfected HFBROSf f & ¢ KSNX / F {w | yR
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mMGIuR5 formeddisulphidef A Y1 SR RAYSNBA® CdzZNIKSNY¥Y2NBZ /I {w
heterodimer complex, exhibited glutamate sensitivity and glutamate induced internalization, as
well as enhancedellsurface expression when ctransfected with mGIuR binding partner

homer 1c[148§].

In cultured growth plate chondrocytes, CaSR forms heterodimers with GABA(B) receptor, as
shown by cammunoprecipitation[149. Knockdown of GABB) blunted highC&™ mediated

PLC and ERK1/2 activation, suppressed cell prdlferand increased apoptosis, suggesting a
role of CaSKEABA(B) heterodimer faE&" sensitivity and normal functioning of growth plate
chondrocytes[149]. In another study, CaSR+GABA(B1l) and G¥B2) heterodimer was
co-immunoprecipitated from cdransfected HEK 293 cells as wellfiasn mouse whole brain

and hippocampal neuronfl50. AlthoughCaSR could traffic to theelksurfaceon its own in
transfected HER93 cells, GABA(B2) seemed to enhance ¢aksurfacepopulation of CaSR as

well as PLC activation following activatibg C&*, an effect which was not observed with
GABA(B1)15(. It is noteworthy that in transfected HEK 293 cells, CaSR facilitatesurface

expression of GABA (B1) subunit, which on its own was restricted inside {h8BER

1.8.2. Caveolae:
Caveolae are microdomains present on the plasneambrane, where multiple signaling

molecules are concentrated. CaSRoignd colocalized with caveolaewhich contains & «,um
nitric oxide synthase and several PKC isoforms in bovine parathyroid1del)s Caveolirl is
phosphorylated upon activation adhe CaSH151]. In addition to bovine parathyroid cells,
caveolinl is also cdocalized in humanparathyroid cells in culture, where it negatively
regulates the activity of ERK1J252]. This was shown by observations where the localization of
phosphorylded ERK1/2 was found inaegeolinl in normal cultured bovine and human
parathyroid cells. On the contrary, in parathyroid cells cultureanfradenomas, decrease in
caveolinl expression was ceelated to hyperactivity of ERK1/2 localized in perinuclear and
nuclear regions. This resulted in increased proliferation and reduce@&" sensitivity[152).

This suggests a role of caveolaeormal functioning o€£&* sensing of parathyroid cells.
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1.8.3. Filamin A:
Filamin acts as a scaffolding protein that crosslinks actin and can directly lirdetsairface

receptors to the cytoskeleton. CaSR has been shown to interact with the scaffolding protein
filamin A in transfected HERO3 and melanoma cells; and bovinarathyroid cell§153-155.

Using yeastwo hybrid system and conmunoprecipitation method, it was shown that the
residues 90097 (shown by black circles in figure 1.6f)CaSR @il are responsible foits
interaction withfilamin A[153, 154]. In absence dfilamin A, CaSR failed to activate ERK1/2 in
CaSRransfected melanoma and HEX3 cell§153 154]. However, in a different study it was
demonstrated that although the CaSRall truncation mutants from 962397 failed to esthlish

high affinity interaction with ifamin A, they could still activate ERK1/2 signal[ibg5]. The

same mutants failed to activate ERK1/2 pathway in cells la¢ikamgin A, implying its presence

but not necessarily high affinity interaction with CaSR, a prerequisite for ERK1/2 signalling
[155]. This was further explained by the evidence in transfected-28Kcells showing that the
essential residues for ERK1/2 activation lie between8B8 of CaSR, which were still intact in

the mutants[155. The researchers suggestéuat the role of filamin A is to enhanceell
surfaceexpression of the CaSR by decreasing its degradatio &% (it is interesting to note

that in the same study some CaSR reachedctiksurfacein absence ofiflamin A, suggesting

an alternate mechanism). Additionally, it binds and organizes components of MAPK signalling

cascadg153-155.

1.8.4. Receptor Activity Modifying Proteins (RAMPS):
RAMPs are typé& TM accessory proteins with a singleM domain, originally discovered to

confer ligand binding specificity to the family B Calcitdika receptor (CLHL56]. There are
three isoforms of RAMRRAMP 1, 2 and 3) humang[156§]. It was shown that RAMP1 and 3
interact with CaSR in transfected cells ttaffic the receptor to the celsurface[157]. On
studying the trafficking and surface expression ofgafisitive green fluorescesrotein variant
super ecliptic pHfluorin (SERRSR, it was observed that this phenomenon differed markedly in
transfected HER93 cells and COBcells. In CO3% cells the SE€aSR could not exit ER where it

was trapped in immature core glycosylated form, whereas it displayed robust expression on
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plasma membrane in HEXQ3 cells. Using immunocytochemistry -iocemunoprecipitation and
SIRNA approache# was discoverd that in HER93 cells the endogenously expressed RAMP1
facilitated thecellsurfacetrafficking of the CaSR57]. It was subsequently discovered RAMP3
was also a partner of CaSR with the same functional conseqy&bge On the other hand,
expressing RAMP1 or 3 in RAkKEYative COS cells, facilitate the cejsurface expression of

the otherwise ERrapped CaSR. So, interaction of CaSR with RAMP1 and RAMP3 but not
RAMP2 is esséal for its cellsurfacetrafficking in HEKR93 and ceransfected COS3 cells

[157]. It was shown that RAMPs facilitated glycosylation of CaSR, thereby trafficking it to the
plasma membrang157]. However, other functional consequences like signalling were not
tested in this study. The proposedorking model of this interaction is shown in the figure 1.9

below:

A- COS7 \ B- HEK293
COS7+RAMP1o0r3

(ﬁl core glycosylated CaSR

ﬁ terminally glycosylated CaSR
0 RAMP1 or RAMP3

Golgi
(Giantin +)

Terminal
glycosylation

ER
(Calnexin+)

Core
glycosylation

Nucleus

Figure 1.9: Proposed model for RAMP regulation of CaSR trafficking:

(A) In absence of RAMP1/3, CaSR is retained inside the ¢&dReiglycosylated form in CO5cells;

whereas (B) ilHEK293 cells, expressing RAMP1 endogenously, or in7C@lis transfected with

RAMP1/3, their association with CaSR bypasses the ER retention and reaches Golgi apparatus where it is
terminally glycosylated, followed by callirface delivery of the recept complex. Image

NBELINER RdzZOSRk I RFLIWISR SAGK LISNYAAAA2M5712F aW2dzaNy It 27
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Another family C GPCR known as the GPCR6A also showed a similar failureswfacell
expressionwhen transfected along¢158, 159. Given below is the background informatiom

the receptor.

1.9. GPRCG6A and its role in physiology:
GPRCG6A was identified using homology searches of all known family C [GB§RsDNA

cloning using human kidney cDNA library revedlede isoforms of the receptor containing 6
exons. Isoform 1 is 926 aa in size witfiM domains and a large 590 aat&minal domain,
whereas isoforms 2 and 3 are smaller and naturally occurring splice variants of the receptor
[158. GPRC6A has 34% aa sequence identity to the CaSR, 28% aa identity to the taste receptor
1, 24% aa identity to mGIuR1 and 45% identity with odorant goldfiskptor 5.24158].

It has been observed usingntyc tagged hGPRCG6A that the receptor is poorly expressed on the
cellsurfaceof transfectedHEK 293 cells when compared to GABAvhereas there is necelt
surfaceexpression of the receptor in CHO and €&O&lIs[158, 159. However, it has been
reported that the nouseGPRCG6A trafficked to theelksurface more efficiently than the

humanGPRCG6A in transfected HES3 cell§159.

GPRCG6A is highly expressed in kidneys, heart, liver, skeletal muscle, testis, sptzmytdsu
and at comparatively lower levels in brain, pancreas, bone, calvaria, placenta and lung,

suggesting its role in various physiological procefEg8 160, 161].

Nutrient sensing
The role ofGPRCG6A in nutrient sensing has mainly been related to its promiscuity to saase L

and its expression in g@ii59, 160]. GPRCG6A along with CaSReltzeen localized in rat gastric
somatostatinsecreting D cell§162); and in the rat gastric antrum which contains gastrin
secreting cell$163). It was observed that mousePRCG6A transfected in oocytdited inward
current for intracellularC&" activation on exposure to-ha such asarginine, lysine, serine,
alanine, glycine , ornithine, cysteine and histidinetia presence of 0.5mM extracellul&@&*
[159 16(0. Similar results were obtained when a chimegceaptor containing tmanGPRC6A

ECD andM domainand Ctail of closely related odorant receptor 5.24 from fish was expressed
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in oocytes[159, which also indicatehat the ECD of GPRCG6A is sufficient for nutrient sensing.
GPRCG6A has also been reported to be present in type 1 taste cells along with CaSR in murine

taste tissue; however the role of GPRC6A in taste perception is not yet eluc[déwd

Bone and bongyancreas endocrine loop
Apart from being an -aa sensing reeptor, GPRC6A also responds to cations inclu@idg

leading to speculations of it being an alternative C§B#%]. It was shown in HERO3 cells
overexpressing GPRC6A th@&*, magnesium, gadolinium, aluminium and NR&68 (an
allosteric activator of CaSR) caused ERK phosphorylation vigaadG smediated pathway

[165. Furthermore, alignment of CaSR with GPRCBA has shown th&@dthand NPSR56B
binding sites are conserved in GPRCB3Y]. However, differences in affinities of thesbared
agonists exist between GPRC6A and CaSR. For example higher levels of extr@eéiuee
required to activate GPRCG6A as observed by increased ERK phosphorylation (minimum 5mM)
and intracellularC&* (40mM), in comparison to ~3mM for CaSR. Thisngly suggests lower
affinity of GPRCBA faZ&", which is much higher than its circulating levigl§5]. The role of
GPRCG6A in bone biology has been shown by deletion of the gene in mice. It was observed by Pi
et althat Gprc6d™ mice lacking exon 2 (codes for ECD) exhibit osteopenia and decreased bone
mineral density (BMD), due to impaired bone mineralizaf{ibél, 166]. This is associated with
reduced expressionf osteoblast function markers likesteocalcin, alkaline phosphatase (ALP),
Runx2 and osteoprotegerii66. Ex vivacultures of the primary osteoblasts and bone marrow
stromal cells derived from these Gprc6d™ mice, displayed an attenuated response to
extracellular C&*-stimulated ERK activation, diminished ALP expression and impaired
mineralization[166]. On the contrary, an earlier study by another group (Wellendagplal)
usingTM domainand Gtail lackingGprc6d™ mice of the same strain, showed that there was no
difference in lone phenotype between knoetut and wild type mice; consequently not
suggesting a role chGPRCG6A in osteoblagtt7]. Although the reasons for these contrasting
observations are currently unknown, the effects of different mutamEPRC6A forms (TM+C

tail deletion vs ECD deletion) might v§i6].
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In addition to the abnormal bone phenotype, the exdriackingGprc6d™ mice also exhibit
metabolic disorders such as hepatic steatodety liver), hyperglycaemia, glucose intdace

and insulin resistance as well as increased r&l and phosphorous excretiofl61]. These
defects were linked to malfunctions in energy metabolism caused by aberrant osteocalcin
function, which is a ligand of GPRC@8A1L, 168]. Osteocalcin is an osteoblaspecific secreted
molecule, which has been shown to be involved in the bpalcreas endocrine loodnsulin
signalling in osteoblasts promotes osteocalcin production as well as maturgtif). The

YI §dzZNBR 24 S2 Ol-delld bfypantrédsi iihere iy incrigdées insulin secretion and
consequently insulin sensitivity, thus forming a fdedvard loop integrating bone function
and energy metabolisnjl69. Recently it has been shown both vitro and in vivo that
osteocalcin activatednGPRC6A SRA L G SR 9wY | OUGAQlI GA2Yy Ay |
increased insulin secretiofil6g]. Accordingly, the metabolic disorders in the exdhacking

Gprc6d ™ mice are largely associated with the disrupted osteocagcidocrine loo161, 16§].

Testosterone mediated physiological functions:
GPRCG6A is also linked to functions of testosterone as shownuityo andin vivostudies[161,

170, 171]. The exor? lackingGprc6d” male mice show decreased lean body mass, increased
mammary padfat mass, decreased weight and size of testes and seminal vesicles, increased
circulating levels of estradiol and reduced levels of testosterfdéd]. These mice exhibited
decreased ERK activation in bone marrow and testis in response to testosféitihe

These effects are supported byvitrostudies wherehGPRCG6A transfected in HE®3 cells and
natively expressing in mouse prostate cancer cell line 22Rvl, showed increased ERK
phosphorylation and enhanced 22Rv1 cell proliferation in response to permeable and
impermeable form of testosterond170]. This effect was attenuated by GPRCG6A siRNA
mediated knockdown[17(].

Taken together it is suggested th&PRC6A might coordinate the anabolic responses of various
tissues through the sensing of extracellulas osteocalcin, divalent cations and androgen

[161].
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1.10. RAMPs and their interacting partners:
RAMPs were discovered to engender ligdomding specificity to angviously thought orphan

Family B GPCR for Calcitonin @emRelated Peptide (CGRP) known as the Calcitonin Like
Receptor (CLR)JL56]. Three RAMPg RAMP1, 2 and 3 have been discovered. RAMBR&
discovered first by measuring CGRP responses in oocytes transfected with cDNA of human
neuroblastoma cell lineSKN-MC. It was shown that when CLR interacted with RAMP1
formed a functional receptor complex for CGBRbsequent dtabase searche®f RAMP1 ESTs
discovered RAMP2 and [356. However, when CLR interacted with RAMP2 or RAMP3, it
formed two pharmacologically distih receptor phenotypes for another peptide hormone
belonging to the calcitonin family known as Adrenomedullin (AB6]. RAMPs B are
responsible for trafficking of CLR to tbellsurface altering ligand binding specificity and signal

transduction following receptor activatiori56)].

In addition to CLR, RAMPs are shown to associate with other GPCRs. Interacting partners of

RAMPs discovered so far are summarized in the table below:

GPCR RAMP Consequence
CLR+RAMP1= functional CGRP receptor
CLR RAMP 1, 2,3 CLR+RAMP2/3 = functional AM receptor
CTR RAMP1,2,3 Each RAMP form distinct amylin receptors
VPAC1 RAMP 1,2,3 VPAC1+RAMP2 show enhanced PI hydrolysis
PTH1R RAMP2 unknown
PTH2R RAMP3 unknown
GlucR RAMP2 unknown
Secretin RAMP3 No change in signallirand internalization of the receptor.
CaSR RAMP1,3 Essential for celurface trafficking of the receptor.

Table 12: GPCR interacting partners BIAMPs

RAMPs associate with another FanBlyGPCR know as Calcitonin receptor (CTR) and
completely change the receptor phenotype a receptor binding the hormonamylin [172].
Accordingly, RAMP-3 interact with CTR and bind amylin, giving rise to different amylin
receptor phenotypeq172 173. Also, receptor derived by RAMP1 and 3 and CTR interaction
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also shows moderate affinity for CGRP. However, bindind afd@s not require association of

CTR with any RAMPK72, 173.

Other interacting partners of RAMPs frofamily B GPGRhave also been discovered using
immunocytochemistry technique on overexpressed tagged RAMPs and receptors-ih d&0S
HEK 293 cell§174. It was found that Vasoactive Intestinal peptide/ Pituitary Adenylate
Cyclaseactivating peptide (VPAD receptor interacts with all three RAMR&74]. VPAC
1R/RAMP2 complex displays enhanced agonist mediated PI hydrolysis without any change
CcAMP stimulation compared with VPAR alone, indicating alteration of signaling pathway by
RAMP2[174]. Parathyroid hormonel receptor (PTH 1R) and glucageceptor interactonly

with RAMP2, while PTH 2R with RAMP3, however functional consequences these interactions
were not studied[174]. The same study also showed that VPAC2R, growth hormone releasing
hormone (GHRH), glucagtike peptide 1 (GLP1) and GLP2 receptors do not interact with
RAMPS174].

Another study has shown using bioluminescence resonance energy transfer (BRET) that secretin
receptor intelacts specifically with RAMP3 via the TM6 and TM7 domain of the receptor and
not RAMP1 and 2 in CdSand CHO cel[d475. Functionally, there was no change in signalling

or internalization of the secretin receptor in presence of RAMPA|. Also, RAMP3 could
rescue a mutant secretin receptor that is normally trapped inside the cell, showing a chaperone
role of RAMP3. The study also reported that increasing secretin receptor levels in cells already
expressing RAMP3 drCLR (AM2 receptor), decreased functional AM2 receptors and increasing
secretirRAMP3 interaction, demonstrating the competition for RAMP by GPCRs to form other

functional molecular interactiongl75).

In the case of &mily C GPCRs, only CaSR has been identified as a receptor partner of RAMP1
and RAMP3157] as discussed befelin section 1.8.4

Since RAMPs are more widely distributed in the body than their known interacting partners
(see section 1.14}jhere is a strong possibility that there are yet unidentified GPCR partners of
RAMPs.
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1.11. Structure of RAMPs:
RAMPs are typé& transmembrane proteins and share 30% similarity in their primary aa

sequencd156]. RAMP1 and 3 are 148 aa long while RAMP2 isa&d16ng[156 (Figure 1.1

Each RAMP has a shorteminal domain of ~10 aa and a singlkl domain of ~2(aa The rest

of the pmotein consists of an ECD with a signal pep{itiég) . RAMP1 and RAMP3 have six
conserved cysteine residues, four of which are common to RAWPZ (Figure 1.10)ln 2008,

the crystal structure of RAMP1 ECigre 1.1) was reported, which suggested that RAMP1
9/5 O2yairaida 27T (KNS SisulphidefirkdgdsOrfnad by §ix qysteind T SR
residues[178] which is similar to recently reported ECD of RAMP2, which hdisu®phide
linkagesinstead[179. There are consensus sites foigfcosylation in RAMP (one site)and

RAMR3 (three sites) which are glycosylated, whereas RAMP1 is unglycos)|a8&x
181](Figure 1.10).

RAMP 2

RAMP 1 RAMP 3
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Figure 1.10Structuralcomparison of RAMPs:

RAMP 2 ighe least conserved and is 26aa longer than RAMP1 and RAMP3. The conserved cysteine
residues (C) in the extracellular domain are showateminal glycosylation sites (N) ie@vn in pink

colour. Amino acids in tranmembrane @main are conserved. Conserveer-8ys (S,K;blue) are shown

in intracellular region. Putative phosphorylation sites (threonine in RAMP 1 and 3, and serine in RAMP2)
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are shown in brown; PDZ binding motif RAMP3 is shown in green. Adapted frfiii6] and redrawn
by self.

Various structural features of RAMPs contribute towards their specific fursctidajority of
findings explaining molecular mechanisms of function of RAMPs are based on studies with the
CLR and CTR.

1.12. Interspecies variance:
RAMP genes have been cloned and sequenced from the mouse, rat and human géb@2Znes

183]. Aminocacid sequene identity observed between mouse and human RAMP1, RAMP2 and
RAMP3 is 70%, 68% and 84% respectiMsy]. Mouse RAMPs show 90% sequence identity

with their counterparts in rats.

The effect of sequence differences between RAMPs was demonstrated using pharmacological
studies on recemr complexes formed by RAMPs from one species and receptor from another
and comparing the results with sarspecies combinations. It was shown that human
RAMP2/rat CLR had a lenaffinity for CGRP antagoni€GREs7) and AM antagonistAM;2.s,);

than al-rat and athuman RAMP2/CLR complex, as measured by cAMP res{d84pdt was

shown that hRAMP1 had a higher affinity to form complex with rCLR compared to hRAMP2
[185. This was shown when a AM binding to AM receptor formed biarsfected hRAMP2

and rCLR in rat osteoblasts UMR 4@ cells, was reduced by B)on cetransfection with

hRAMP1 with garallelincrease in CGRP bindifig5.

In the case of mouse RAMPs, there is discrepancy between the affinity dPdRédvhpared to
RAMP1/2 to form complex receptor with rCHIB2]. Ceexpression of mMRAMP1 and 2 with rCLR
revealed astinct CGRP or AM receptors, with a similar level of interaction with rCLR. This
suggests that structural difference does not have an effect on the functions of RAMP1 and 2 in
mouse[182 183]. Cotransfection of RAMP1 and 3 or RAM#&®1 3 into COS cells withrCLR,

led to similar levels of ligand binding as RAMP3 alenth rCLR)suggesting that in these cells,
RAMP3 has a greater affinithan other RAMPs to form a receptoomplex withthe rCLR

[182. The physiological significance of these pharmacological differences due to species
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variation of RAMPs is not explained yet. Detailed information regarding the differences in

pharmacological profiles between human CGRP, RAMP and AMY receptors is given later.

1.13. Molecular mechanisms of RAMP function:

1.13.1. Receptor chaperones:
As describeckarlier, RAMPs are essential foellsurfacetrafficking of CLR in order to form

CGRP receptor or AM1 and AM2 receptors as discovered by visualizing the internalization of
tagged receptors following agonist treatment as well as performing signallingestud
transfected cell§156, 186]. Thecellsurfacetrafficking property of RAMPs is related to the
conserved cysteine residues on theirtdrminal domain[181, 187]. The conserved cysteine
residues of RAMPs are shown to fomisulphide linkages suggesting common secondary
structures of 3 helices like the crystal structure of RAMP1 ECD as mentioned @agiee
1.11).Mutational analyses have shown that loss of four conserved cysteine residues on RAMPs
significantly compromisithe cellsurfacetrafficking ofthe CLR 181, 187]. Further loss of two
cysteine residues in RAMP1 which are conserved in RAMP3 but not RAMP2 do not affect the
cellsurface trafficking efficiency of RAMP]188], whereas no study has been done to
understand the loss of all the cysteine residues of RAMP3. Also, substitution of histidine
residues 124 and 127 of RAMP2 with alanine, impaireccéllesurfacedelivery of CLIRL89. It

was show by studies in transfected HE289T cellsthat RAMPs promotedully-matured
glycosylation of CLR that represented the functional CGRP/AM receptors oalksarfaceand

which selectively bound their respectivegdnds whereas the coremmature glycosylated

forms were not liganébound[19Q.

57



Figure 1.11: 3D ribbon structure of RAMP1 ECD:
o h KStAOSa ohwmz hu | ydRulphidelinkedeN® cystding sidues)\are BliBwd | Yy R
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In addition to the essential requirement of thet®rminal domain of RAMPs, studies have also
shown the importance of il in the function & receptor trafficking. It has been suggested
using HERI3 cells transfected with tagged RAMPs, ttiet Gtail of RAMP2 is important for
celksurfaceexpression of CLR, as deletion eb{ of RAMP2 (last 84) led to disruption of CLR
trafficking to the cellsurfaceand consequently receptor function, whereas the deletion of
RAMP1 or 3 @il did not disrupt the trafficking of the CLLRI]]. Interestingly exchanging the
Ctails of RAMP2 and 3 with each other did not cause any changghsurfaceexpression and
agonist mediated internalization of the CLR RAMP complex indicating the importéarnice o
conserved SeLys residues present in thetéll of RAMPgfigure 1.10) in cellsurfacetrafficking

of the two AM receptors[191]]. In stark contrast to this, another stugowed that untagged
RAMP2 @ail deletion mutant lacking last 8, showed responses similar to wild type RAMP2
to AM when cetransfected with CLR in COS7 cells; whereas there was a slight decrease in
efficacy for the same in HEK 293 cells. This indscie differential behavior of RAMPSs due to
different cell backgrounds and possibly due to the number of aa deleted (9¥8%)
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Furthermore,celtsurfacetrafficking of RAMPs alone without any presence of a GPCR partner
also varies amongst different isoforrfis56, 193). It has been shown that RAMP1 cantaiffic

to the cellsurfaceon its own[156, 193], whereas RAMP2 and 3 can, with RAMR8wing
greater cellsurface expression leveld74, 180]. RAMP1 is present as disulphidelinked
homodimer inside the ER arlde Golgi bodies in absence of an interacting recepid6, 193].
RAMP1 contains QSKRT sequence adjacent talthelomain which acts as an intracellular
retention signal and prevent&SPCRndependent cellsurface trafficking, as shown by €o
immunoprecipitation andimmunefluorescence techniques on tagged deletion mutants of
RAMP1[194]. Accordingly, it was shown that the deillet of last 8aa of the Gtail of RAMP1
containing the retention sequendacreased receptemdependentcellsurfaceexpression of ¢

myc RAMP1 iREK 293 cells compared to the wijghe RAMP1192].

Mutational analysefiave shown thatN-glycosylation status of RAMP2 ands3esponsible for
their GPCRndependent trafficking[180]. It was alsoshown that by the introduction of N
glycosylation sites in RAMP1 (which natively lacks,areysed its GPGRdependent cell
surface expression, a characteristic which is not seen in wild type REME1Sudies using N
tagged RAMP2 and 3 have shown their GPCR independistrfaceexpression, however the
effect of the tag towards the phenomenon has not been addre4d&@d, 18(. It is not known

yet whether RAMPs are able to forheterodimers. If they do, there can be an additional
possible explanation to the differences in the pharmacology CLR receptor phenotypes resulting
from RAMPs from different species, as discussed eafiection 1.12).Accordingly, the
difference in affiies to form complex receptors amongst RAMPs that is observed might not
due to competition of the RAMP interaction with CLR, but competition of the interaction

between the RAMPs themselves.

1.13.2. Modulating receptor -ligand binding specificity and affinit y:
RAMPs are known to engender distinct pharmacological psdfiléCLR or CTR on the basis of

functional interaction of their different isoformgL56]. Thus, they provide a novel mechanism
for modulating receptor specificity which is completely different from the classical one

receptorone ligand understanding.
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Pharmacology of recombinant GPCR/RAMP receptor complexes:

The receptorphenotypes formed by RAMPs are able to bind different ligands with varying
affinities and potencies. This shows that RAMPs not only form distinct functional receptors, but
also modulate their pharmacology. When RAMP1 assegiaith CLRt binds CGRP, whereas
RAMP2 or 3 on association with CLR, form two distinct receptors for AM with similar potencies
to activate cAMP (AMR1 and AMR2B4][165. Interestingly, AMR1 has ~100 fold higher
affinity for AM than CGRP and so is specifically selective for AM biadiygwhereas AMR2

has a higher affinity for CGRP than AMR1 (by ~18@%)[and so it binds AM preferentially.
However, the pharmacology of these receptors does differ depending on the species and
isoforms2 ¥ / Dwt [¥84. | YR i 0

The decreasing order of relative binding affinittes CGRP, AM and AMY for their respective
receptor types, as determined using competitive inhibition experiments for radiolabkgadd

bindingin various studies, is shown in the table bel¢®b6, 195:

Receptor | Receptor

subtype | composition Pharmacology References

CGRP CLR+RAMP1|i / Dwht/ Dwt B @gsh (Anfagonisy > AM >> [156, 195
AM (2252 (antagonist)

AMR1 CLR+RAMP2| AM > AMpzasnB N /@yt / Dwt B h /| [156, 195 196]

AMR2 CLR+RAMP3| AM> AMp2syI N /gRWt 1 / Dwt B N [164 169

AMYR1 |CTR+RAMP1! a. B 1/ Dwt B "/ Dwt B |[172173 197

AMYR2 |[CTR+RAMP2[' a, I /¢ B h/ Dwt [172,173

AMYR3 |CTR+RAMP3 ! a. B 1/ Dwt B N/ Dwt B |[172173 197

Table 13: Decreasing order of relative binding affinities of ligands at different receptor complexes
formed by RAMPs
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In the case of AMY receptors, AMYR1 and AMYRS3 have a higher affinity for amylin than AMYR2
(~3.5 fold vs AMR1; ~4.6 fold vs AMYR2y2 197]. Human AMRL1 has a higher affinity for

h/ Dwt GKFyYy 1/ DwtX ¢KSNBI & [18F.0HoweRiE K has beeda S |j dzl
NEOSyife akKz2gy GKIG NG !'awm KIFa | mpgaedt€ SNI | F°
human AMR1 andrat ARBK - & | KAIKSNI I FFAYAGE F2NIh | yR |
AMR2[19§. Also, rat ANR3 exhibits higher affing G 2 ¢ | NJR s than/rab AMR1[198].

This siows that species variation exist amongst AMY receptor phenotypes and so it is important

not to assume that there will always be a direct translation of observations betwldtarent

species.

The molecular mechanisms for all the above stated interactiass not been deciphered yet,
although there is more information on CGRP and AM binding to their receptors, through the

recent advances in RAMP biology.

Structural features of RAMPs responsible for ligand binding:

Many studies haveletermined that the extracellular f&&rminal domain of RAMPSs is essential
for ligand binding of the CLUR90, 196, 199. In fact, recent studies have deciphered the crystal
structures of RAMP1/2 ECD in complex with CLR BEDPegiving a very detailed information
about the residues important in forming the ligand binding po@&®tescribed latel 79, 200].

Initial work using immunoprecipitation of tagged CLR+RAMP complexes which were cross
linked to their respective radiabeled ligads showed that the radiolabelled CGRP was
incorporated into RAMP1 whereas radiolabelled AM was incorporated into RAMP2 or RAMP3.
This suggested thahe RAMPs form or lie in close proximity of the ligand binding pocket in
complex with CLRL9(]. Further ligand binding and deglycosylation experiments using wild type
and chimeric RAMP (rminal RAMPITM domain Gtail RAMP2 and vice versa) constructs
showed that the Nerminus of RAMPs, engendered specific ligand selectivity of CLR by

modulating its glycosylation status from immature to mature glycosylated {a84).

The importance othe ECD for ligand binding for RAMP1 was shown using chimeric receptor

approaches, where the #&rminal domain of RAMP1 attached with tAié domainand Ctails
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of PDGF receptor could form stable receptor complaeth WCLR and respond to cAMP upon
stimulation with CGRR201]. The celsurface expression levels of CLR with this RAMP1 mutant
were ~30% less than witthe wild-type RAMP1whereasthey were decreased by 50% when
expressed with RAMP ECD alonghl{ 21 aa removal containingM domainand Ctail andno
PDGFTM domain and Ctail attached [201]. However, the affinity ad potency of thee
chimeric mutants for CGRP binding were compromiggdificantly(~10 fold vs WT in the case
of RAMPIECD+PDGF; and 4000 fold for RAMP1 ECD alone vs WT), suggeshedgg@ar with
the TM domain alone or with the @il is responsibldor achieving full biological affinity and
potency of CGRP bindirf[@01]. These results were in contrast to an earlier report where
deletion of 20 aa out of the total 22 aa of tAiéM domainalong with the @ail rendered non
functional CGRP recept[194]. Although the discrepancy between both results is not known, it
was hypothesisedthat difference in sizes (shorter by one #ean in [201]) of mutant RAMP1

constructs between both studies could have been the c4064].

Subsequent studies using RAMP1 mutants with deletions in the ECD, identified regiéfs 91
96100 orl0lmno O0Ay (GKS h KSfAE o | OO2NRAYy3 (2 (KS
CGRP bindinfl99. However, individual residue substitution with alanine did not effect CGRP
binding indicating that these residues are not directly involved in CGRP binding but might
contribute to forming ligand binding pock¢199. Similar studies using deletion mutants of
RAMP2 and RAMP3 identifiech 86-92 of RAMP2 and 585 of RAMP3 responsible for AM
binding, without affectingcellsurface trafficking [202]. However, individual substitution of
theseaain RAMP2 did not cause any change in AM binding and cAMP stimulation indicating
that AM does ot bind directly to these residues and so it is speculated that in both RAMP2 and
RAMP3; thesaaare conserved and might contribute in forming ligand binding pofk@Z].

Recently, the crystal structure of RAMP1 ECD in complex with CLR ECD has been[g€)thrted

Il OO2NRAYy3Ife:r GKS huw FYyR ho KSf AOGSER tBrdughw! at m
electrostatic and hydrophobic interactions and this interaction does not cause a significant
corformational change in the arrangement of the CLR E@Dre 1.12A) [200, 203. It has

been shown that outof the residues responsible for interaction between RAM#H CLR
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alanine substitutions of Y66, F93 and H97 residues of RAMP1 resulted in decreased CLR
trafficking, whereas, F101 caused reduction in potency of CGRP, indicating that these residues
are important in forming CGRP recep{@03). It hasalso been demonstratedthat the CGRP
receptor antagonists olcegepant (BIBN4096BS) and telcagepant, form hydrophobic interactions
gA 0K ¢ NL -2of RRMP1, fand KH8 122 &nd Trp 72 of CLR ECD, thus showing that the
binding pocket is formed of shared rdses from both RAMP1 and Cifigure 1.12 B [20Q.

(A) (B)

Figure 1.12: 3D ribbon structure of CLR/RAMP1 ECD complex

AY [w A& aK2gy Ay Oély |yR AGa aay3datsS h KSEtAE A&
h  KStAOS&a I NB I o Shis8Ride linkages are shewn linyyBlow? (B) Binding of
olcegepant (BIBN4096BS) (yellow) in the bonding pocket on CLR RAMP interface with residues Trp 74 on
RAMP1 (purple) and Thr 122 and Trp 72 of CLR (cyan). Taken[Z@dn License numbers:
2844920493600 (A} 284030605496 B).

Precise information is now available for ligand binding pocket in case of CLR+RAMP2 receptor

f

complexas well[179)® / NBadlf adiNHzOGdz2NB 2F /[ wbwRatme 9/5

KStA0Sa AyGSNIOG 6AGK /[w hm KSEAE GKNRdIzAK
Trp72, Phe92 and Trpl121 on CLR (loops 2, 3 and 5 respectively) interact with RAMP2 specific
NBE&ARdzSa Dfdamnanm> [Sdzmand | YR t KStunetobseraedin i SR
RAMP1 ghown by dotted line in fig 1.1&nd are likely to form ligand binding pocket for AM.

So, due to this difference of interacting aa on the CLR and RAMP2 interface compared to
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RAMP1; there is a change in shape of the ligand binglinget due to RAMP2 specific residues
which engenders ligand specific[ty79].

o _F1 ) €
W A
& ? \:‘13." \°.
IF
.
[ @ g

Figure 1.13: Putative AM ligand binding pocket on CLR+RAMP2 ECD:
Molecular surface (L) and ribbon structure (R) representation of putative CLR+RAMP2 ligand binding
pocket[179. License numbe2797640916031.

Taken together, from both the crystal structuréSLR+RAMP1/2 ECD), a two domain model
where both CLR and RAMP residues are involved applies for ligand binding specificity.

LG Aa AydSNBadAaAy3a (2 y24S GKIFG GKS NBaARdzS ¢
shown by substitution mutagenesj204, 205]. On the other hand, the substitution increased

the potency of the CLR+RAMP1 receptor for AM by about ~1J20W 206]. Substitution of

the corresponding conserved residue on RAMP3 Glu74 to Trp caused an attenuation of AM
potency at AMR2 by ~@n F2f R gAGK2dzi | yeé [204R06y Atts begh | / DwH
explained that the Glu at this position in RAMP3 has a higher negative charge which probably
creates favorable electrostatic or hydrogen interactions with AM, enhancing its bif2Q&)
Mutagenesis of the corresponding residue in RAMIRu101 completely abolished the

trafficking and consequent AM stimulation of the AMRD4]. These results suggested that

position 74 in RAMP1 and RAMP3 and 101 in RAMP2 are important determinants of ddferent

AM binding affinities for the CGRP and AM1/AM2 receptors.

The importance of an aromatic residue at the position 84 in RAMP1 and 3 and 111 in RAMP2 is

hypothesisedto be responsible for thenteraction of the RAMPeceptor complexwith the

peptideligand[207,208/® ¢ KS I NRYIFGAO I ¢NLJ £ 20 0SR G LR
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h o idesSdf RAMP1, is shown to be important for the normal potency for cAMP response of
CGRP, CGRE, and nonpeptide CGRP antagonists at the CGRP recegpsotiscovered using
alanine mutagenesi$207]. This residue along with Trp 74 is shown to be a part of the
hydrophobic binding pocket on the RAMP1 and CLR ECD inteff2@4. This residue is
conserved in RAMP3; whereas is replaced by another aromatic aa Phe at position 111 in
RAMP2. Archbolet al, have hypothesisedthat these aromaticaa could be important for
interactionwith the Gterminus of the peptide ligands via-pi bonds for all CLR/RAMP receptor
complexes[208]. Taken together, small but specifia differences between different RAMPs
might affect peptide affinity possibly by differentially interacting with th@ée@ninus of the
peptide[208].

1.13.3. Role of RAMPs in receptor regulation:
RAMPs play a relin regulation of the receptor complex following agonist stimulatj@B6,

209). Initial studies showed that CGRP receptor and AMR1 and 2 internalized with similar
kinetics following agonist stimulation as observed by visualization of the tagged GLR co
transfected with different RAMPs in HRB3 cells using fluorescence microscopyweell as by
performing radiolabelledigand binding assays following agonist treatment to check for the
number of remaining receptors on theellsurface[18€]. It was further shown that following
agonist stimulation, CLR+RAMP complexes were internalized and targeted to lysosome
mediated degadation mainly through clathridependent pathway and sufficient recycling of
any receptor combination complexes was not obsery&86]. A separate study investigating

the CLR+RAMP1 complex showed the same result and further reported that the internalization
gl a LINRaodsth i@l dynamin dependeft93.

However, RAMP3 is unique in this regards than RAMP1 or 2. It containskan@dg motif on
its Gtail, which can bind to a chaperone calledetlhylmaleimide sensitive factor (NSF); as
determined by cdocalization and overlay asg$§209. This resultsn recycling of the AMR2
instead of degradation as measured the recovery of CAMP generation and ligand binding
following an initial drop post agonist stimulationin transfected HER93 cells an effect not

observed with AMR1 and CGRP recepi{@fid]. This effect was also confirmed in rat fibroblast
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cells which natively express NSF and RAMPs, where RAMP3 siRNAdmoak adding NSF
inhibitor, prevented the recycling of the receptor complg09. Another such interacting
partner to the PDZlomain of RAMP3 is the NaH" exchanger regulatory factofl (NHERH),

an adaptor protein that prevents the internalization of the receptor complex. It was observed in
HEK293 cells transfected with AMR2 components and NHERtat following agonist
stimulation, AMR2 was desenséit as measured by a decrease in CAMP activation; however
radioligand binding studies showed that the number of binding sites did not change, which
meant that the AMR2 did not undergo internalizatif#i(. Knockdown of RAMP3 or NHERF

in human proximal tubule cells endogenously expressing these proteins, prevented the
inhibition ofinternalization following agonist treatment as observed in the wylide cell§210.

Such interactionswere not observedfor RAMP1 or 2 suggesting a functional difference
between AM receptor 1 and 2. Thet&l of RAMPs also contains phosphorylation and
ubiquitination siteqfigure 1.10)ut their role in receptor trafficking is nget known[191].

1.13.4. Role of RAMPs in receptor signalling:
There is increasing evidensbowinga role of RAMPs in signalling of sonte GPCRpartners

[174,192 211]. The @ail of RAMPs has been shown to play a significant role in signalling of the
AMY receptors by probably involving direcpétein coupling, as shown by studi€OS7 cells
cotransfected withGtail mutant RAMPand CTR 192 211]. VPACL1 receptor signalling is also
modulated by RAMPSs. It was shown that VPAC1 receptor interacts with all RAMPs, however
only its associatio with RAMP2 in COBcells, causes augmentation in efficacy of Pl hydrolysis
by VIP with no changm efficacy for CAMP generation, ligand binding affinity and potency,
when compared to VPAC1 receptor aldd&4]. Our group has shown that there is a decrease

in efficacy of G;and not G jactivation when VPACL receptis coetransfected with RAMP2
[Robertset al, unpublished data].

In addition, our group has shown that RAMPs can modulate tHpeo@in activation profile of
the PTH1/2R, VPACI1R and glucagon receptor. Although these receptors are capable of

traffickingto the celtsurface and signalling on their own, presence of RAMP2 with PTH1R and
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VPACI1R and RAMP3 with glucagon receptor; increased the efficacyprote@®d responses
without any significant changes in binding affinities and potencies [Rokeém$ unpublished
data]. These data show for the first time that RAMPs are involved in dirpcoi®in coupling
of the VPAC1, PTH1/2 and glucagon receptors.

Another intracellular peripheral membrane protein called C&Edeptor component protein
(RCP) has been fod to couple with the CGRP and AMR1 and play a role in generating agonist
induced cAMP responsf212 by coupling the receptor to the cellular signal transduction

pathway.

Taken together, RAMPs play many functions during different stages of life cycle of a receptor

which are summarized in thiggure 1.14below:

A) B)
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Figure 1.14: Summary of RAMP functions:

(A) Molecular chaperone for trafficking CLR, CaSR tedhsurface(B) Altering ligand specificity and
hence receptor phenotype. Here, expression of RAMP1,2,3 with CTR changes the receptor phenotype to
AMY receptor. (C) an@) dthough some Family B GPCRs do not require RAMP for trafficking (VPACI1R,
PTH1R,GluclR), RAMEeIaction modulates signalling pattern ofgoteins. In D, we show that PTHrP
causes increase in efficacy (big arrdeft) in G sat PTH1R with RAMP2 compared to receptor alone
(smaller arrowright), with no change in other-@roteins [Robert®t al, unpublished datal].
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1.14. Expression of RAMPs in physiology:
RAMPs are ubiquitously expressed throughout the bdle 1.4)[150][183, 213, 214].which

indicates that they facilitate actions of various effectors on their GPCRs, and that more
receptorpartners of RAMPs are yet to be discoverddhere is also variation in levels of
expression of diffeent RAMP isoforms amongst different tissues as showthéntable 1.4

which summarizes the expression of RAMPs in physiddogyn sefar [183 213. RAMP1 gene

is expressed in many tissues like the uterus, bladder, brain, pancreas, and-igtestmal

tract. RAMP2 and RAMBBow similar distributiorpattern but are expressed more strongly in
lung, breast, immune system atfidetal tissues(table 1.4)Understanding the role of RAMPSs in
physiology is difficult given the numerous RAKEeptor partners expressing in the same
tissue. Also, most of the data showing expression of RAMPs in different tissues is based on

MRNA expression of RAMPSs, due to lack of good quality antibodies for RAMPs.

Tissue RAMP1 RAMP2 RAMP3
Huma
Raf | Mousé Humarf | Rat | Mouse 0 Rat | Mouse | Human
Adu It bral n *%k% *k*kk *% * * * *% *kkk *%
Embryobrain| ND | *= ND | ND|[ = ND | ND | *== ND
**k%k

Adult |ung *% *% (_) . *kkk *% *% * *k%
Embryo lung ND *xk ND ND Fhkk ND ND * ND
Adult heart * * *%k% *% *% *%k% * * *%k%kk
Adult atria O] ND ND * ND ND (+/-) ND ND
Adultventricle | (9 ND ND o ND ND | () ND ND
Adultkidney | (+4) | (+1) O * * ) | = | =
Adultliver | = e 8 * e O | O &H =
Embryo liver ND *k ND ND * ND ND (+/-) ND
Adult spleen | *** (+/-) ND el el ND * (+/-) ND
Adult thymus | * e ND * () ND | ND ND
Adultaorta | *** ND ND = 1 ND ND | O ND ND
Adult stomach|  * * ND * " ND | ND [ = ND
Embryo gut | ND e ND | ND| = ND | ND [ = ND
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AdUIt Skeletal *k%k *k% *k%k ** * ** (+/_) (+/_) **k%
muscle
Adult testis Fhx * ND * * ND * ik ND
Adult fat ok ND ND i ND ND * ND ND
Aduitvas 1 ., ND ND | | ND | ND | * | ND ND
deferens
Placenta ND ND ) ND ND ok ND ND ik
Pancreas ND il il ND * * ND ND ok
* indicates the level of expression in arbitrary units. on the relative density of bands in each of the re
articles. ND indicates not determineticompiled from[215] and [183]. ° compiled from[182] and [214].
compiled from[156].

Table 14: Tissue distribution of RAMP mRNA expression
Adapted from[213]

The expression patterns (@ AMPs change in various pathological conditions. This may be to
alter the function of AM, CGRP or other ligands of receptotner of RAMPs that may be
upregulated or downregulated during those particular conditions. Most of the information on
expression of RAMPs in physiology and its regulation by different
interventions/pathophysiological conditions is based on work done on calcitonin family of

receptors/peptideswhich is discussed in detail in section 5.1.2 of chapter 5.

1.15. Animal models lacking RAMP gene :
The importance of RAMPs in physiology is shown by the phenotype of the mice models lacking

specific RAMP gene.

RAMP1 and 3 genes have three exons and RAMP2 has four éxaechRAMPgene, first
SE2y O2RS&a GKS pQ ! peptideindit eedhy3RAMBS RN lexoradhird y I §
RAMRP2 encodes all of the -@rminal and TM domainand the distal 464aa of N-terminal
domain. Ramp?™ mice were generated by targeted deletion of exon(ECD)[216] on the
C57/BL6 strainRamp’” mice, shoved hypertension with no changes in heart rate as vascular
relaxant activity of both CGRP isoformgs suppressed in thenj216. This indicates that
RAMP1 mediated CGRP signalling is essential for vasorelaxation and hence regulation of blood
pressure. Addibnally in these mice, LPS induced inflammatory responses increased serum
levels of CGRP and proinflamrmgt cytokines, compared to witype mice[216). This shows

that CGRP signalling through RAMPL1 is also responsible in regulation of proinflammatory
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cytokines upon invasion of pathogefigl6]. Serum levels o€&*, PTH, bone formation or

resorption markers were not studied.

RampZ YA OS 6SNB 3ISYSNI GSR o0& RSt &hda(godingdoKETD)p Q! ¢ w
while RamB’" were generated by deleting exons 2 and 3 (coding for ECOT Ehdbmainand

Gtail respectively) on the 129S6/SVEV str§#i7]. In both the models, there was no
measurable compensatory effect by other RAMP due to the absence oftamas lshown that

out of RAMP2 and 3, RAMP2 was essential during embryonic development. It was shown that
Ram’" mice died during midjestation due to extremehydrops foetalis and severe
cardiovascular defectf217], which is linked to the defective AM signalling shown by a

similar phenotype in thém’™ and CIf"” mice[218, 219]. HoweverRamp3’~ mice appear normal

in their development until old agevhere in comparison to the wildype mice they failed to

increase body weighaissociated with increase in ag&hus, RAMP2 and RAMP3 gene has

independent functionsn vivowhich cannot be compensated by the otHed 7].

Recently, a segependent, cardieprotective role of RAMP3 in the setting of chronic
hypertension was demonstrated22(. In order to understand the role of RAMP3 in
cardiovascudr diseasesRam8’” mice were crosdred with an angiotensin-thediated chronic
hypertension murine model called as RenTgMK. It was observed that compared to that in
RenTgMKRamB’ mice, RAMP3 was upregulated in RenTgMK mice and more stronglthso in
females. To this effect, male RenTgMK had increased cardiac hypertrophy, pathological
remodeling, and decreased survival compared to female RenTgMK mice dypéldontrols.

In addition to this, in the male RenTgNR&m8’ mice there were increased meares of heart
failure and cardiac apopotosis; a phenotype that was absent in female RenRgM8’ mice.

This study, for the first time showed sexually dimorphic cardioprotective role of RAA2B]3

In Ranp2”~ female mice, fertility is reduced compared to wild tyj@lf’- and RamB”’~ mice as
indicated bya decrease irthe litter size,foetal growth restriction,foetal demise and postnatal
lethality, showing the importance of RAMP2 in fertiliB17, 221]. Role of RAMP2 in endocrine
homeostasis has also been demawased recently usingRamp2’”~ female mice.Ramp2”

female mice have hyperplastic anterior pituitary gland, accelerated mammary gland
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development and exhibit hyperprolactinemia during pregnancy and in basal condj@is
These results suggests that signalling through RAMPB&ptor complexes formed by already
identified and still unknown GPCRs is important for reproductive and enddomedons[221]].

It has been reported thaRampZ’~ mice show decreased bone mineral density and bone
mineral content, indicating a role of RAMP2 in bone developnii221]. SinceRam2’ mice

die during midgestation, it is only possible to stuBamp2’~ mice[218]. Preliminary data from

our group suggests that RAMP3 KO mice show increased trabecular bone thickness and
increased cortical bone thickness (Unpublished dB&charneet al). These results suggest that
RAMPs play an important role in regulating bone formation by regulating the role of hormones

like AM, PTH, AMY and others on bone.

Thesediverseeffectsdue to theabsence of RAMHR physiologycannot belinked only to the
actions ofthe calcitonin family of peptidesSince RAMPs have a broader tissue distribution than
CLR,it indicates thatadditional GPCRs require the RAMPs for their function. This idea is
supported by the history of RAMP biology itself, where since their discovery as associating
proteins to CLR15€], other GPCRs such as GIRZ, PTH1 and 2R, VPACI1R, GlucH],
secretin [175 and CaSHR157] have been shown to associate with RAMPSs, although the
functional consequences for all are notnapletely elucidated yet. Because a large proportion

of clinically available drugs target GPCRS§],[there is great interest in understanding
pharmacological and biochemical properties of the RAMP# wie ultimate goal of

manipulating the GPCR/RAMP interface for treatment of human disease.
1.16. Hypotheses for the project:
The project was based on the following hypotheses:

Hypothesis 1:RAMP1 and 3 differentially interact with the CaSR in higher order R2e3R

complexesn the cellsurface.

Hypothesis 2RAMPs interact with GPRCEA and are responsible for itsurédice trafficking in

transfected COS cells which can be measured by FRE&Sed stoichiometry.
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These hypotheses were tested using FB&Jedstoichiometry analysis in transfected GOS

cellsas described in detaih chapter 3.
Hypothesis 3RAMPsre involved in CaSR signalling and alter ligand induced CaSR signalling.

This was tested in overexpressing system using antioagyure SPA andnhiendogenous

expression system usitige-cell C£*imaging as described in detail in chapter 4.

Hypothesis 4.RAMP mRNA is differentially regulated in human medullary thyroid carcinoma

and human osteosarcoma cell line by agents involve@&fihomeostass.

This hypothesis was tested by measuring the changes in mRNA expressiorofeRANPs

upon different treatments using redime quantitative PCR, as described in detail in chapter 5.
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2.1. Maintainence of cell lines:

Cell line Name of the culture medium used

COS7 (African Green Monkey Fibroblast like DMEMcomplete mediuncontaining 4.5g/L glucose
kidney cells) Glutamax" (GIBCO)

DMEMcomplete mediuncontaining 4.5g/lglucose,

HEK293 (Human embryonic kidney cells) GlutamaX*(GIBCO)

FI2KO Y A AKY Q& cyrdpletk fediOm (

TT (Human medullary thyroid carcinoma cells) containing(GIBCO)

DMEMcomplete mediuncontaining containing

MG63 (Human osteosarcoma cells) 4.5g/L glucose, GlutamBXGIBCO)

DMEMcomplete mediuntontaining containing

SAGS2 (Human osteosarcoma cells) 4.5g/L glucose, GlutamBXGIBCO)

DMEMcomplete mediuncontaining containing
4.5g/L glucose, Glutam&%(GIBCO)

TE85 (Human osteosarcoma cells)

Table 2.1: List of cell lines artteir respective culture medium used.

Cell lines were maintained in175 cnf flasks (Nunclon, Thermo scientific) in their respective
media as shown in the tab 1) at 3&C in 5% CO2 incubatofhe complete medium contained
10% heat inactivatedroetal Calf Serum (FCS, GIBCO PaisleyM Sodium Pyruvate (Sigma
Aldrich) and 1% penicillin and streptomycin (Sigidrich. Thereafter, the media was changed

twice a week until the cells were confluent. The cells were used in exponential growth phase.

2.2: Passage of cells:
To passage cells, they were washed twice with sterile Phosphate buffered saline (PBS, GIBCO)

before addition of 10% trypsin solution (Sigiklrich) and incubated for 5 to 10 minutes at
37&C in order to detach the cells from the bottom sagé of the flask. The cells were pelleted
by centrifuging at 170 xg for 5 minutes and were added to new flask with complete DMEM
media in a ratio of 1:25 or 1:10 depending upon their requirement. These cells were maintained

at 37C at 5% C£and the mediavas changed twice a week until they were confluent.

2.3: Cell counting using haemocytometer:
Cells were detached and collected as a pellet as described in the previous section. 1ml of

medium was added to the cells and then the cell suspension was furthued 1:10 using PBS

and mixed thoroughly. 10ul of cell suspension was added onto a haemocytometer and cells in
the four large corner squares were counted. The total number of cells counted was divided by
four and the number of cells per ml was calculabydthe given formula:

74



Number of cells/ml= Average number of cells counted %ddilution factor.

2.4: Trizol RNA extraction:
RNA extraction from cells was performed using Trizol reagent (Invitrogen). Cells in monolayers

were harvested in 1ml of Trizobagent and incubated for 5 minutes at room temperature.

0.2ml of chloroform was added and the tubes were shaken vigorously for 15 sec and incubated
F2NJ o YAydziSa Fd NR2Y GSYLISNI Gdz2NBEod C2ff26Ay3
upper aqueos phase was transferred into a sterile RNase free tube. 0.5ml of isopropyl alcohol

was added and the samples were incubated at room temperature for 20 min followed by
OSYUNATFdzALI GAZ2Y G0 MHEZAannE3 F2N) mn YAyd#étSa |
was washed twice with 1ml of 75% ethanol, followed by centrifuging at 12,000g for 5 min at
nx/ FFGSNI SOSNE ¢ & Kried ahKrSsuspddded i8 DERGated watelK Sy | A

RNA was quantified using Nanodrop® spectrophotometer.

2.5: DNase 1 treatment:
For the RIPCR, RNA samples were treated with TURBO DNase (Ambion) enzyme to remove any

contaminating DNA. 1ul TURBO DNase (2U) was used tor 3oy of RNA in a 50pul reaction

FYR AyOdzol SR 0 oT1x/ F2NJ HnYAptwasadded ar@d2hée dzyY S 2
reaction was further incubated for 5 min at RT, flicking the tub8 ffmes during the
incubation. The tubes were then centrifuged at 10,000g for 2 min and the supernatant
containing the RNA was carefully transferred into a fresh Rlasetube and quantified using

Nanodrop® spectrophotometer.

2.6 Complimentary DNA (cDNA) synthesis:
Post DNase treatmentDNA was synthesized from RNA using high capacityt@RBIANA kit

(Applied Biosystems). The bench and pipettes were cleaned usiaseRdsp solution (Ambion)
before starting cDNA synthesi8utoclaved, UV sterilized 0.2ml tubes were used. 2ug of RNA
was used for a 20pl reaction containing 10pl 2X RT buffer, 1pl 20x enzyme mix and nuclease
free water to adjust the volume. For Rdontrals, the enzyme mix was not added. The tubes

were briefly centrifuged to spin down the contents and to eliminate any air bubbles and the
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cDNA synthesized was aliquotido sterile 0.5ml tube (Eppendorf) and stored-atn ¢ / ®

2.7: Reverse transciptase (RT) PCR:
To establish the expssion of RAMPs in C<ells, RT PCR was performed. RNA was extracted

using Trizol reagent (Invitrogen) followed by DNasel treatment anNAcBBynthesis as
described in the described befor®.2ml PCR tubes were autoclaved and the bench and
pipettes were cleaned using RNAse zap solution (AmbioAPdRI'was performed on the cDNA,
according to the recipe given in the table 2.2 using Go Taq BMNAX polymerase (Promega) for

a 50ul reaction:

Component Final concentration
5X Green flexi buffer 1X
25mM MgCl, 2.5mM
dNTPs 10mM each 0.2mM each
Upstream primer 2uM
Downstream primer 2uM
Go Taqg polymerase 1.25 units

Table 2.2: Recipe for PCR reaction using Go Taq polymerase.
The sequence of primers (Eurofins, MWG Operon) is given in theaaibelow:

e : Annealing
Gene Sequence 5’ to 3 Length T (5€) Temp (C)
F: GAGACGCTGTGGTGTGACTG 20 60.53 .
RAMPL R: TCGGCTACTCTGGACTCCTG 20 60.55 Sk
F: GGACGGTGAAGAACTATGAG 20 57.3 .
RAMPZ R: TCATGGCCAGGAGTACAT 18 56.7 ks
F: AAGGTGGACGTCTGGAAGTG 21 59.35
RAMP 3 R: TAGTCCAAGCAGGGCCTAGA 21 59.35 >4.0
F: TGTAATGACCAGTCAACAGGG 21 57.87
HPRT1 510
R: TGGCTTATATCCAACACTTCG 21 55.92

Table 23: Sequences of primers for RAMP1,2,3 and HPRT1

Thereaction was run in a thermocycler (Mastercycler, Eppendorf) in the following: cycle
{GSLI mY dne/ F2NJ o YAY
{GSLI HY dne/ F2NJon asSo

{GSL) oY Eeg/ FT2NJon asSo
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Repeat steps 2 to 4 for 35 cycles

2.8: Agarose gel electrophoresis:
To separte and visualize the PCR products, agarose gel electrophoresis was performed. 1%

agarose gel was prepared by dissolving 1g of agarose powder (Sigma Aldrich) in 200ml 1x TBE
buffer (Fisher scientific) in a conical flask (Pyrex ®, Fisher) and dissolvexichowave for 2.5

min. 2ul of ethidium bromide (Sigma Aldrich, 500pug/ml) was added to the gel and the gel was
poured into a getast with a comb and was allowed to solidify for 20 min. The gel was placed in

a tank containing 1x TBE buffer. TheHOR prodcts were loadednto the wells after diluting

with sample loading buffer, along with 10ul of DNA standards (Norgen). The gel was run at
150V for 30 minutes. The separated DNA was visualized under UV light using a Molecular
Imager Gel Dd¥ x RT with Imagéatl™ software (BieRAD), and the gel was photographed

with a gelDoclt system.

2.9: Real time PCR:
To determine the relative amount of cDNA in the samples, quantitativetimal PCR analysis

was performed using ABi 7900HT sequence detection systemi¢dpiplosystems). Before

starting each experiment, pipettes, tips, 384ll plate (Greiner bio one), plate sealer and DEPC
treated water (Sigma Aldrich) were sterilized under UV light for 20 min in a PCR hood. A
reaction was performed in asinglewellobay n ¢St t L)X I 0SS O2y il AyAy3
N}FGA2 gAGK 59t/ GNBIFIGSR 61 0SNE p>ft 2F ¢lljalyt
nop>ft 2F DSYS AaAaLISOAFTAO ¢l |jal yt)(acdegsorSnyfumbBelsh SR |
given inthe appendjxay R H ®Pp>LU NBF ISRt B SN G2 | FAYyIlLIf @2f¢
was performed in duplicates at following conditions:

{GSLI mY pne/ F2NIH YAY

{GSLI HY dpse/ F2NI mn YAy

Step 3: 95°C for 15sec

{GSLI nY cne/ F2NI wm YAY

Step 3 and 4 were repeated for 40 B&
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I O énd HPRTWere used as an endogenous control for normalizing the expression of target
genes. Average threshold cycle)(@alues were used for relative expression analysisording

to the ABi manual, a Ct value of more than 35 could be inatewanad so the limit for analysis

for this study was restricted to the Ct value of 3%’ fnethod was used for relative
quantitation, where the Cvalue of test gene was normalized to\v@lue of! O inithe same

sample (eg (RAMRG ! O)iandthevalu@ 6 G I A Y SR g | avali@lfot thaSparticul& S & /
test gene. This value was converted into linear form by using the formilad These values

were plotted on a graph usinGraphPad Prism version 5.00 for Windows (GraphPad Software,
San Diego Califinia USAwww.graphpad.com The data was represented as fold change in

expression of the gene of interest, relative expression to the expressibrii i

2.10: Protein sample preparation:
Cells were washed with iamld PBS, scrapped off using a cell scraper and spun at 15009 for 5

YAY |0 nx/ & mYft 2F AOS O2fR OStf teéeara odzFFSI
NREG2NI G nx/ ® LT &adzomadlydAlf FY2dzyd 2FaAyazf
Dounce homogenizer (Fisher scientific) on ice (20 strokes). The sample was then centrifuged for

MAYAY 0 wnZannn3d G nx/ YR GKS adzZLISNYyFalyad ¢

2.11: Bicinchoninic acid (BCA) protein assay:
Protein was quantified using BCA as&#ty(Pierce). 1mg/ml BSA fraction V (Sigma Aldrich)

prepared in cell lysis buffer was used as a standard. 2ul to 20ul of 1mg/ml of BSAlamti 5
10el of protein samples were added to 1.0 ml of the workieggent (50:1 keinchoninic acid:
CuSQ@ and inclrated at 6%C for 30 minutes. Optical Density (OD) at 562 nm was obtained
using a spectrophotometer (Eppendorf) and the concentration of the protein was calculated

from the BSA standard curve.

2.12: SDSPAGE and Western blotting:
2.12.1. SDSPAGE:

SDSPAGE gels were cast using 1.5mm width glass spacer plateadBi&irst the spacer plate
and the outer glass plate were washed with a detergent, dried and wiped with methanol. Next

the separating gel of desired concentration was prepared in a 50bd tising the recipe given
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in the appendix and poured between the glass plates on the casting apparatus, immediately
after which distilled water waaddedon the top. Once the separating gel was set, 5% stacking
gel was prepared and poured using the recgieen in the appendix and appropriate sized

comb was placed.

After the stacking gel was set on top of the separating gel, it was allowed to equilibrate in 1x
running buffer (recipe in appendix) for 45 min. Protein samples were diluted in 6x Laemmli
buffer (recipe in appendix) and heated at 42°C for 10 min and the biotinylated protein standard
(Cell signalling) was heated at 95°C for 5 min. Desired concentration of protein was carefully
loaded using a pipette into the wells along with the biotinylated piotstandards. Prestained
protein standard(Biorad)was also loaded onto the gel to separate two different types of
protein samples and to visualize the transfer of proteins on the PVDF membrane in western
blotting. The gel was then electrophoresed at 90Mhe samples were settled at the bottom of

the stacking gel and then at 150V till the samples reached to the bottom of the separating gel

as visualized by the bromophenol blue stained gel front.

2.12.2: Western blotting:
Transfer:

The electrophoresed pteins were transferred to HybonB polyvinylidene chloride (PVDF)
membrane (Amersham). The PVDF membrane was made permeable by soaking it in 100%
methanol before use. The arrangement for transfer was as follows:

The gel was placed on the PVDF (which west lon cathode side), both of which were
sandwiched from both the sides with sponge and 2 blotting papers (presoaked in transfer
buffer). A 50ml tube was rolled on top to remove any air bubbles. The elbtittng was

allowed to occur in presence of ioeld transfer buffer (recipe in appendix) at 100V for 80 min.

Immuno-blotting:

The presence of protein was detected by immtbiotting. Followingthe transfer, PVDF

membrane was incubated in blocking solution of 5% -feinmilk powder (Marvel) in TBS
(redpe in appendix) for 1 hour. Primary antibodies against RAMP1,2,3 raised in g886(sc

s¢8852 and s@854 respectively, Santacruz biotechnology, Autogenbioclear) were diluted
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1/300 v/v from 0.2ug/ul stockconcentration the CaSR (ab®9347, Abcam) was diluted 1/500
v/v from 1pg/pl stock concentratioand G proteins [G ;(G19) se392, G 5 « (G18) se383 and

G 3 (G10) se262, Santacruz biotechnology, Autotpioclear] were diluted 1/500 v/v from
0.2ug/ul stock conaatration in 1% milk solution in TBS and incubated with the PVDF overnight

at 4°C on a roller.

The next day, PVDF was washed 3 times for 5 minutes each with 0.05%-2QvéEisher
scientific) in TBS and incubated with secondary antibody (anti goat or amtisen HRP
conjugated 1gG immunoglobulin, Sigma Aldrich) at 1:10,000 diludonantibiotin HRP
conjugatedantibody (1:1000) dilution in 1% milk solution for 1 hour with gentle agitation. The

membrane was washed-Btimes for 5min each with 0.05% Twe2a n TBS.

The PVDF was then soaked in Supersignal west dura ECL cocktail (Thermoscientifid for 15
4S502yRa8 YR SELRA&ASR (2 | OKSYAfdzYaAySaoSyos
film was developed in the dark room by incubating first in theedeper (Agfa), followed by

fixer (Agfa) and finally water after which it was air dried.

2.13: Immuno -cytochemistry:
TT cells were seeded on 15x15mm #1 glass coverslips (M8lazadr) which were previously

0F 1SR FT2NJ bn YAY |0 ™ wipexwithdPBS @& fixed $of HOrain ab dddS

temperature using 4% PFA (Sigma Aldrich), 48hr post transfection. If total expression was to be

checked, cells were permeabilized using 0.5% Twage(Fisher scientific) for 10 min at room
temperature followed byricubation with 10% rabbit serum (Vector labs) with 0.5% BSA (w/v) in
PBS for 30min at room temperature in order to block fspecific binding of the secondary

antibody. Primary antibodies (RAMP 18850 Santacruz biotecbr Goat IgGVector labs) were

they Ay Odzol SR 2@SNYyAIKG 4G nx/ Ay ™3> NIVOOAU

dilution of the 0.2ug/ul stockconcentration Next day, the coverslips were washed three to four
times with 0.5% BSA (w/v) in PBS and then incubated with secondarg@yn{iBabbit anti goat

IgG conjugated with FITC, DAKO) for 45min in dark at room temperature in 1% rabbit serum
with 0.5% BSA in PBS at 1:400 dilutioih 2.5ug/pl stock concentration Following the

incubation, the coverslips were washed four times with 0B$A (w/v) in PBS and incubated
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with DAPI counterstain at 1:5000 dilutiaf 5mg/ml stockconcentrationfor 3 min followed by
further three washes with 0.5% BSA (w/v) in PBS. The coverslips were drained to remove excess
liquid and mounted on a clean glaskde (VWR international) using Prolong Gold (Invitrogen)

and stored in dark at room temperature overnight before imaging.

Imaging conditions:

HCX PL FLUOTAR L 40.0x0.60 dry objective on an Inverted widefield fluorescence microscope
LeicaDMI4000B was usdd capture images aB-bit resolution and 1x1 binning at room
temperature. Three channels were set each for FITC (exposure 1.5sec, gain 3:B5)il2API
(exposure 150ms, gain 3.0, filter A4) and phase contrast (exposure 70ms, gain 2.2) to capture

RAMR or control IgG staining, nuclear staining and a phase contrast image for TT cells.

2.14: Statistical analysis:
All datapresented are either maat SEM or mean + SD, as specified in the results section. The

graphs were plotted and the statistical analysis done usingraphPad Prism version 5.00 for
Windows (GraphPad Software, San Diego Californiaw&4&,graphpad.com All the data sets

were assessed faBaussian distributior{normality) usingthe widely recommeded5 Q! 32 A G Ay 2
and Pearsoromnibusnormality test, as it first measures the skewness or asymmetry of the

data from the normal distribution and then computes how far eaclueais from normal
distribution. Itsubsequently createa singe p value from the sum of these discrepanciesd

S0 is easy to interpret. It also works well when several values are idemticekalWallis one

way ANOVA test was usénl compare the meanshentwo or more experimental groups were

involved along with aantrol group. This test was usedsks it is a nofparametric test, and hence

could be used on the data whichewe nd normally distributed.This was followed by
comparing each data set withnotherz dzA Ay 3 5dzyy Q& posiesi Awaivdy O 2 Y LI
ANOVA \th Bonferron posttest was used for multiple comparisons such differencesin
FREWithin the negative control FRET grauphe negative control vs tegroups and within

the testgroups(chapter 3), and also to compare the effects of both time amétment on the

MRNA expression levels of RAMPs or CaSR (chapt&ingg the data were not normally

distributed, Mann Whitney test was used ashan-parametric ttestto compare the differences
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between two specific groups only, suchfeaction of RAMP oGPCR between two specific pairs
of combinations (chapter 3and differences in expression BAMP/CaSR specific vs negative
control siRNA transfected cells (chapter. #he satistical tests performed for eacparticular
experiment ismentionedin the relevantresults section. p<0.05 was considered as statistically

significant result.
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CHAPTER 3:MEASURING MDLECULAR
INTERACTIONS BETWEEN GR /GPRCG6A

AND RAMBs USING FRET BASED
STOICHIOMETRIC ANALYSIS
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3.1. Introduction
The interaction of RAMPs with CaSR was demonstrated by Bousiché{157] where they

showed that RAMP1 and 3 are responsible for the-smatlace trafficking of the CaSR in
transfected CO3 and HER93 cells. Therés no information yet regarding the differences in
characteristics of interaction between RAMP1 andA8cordingly, it was aimed to characterize
this molecular interaction in detail usinfprster resonance energy transfer (FRET) based
techniques. Furthermore, the interaction of CaSR with RAMPs |édrttoer hypothesis that,
other family C GPCRs could also interact with RAMPs. In view of that, GPRCGshautestB4%
aa sequence identity with theaSR[158 was chosen as a candidate and its interaction with

RAMPs was tested using FRET technique.

3.1.1. Forster Resonance Energy Transfer (FRET):
Techniques such as -ocalization by immunofluorescence and-iomunoprecipitation are

widely used to study protenprotein interactions inside the cells, however their sensitivity is
limited and chemicals used in the technique (eg detetgemight alter the native interactions
[222]. Also, the resolution of a fluorescence microscope is several hundred nanometers, so
unless robust calculations are carried out using more than one method, its sensitivity cannot be
relied upon completely for analysis of -twcalization[222]. Alternative approaches sucis

FRET have been developed which rely on measuring energy transfer between two fluorescent

proteins labeled to proteins of intere§®22-231].

The principle of FRET relies on fradiative transfer of energy from a fluorophore in excited
state known as donor, to an acceptor fluorophore; thereby excitin@2]. Successful FRET
between two fluorophores can only occur if two essential conditions are met. First, the distance
separating them must be less than 10nm; and the emission spectra of the donor fluorophore
must overlap with the excitation spectra of the aptor fluorophore for an efficient energy

transfer to occuf222 (Fig 3.1.1).
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Figure 3.1.1: Spectral overlap between donor and acceptor molecules:
The emission spectrum of the donor (blue) is overlapping with the excitation spectrum of the acceptor
(yellow). Adapted fronf222].

FRET efficiency is inversely proportiotwaihe sixth power of the distance (R) between two
fluorophores[222, 232]:

P

© p YTY

Here, Ris the distance where FRET efficiency is 5@%. d&pendent on the angle between the

two fluorophores and the extent of spectral overlap between the two fluoroph¢a2e, 237.

Effective Rfor GFP variants (the mostigely used fluorophores in FRET) is limited between 4

and 6nm with a range of up to and below 10nm and most FRET pairs ha¥e-Bhm[232,

233. Accordingly, when the distance between two interacting partnegéster than R the

FRET efficiency extremely low and is consided asclose to nothing, whereas for distances

greater than B FRET efficiency ise highestHSy OS Cw9¢ OFly o6S dzaSR I a
for distance calculatiowithin this rangg233). Due to the steep dependence of FRET efficiency

to R, FRET can hesed to measure accurate changes in profgintein interaction caused by

various factorg222.

Apart from the above stated factors that affect the FRET efficiency, others such as the

proportion of intensities of donor and acceptor molecules which depends on their relative
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stoichiometryand brightness can limit the usefulness of FRET for certain interactions, as FRET
occurring is proportionally very small compared to the very high background of fluorescent
labels that are not undergoing FREZ22, 234].

Most commonly used fluorescent proteins are GFP variants CFP an{R3¥FrRand their
mutants Cerulean (Cef236] and Citrine (Cit)237] respectively, because of their overlapping
spectra. Development of Cer amitrine had advantages over parental CFP and YFP such as
higher extinction coefficient and quantum yield, resista to acid quenching and prevention of

homo and heteredimerization of the fluorophoref236-238].

3.1.2. Method of FRET imaging used:

Sensitized emission:
Sensitized emission technique was used in this study to measure the specific interactions

between the GPCRs and RAMPs. In this technique the donor fluorophore is excited at a
particular wavedngth and the energy transfexd is measured as the emission of the acceptor
[222-224] (Figure 3.1.2). Because of the spectral overlap between the two fluorophores,
problem with bleedthrough (spillage of donor and acceptor fluorescence into FRET channel
detector) and crossalk (excitation of acceptor at donor excitation wavelength) obfescence

exists in this method; which requires corrections using appropriate cont®Id(. Two
channel based approach using a confocal microscag better than using a widefield
fluorescence microscope, as decreased bldedugh and increased specific excitation of CFP
can be achieved by using a las@}. [However, the need for image proasg amplifies the

noise that is initially in the images and hence this method is not useful for small FRET signals
where it can be difficult to differentiate between background noise and specific FRET signal
[222).

Sensitized emission method can also be used to measure stoichiometry aothponents

involved in FRET which gives a deeper insight into the interg@itsh as explained below.
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Figure 3.1.2: Principle of sensitized emission:

Two interacting proteins (red and green) are tagged on thdégr@inus with donor (CFP) and acceptor
(YFP) respectively. When the proteins do not interact, FRET cannot occur, whereas in case of an
interaction, the distance between the proteins is within 10nm and so energy is transferred from excited
donor to the acceptor thereby exciting it and the emitted fluorescence by the acceptor is measured as
the FRET between them.

FREIased stoichiometry in livingels:
FRET stoichiometry is derived from the concept that the measure of FRET efficiency of a specific

donor-acceptor complex, can allow stoichiometric discrimination of interacting components
[224]. Basically, in sensitized emissidhe emission of acceptor due to FRET is influenced by
four main components (Figure 3.1-&fficiency of energy transfer (E) betweenndw-acceptor

pair, fraction of donor (Fd) involved FRET, fraction of acceptor (Fa) involved in FRET and the
ratio of total acceptor to donor (R) (free and complexed). Hoppal [224] havedeveloped a

method of FRET stoichiometry that measures these at each pixel in an image.
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Figure3.1.3: Principle of FRET stoichiometry:
Donor is shown in blue and acceptor is shown in yellow attached to their respective proteins.
Interactions between donor, acceptor and doreaceptor complexes influence the emission spectrum

through four parametes: efficiency of energy transfer (E), fraction of donor (Fd) and acceptor (Fa) in
complex and the ratio of total acceptor to donor (R). Adapted ffag4].

The fractions of donor and acceptor in FRET complex are calculated based on information in
three images namely: the donor image, the acceptor image and FRET image. So, as shown in
the figure 3.1.3, the fractionfadonor or acceptor in FRET complex is calculated by dividing the
concentration of donofacceptor complex by the total concentration of the donor or acceptor

respectively (free plus complexed).

Such measurements are complicated due to the presence ofsexgeninteracting donor or

acceptor molecules which create high background fluorescence; making the specific
measurements difficult. These problems are circumvented by using the equations derived by
Hoppeet al[224], due to the correction factors used. Accordingly, in addition to correcting for
bleedthrough of donoror acceptor fluorescence into the FRET chantiés; method also uses

G662 FTRRAGAZ2Y I T O2WIKNENWOEIR 8 alcufating the ixkktion: of dongdrRor

acceptor in FRET complex accurafe®dd + O2NNBOiGa F2NJ 6KS SEOAGI
wavelength which is due to the overlapping fluorescent spectra of the fluorophores and helps

in calculatingFa; whereay A& | LINRPLRNIAZ2YylFfAGE O2yadl ya dza!
0KS AYONBIFasS Ay | OOSLIWi2NI SyYyaAaarazy NBfIOGAGS G2
to FRET. It was shown that this method could distinguish between the excekmoff or

acceptor present and could determine correct fractions of the components present in the FRET
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complex. This was done by keeping either Fa or Fd constant and varying the other component
to measure its fraction in FRET complex. For example, byrigeéipé concentration of donor
constant and increasing the concentration of the acceptor let to a concurrent linear increase in
the fraction of acceptor in FRET complex. This shows that the method could distinguish

between the excess donor presegi224).

Also R, measures the ratio of total concentration of acceptor to donor (free and complexed)
present at each pixelf the image. R=1 indicates equal fractions of donors and acceptors in the
given image pixel, R>1 or <1 indicate an excess of either acceptomor dEspectively. So,
comparing Fa or Fd with R gives an idea about the relative local concentrations ategsor

or donor molecules that do not participate in FRE24]. Thus, FRET stoichiometry gives a
measure ofphysical parameters which are transferrable from one molecular interaction to

another.

3.1.3. Hypotheses and aims:
It was hypothesisedthat RAMP1 and 3 differentially interact with the CaSR in higher order

RAMP/CaSR complexes on the-saliface.

It wasalso hypothesisedthat RAMPs interact with GPRCG6A in @Q®lls and enable its cell

surface trafficking. The specific aims were:

1 To optimize a FRET method to measure sensitized molecular interaction between GPCRs
and RAMPs using positive and negativetaus.

1 To measure FRET efficiency of interaction between CaSR as well as GPCR6A with RAMPs
on the cellsurface; and determine the fraction of RAMPs and receptor present in the

FRET complex on the eslirface, using FRIb&Ased stoichiometry analysis.
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3.2: Methods and Materials:

3.2.1. cDNA constructs used:
GPCRs were engineered into pcDNA 3.1 Citrine vector such that the citrine was tagged-to the C

terminal of the GPCR. RAMPs were engineered into pcDNA 3.1 Cerulean vector such that, that
RAMP gene wasllowed by a linker sequence (at RAM#e@ninal) which was followed by the

Cerulean gene.

As a negative control, pcDNA 3.1 Citrine vector alone was used with pcDNA 3.1 RAMP Cerulean
vector, whereas, as a positive control, pcDNA3.1 vector containingi@nfaonstruct containing
Cerulean cDNA followed by 18 aa linker sequence and then Citrine cDNA was created and will

be referred to aeruleancitrine fusion.

pcDNA 3.1 CaSftrine vector was engineered by me as described below; whereas the pcDNA
3.1 CLRitrine, pcDNA 3.1 GPRG6#rine, pcDNA 3.1 RAMRsrulean, pcDNA 3.terulean
citrine fusion, pcDNA 3.terulean and pcDNA 3.ltrine vectors were a kind gift by Dr. David
Roberts of our group. The cloning sites for engineering the constructs useshaven in the

table 3.2.1 below:

Construct

Cloning sites

pcDNA 3.4Citrine/Cerulean

Not-1-CitXhol into pcDNA 3.1

pcDNA 3.XRAMPCerulean

Kpn:RAMPRNot-1-Cerulean

pcDNA 3.i1CaSKCitrine

Hindlll -CaSRNot1-Citrine

pcDNA 3.i1GPRC6LItrine

Hindlll -GPRC6Alot1-Citrine

pcDNA 3.ACLRCitrine

Hindlll -CLRNot1-Citrine

Table 3.2.1: Cloning sites for the engineering the constructs used in FRET
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3.2.2. Engineering CaSR gene into pcDNA 3.1Citrine vector:

Multiple
Cloning site with
Hind3 and Not1
sites

TOPO
CaSR

pcDNA 3.1
Citrine

Citrine

Introducing RE sites into
CaSR using PCR
Cloning the product into
pcDNA3.1-citrine vector
O O
Hind3 Not1

Figure 3.2.1: Cloning strategy of CaSR cDNA ff@PO CaSR into pcDNA&Itrine

CaSR cDNA was cloned from TOPO vector (Geneservice) containing CaSR cDNA into pcDNA 3.1
citrine vector. For this, Hind and Notl restriction enzyme recognition sites were introduced

into the CaSR gene using PCR as shiowhe figure 3.4 above. The amplified PCR product was

then cloned into the pcDNAS3.1 vector between the Hihdnd Notl sites such that citrine was

at the CGterminal of CaSR. A stdyy-step protocol is given below:

(a) Culture of TOP10 E.Coli glycerol stockstaining TOPO CaSR or pcDNAGiIttine:
TOP10 E.Coli glycerol stockstaiming TOPO CaSR or pcDNAcBrine vector were cultured in
I dzi2 Ot SR [ . ONRGK oO0{A3AYlI ! f RNAOKO O2yidlAyA
overnight in a shaking incalbor at 200rpm.

(b) Plasmid extraction:
TOPO CaSR and pcDNA 3tfine plasmid DNA were isolated using PureY{él@lasmid
aARALINBLI {2a0SY o0t NRYSAIUOL | O0O2NRAYy3 G2 GKS Yl
centrifuging at 2000g for 10 min and resusged in 3ml cell resuspension solution and
vortexed thoroughly. 3ml of cell lysis solution was added and the tubes were gently inverted 3
5 times and incubated for 3 min after which 5ml of neutralizing solution was added and mixed
gently by inverting 5 tiras. PureYielt' clearing column was assembled into the top of a
PureYield"binding column and the assembly was placed onto the vacuum manifold (Promega).

The lysate was poured into a PureYI8dlearing column and maximum vacuum was applied
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till the lysae passed through. The PureYiBfdlearing column was removed and 5ml endotoxin
removal wash solution was added and vacuum was applied to pull the solution through the
column followed by a wash with 20ml of column wash solution. The membrane was dried by
applying vacuum for further 60 seconds. PureY{éldearing column was removed from the
vacuum manifold and placed in a clean 50ml tube. 600ul of nuclzasevater was added and

the tube was centrifuged at 15009 for 5 min at room temperature to elutegtasmid DNA.

(c) Polymerase chain reaction using TOPO CaSR vector to engineer restriction enzyme
sites for cloning:
Hindll and Notl restriction enzyme sites were engineered on either sides of the CaSR gene in

the TOPO vector by using primers with restriction site sequence (table 3.2.3). This amplified the
entire CaSR gene from TOPO CaSR, excluding the stop codon, as tieewatsi to be

engineered to the @erminal of the CaSR. This was achieved by PCR using KOD hot start DNA
polymerase (Novagen). The reaction was set in a 0.2ml PCR tube in a final volume of 100pl

using the following receipe:

Component Final concentration
10x buffer for KOD hot start polymerase 1X
25mM MgSQ@ 1.5mM
dNTPs 10mM each 0.2mM each
Forward primer 2uM
Reverse primer 2uM
Go Tag polymerase 0.04U/ul
Template cDNA :TOPO CaSR 100ng

Table 3.2.2: Recipe for KOD hot start DNA polymerase PCR
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Primer sequences (restriction enzyme recognition site is highlighted)

Lenat| Tm Annealin
Gene {SljdzSy0S pQ (2 g g Temp
h °C) | o
(°C)
F(HindIl ):TATAAGCTGTCATGGCATTTTATA
TGCTGCTGGGTCCTC 43 62 41
CaSR | R(Not1): o | er00| B0C
TATTCGGACGGCCGGAATTCACTACGTT '
TTCTGTAACAGTGCTGCC

Table 3.2.3: Primer sequences for cloning CaSR in pcDNA 3.1 Citrine vector

The reaction was run in a thermocycler (Mastercycler, Eppendorf) using the following cycling
conditions:

{GSLI mY dpe/ F2NI H YAY

{GSLI Y dpe/ F2NJon asSo

Step3ppe/ F2NJ on &SSO wSLISHG adsSLla uw G2 n
{GSLI nY cys/ F2NIH YAY

Following the completion of PCR, 5ul of product was subjected to agarose gel electrophoresis

as described in section 2.8 of chapter 2 to check the product length (expectee3Si@ébp).

(d) Precipitation of PCR product:
PCR product was precipitated to remove the contents of the PCR reaction and purify the
amplified DNA. PCR product was precipitated using isopropanol by adding 2 volumes of
isopropanol to the PCR product and theaction was incubated for 30minagt n x / ® ¢ KS { dz
GSNBE (GKSY OSYGNATdzZASR |0 wnZnnn3a F2NJ on YAY |
LISt fSiGa 6SNB ftt26SR (2 AN RMeewidtey R 6 SNBE NI & dz

(e) Restriction digestion of the C3R PCR product and pcDNA 3.1 Citrine vector with

Hindlll and Not1:

In order to clone the purified PCR product between the Hinghd Notl sites of the pcDNA 3.1
OAGNRYS @SOG2NIr wmn>3 2F t/w LNRRdAzOG YR Mnax:

separately using 20units of Hihdand Notl restriction enzymes (New England Biolabs) in the
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presence of 1x NEbuffer 2 (New Englanda®is) and 1x BSA (10mg/ml stock) in a final volume
2F mMnannxtd® ¢KS NBIFIOGA2Y ¢4l a AyOdzmlGdSR FdG o7 x/
precipitated as described in section 3.2.2 (d) and resuspended into 50ul nuteasgater.

() Dephosphorylationof restricted pcDNA 3.1 Citrine vector:
To prevent the selfigation of the Hindll and Notl restricted pcDNA3ditrine vector,
dephosphorylation was carried out by incubating with 5units of Antarctic phosphatase enzyme
(New England Biolabs) in presemufelx Antarctic phosphatase buffer (New England Biolabs)
YR ydzOf SIaS FTNBS 4l GSNIFG oTtx/ 20SNYAIKGP

The next day, reaction was stopped by precipitating the DNA as described in section 3.2.2 (d).
DNA was quantified using BioPhotometer (Eppendorf) usimgs0 idilution in a plastic cuvette

(Eppendorf) at 260nm.

(9) Gel extraction of the restricted CaSR insert:
In order to remove the impurities from the restriction enzyme reaction in the form of the salts
from the buffer and restriction enzyme, CaSR insert wast®phoresed and the correct sized
band was gel extracted. Hifil and Notl restricted CaSR insert was subjected to agarose gel
electrophoresis as described in section 2.8 of chapter 2, but without using ethidium bromide.
After the electrophoresis, theal was stained using 1% crystal violet (w/v) for 20min and then
de-stained using distilled water. The band at the correct size was visualized under white light
and was cut using a scalpel. The DNA was then extracted using ZymgebBNA recovery
kit (Zymo research). 3 volumes of ADB reagent were added to the agarose gel excised, and
AyOdzo SR Fd otvx/ dzyiAat GKS ISt at A0S gl a 0O2Y
transferred into zymespin™ | column in a collection tube and centrifuged1®,00g for 30 sec.
200ul of wash buffer was then added and the column was washed by centrifuging at 10,0009
for 30 sec. 10l of nucleadeee water was added directly to the column and the DNA was
eluted in a clean 1.5ml tube by centrifuging at 10,0000 30 sec. DNA was quantified using
BioPhotometer as described before in (f).

(h) Ligation of the CaSR insert into the dephosphorylated pcDNASttine vector:
1ug of the gel extracted CaSR insert and the dephosphorylated pcDNA 3.1 Citrine vector were

ligated using 2000U of T4 DNA ligase enzyme (New England biolabs) in presence of 1x T4 DNA
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ligase reaction buffer (New England biolabs) and nuck@sewater in a final volume of 100pl.
The reaction was incubated overnight at room temperature.
On the followingday, the ligation mixture was precipitated as described in section 3.2.2 (d) and

the DNA pellet was resuspended in 50l of nuclefase water.

() Gel extraction of the ligated product:
In order to use the ligated producnly for the further procedure, it as gel extracted
according to the expected band size. The ligated product was subjected to agarose gel
electrophoresis without ethidium bromide and stained with 1% crystal violet (w/v) for
visualisation at correct size of ~10kbp. The ligated product oak/gel extracted as mentioned
earlier in section 3.2.2 (g) and resuspended in 20pl nuctéasewater.

() PCR for the ligated product and Dpn1l digestion:
At the end of a ligation reaction, there will be presence of unligated insert and empty vector as
well as successfully ligated product. In order to selectively obtain the CaSR ligated into the
pcDNA3.icitrine vector, the ligated product was amplified using primers specific for CaSR. For
this, PCR was performed as described in section 3.2.2 (c) using K&BrhDNA polymerase.

The primers used were specific to the mid region of the CaSR gene:

Lenat| TM Annealin
Gene { SljdzSy 0S pQ (2 g g Temp
h (°C) (°C)

F:CCCTTCTCCAACTGCAGCCGAGACTG 26 69.5
CaSR 60°C
R:CAGTCTCGGCTGCAGTTGGAGAAGGG 26 69.5

Table 3.2.4: Primesequences for amplifying CaSR pcDNA 3.1 Citrine ligated product.

The reaction was run in a thermocycler (Mastercycler, Eppendorf) in the following cycle

{GSLI mY dpe/ F2NI H YAY

{GSLI HY dpe/ F2Nlon &asSo
{GSLI oY cne/ F2NJon asSo
{GSLI nY cys/ F2NIp YAY

Repeatsteps 2 to 4 for 20 cycles
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After the PCR, the contents of the tube were spun down briefly and incubated overnight at
oTx/ H6AGK wnwndzyAida 2F 5Llym SylevysS G2 Ot SI @S |\
vectors without CaSR insert). The following dagnl treated PCR product was precipitated as

described in section 3.2.2(d) and the pellet was resuspended in 20pul of nu¢teassater.

(k) Transformation of the ligated product into TOP10 E.Coli:
I @At O2yGFAYyAy3 pn>f ¢ htitegen) @ds $rst thanwed dnéce; O 2 Y LIS
and then incubated for further 25min on ice after adding 100ng of the ligated product. TOP10
9d/ 2t A OStta 6SNB (KSy KSIFIG akK2O01SR F2NJ nnasS
incubated for 2 min. 250ul of S.O.@edium (Invitrogen) was added to the vial following
AyOdzoF GA2y F2NJ MKNJ Fd otx/ FdG waaNLIY Ay | &k
spread on a preavarmed LB agar (Sigma Aldrich) plate containing 100ug/ml ampicillin with a
cellspreaderandi®@dzo F 6 SR i o1 x/ 2@SNYyAIKGD

() Colony selection, culture, plasmid isolation:
Colonies were picked and cultured in 2ml LB broth containing 100ug/ml ampicillin overnight at

otrx/ a4 WHAANLIY Ay | aKF1Ay3a AyOdz:l G2 N®

Plasmid isolation was performed using WizardsplsV Minipreps DNA Purification system

Ot NPYS3AlL0 FOO2NRAYy3A G2 GKS YIydzFl O dZNENRa LINE
centrifuging at 10,000g for 5 min and resuspended thoroughly in 250ul cell resuspension
solution. 250ul of cell lysis solutiomas added to each sample and mixed by inverting 4 times.
10pul of alkaline phosphatase was then added, mixed by inverting and incubated for 5 min at
room temperature, following which 350pl of neutralization solution was added and mixed. The
lysate was thercentrifuged at 10,0009 for 10 min at room temperature. The cleared lysate was
decanted into a spin columrattached to an adapter on vacuum manifold, and passed through
the column by applying vacuum. 750ul of wash solution was added and passed through the
column by applying vacuum. This step was repeated using 250ul of wash solution. The column
was transferred to a collection tube and centrifuged at 10,000g for 2 min in a table top

centrifuge to remove any remaining ethanol from the wash solution. PlasiNidl ®as eluted
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by adding 100ul of nucleadese water to the spin column and collected into a fresh 1.5ml tube

by centrifuging at 10,0009 for 1 min at room temperature.

(m) Restriction digestion screening of the pcDNA 3.1 Ga#ifthe clones for presence of
C&R using Hind and Not1:
The selected colonies were initially screened for the presence of CaSR insert by restriction
digestion of the extracted plasmid DNA. 1ug of DNA isolated was subjected to restriction
digestion with 10units of Hirdl and Notl as8 4 ONA 6 SR &aSOGA2Y odPHPH O0S
restricted clones were then separated using agarose gel electrophoresis and visualized under
UV light for positive clones which showed a band for CaSR at ~3300bp.

(n) Sequencing of positive clones and result aysik:
The positive clones were cultured overnight and plasmid DNA was isolated as described in

section 3.2.2 (I) and precipitated section 3.2.2 (d). Plasmid DNA for each positive clone were
sequenced using ABi automated sequencer at the Genomics Corligyfadhe Medical school,
University of Sheffield using the following prime@aSR engineered into the pcDNA 3.1 citrine
was sequenced from bp 3&b0and 1152850 to confirm the presence of CaSR (data not

shown)

Primer A b A A .

name { SljdzSYyOS pQ 02 |Length
CMV

: CGCAAATGGGCGGTAGGCGTG 21
primer
1160+ TTGGCCTCAAACACCAGGAGGACACGGT 29
1950+ AACTGGCACCTCTCCCCAGAGGATGGC 28

Table 3.2.5: Primer sequence for CaSR sequencing in positive clones.
The sequencing results were matched to the sequence of CaSR in TOP@efaBSRsing

EMBOSS matcher and were also searched using nucleotide BLAST for aligning sequences.

(o) Preparation of bacterial glycerol stock:
30% (v/v) glycerol was added to the culture of bacteria of the positive clone in a 1.5ml tube and

was flash frozen uisg liquid nitrogen. The tube was stored-gtn x /  F 2 NJ F dz(i dzZNB  dza | 3
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3.2.3. Transfection of COS7 cells with pcDNA 3.1 GPCRCitrine and pcDNA 3.1 RAMP-
Cerulean:

The following protocol was used for FRET analysis of CaSR/GPRC6A with RAMPs.
Electroporationtechnique was used to ewansfect COS cells with tagged GPCR and RAMP or

positive and negative control vectors for FRET imaging.

CO¢7 cells were grown to confluency, after which they were detached using trypsin and
collected as a pellet as describedsection 2.2 of chapter 2. The cell pellet was resuspended in
1ml of electroporation buffer (recipe in appendix) and the numbers of cells were counted as
described in section 2.3 of chapter 2. The numbers of cells and the amount of DNA optimized

for each tansfection combination is given below:

Transfection combination | Amount of DNA | Number of COS cells
Citrine alone/Ceuleanalone 5ug 0.8 million
Citrine alone+RAMPs .

cerulean 3ug+15ug 1.5 million
Citrine-ceruleanfusion 5ug 0.8 million
CLReitrine+RAMP<erulean 3ug+3ug 1.5 million
CaSRitrine and GPRCG6A 10ug 1.5 million
alone
CaSRitrine+RAMPs .
cerulean 10pg+15ug 2.5 million
GPRCOAltrine+RAMPs 10ug+10ug 2.5 million
cerulean

Table 3.2.6: Number of COBcells and amount of DNA fdftRET transfections

After counting, the required numbers of cells were transferred into a 4mm gap electroporation
cuvette (York biosciences) in a final volume of 0.4ml, adjusted using the electroporation buffer,
followed by which the required amount of DNvas added. The cells were then electroporated
using gene pulser (Biorad) at 960uF, 0.25kV. 1ml of culture medium was added to the cells and

incubated for 5 min at room temperature. Cells were then gently seeded using a sterile plastic
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dropper into a stete 35mm glasdottom plate (Ibidi) and left at room temperature for 20min
0STF2NB UGUNIYAFSNNAY3I Ayd2z2 {K.Sor 488 .tFiesh ddiuth daéls Ay O

replaced the next day to remove the dead cells due to electroporation.

3.2.4. Cell fixation and mounting:
Cells were washed twice with PBS 48hr gomstsfection and fixed using 4% paraformaldehyde

for 10min at room temperature, followed by 3 washes with PBS. Cells were then mounted by
FRRAY 3 pnn>ft az2¢AiA2f Y2 dzyérelgftibverdigfiBoofared®aging, | LILIS Y

3.2.5. FRET Imaging:
Images were captured using a Zeiss Plan apo 63X/1.4 oil immersion lens on a Zeiss LSM 510

inverted laser scanning confocal fluorescence microscope fitted with an argon laser at room
temperature. Corical images of the fluorescent proteins were acquired using an argon laser
together with an HFT458/514nm dichroic, a NFT515nm beam splitter, pin hole set to 496um,
detector gain 550 and individually as a separate channel under the following conditions:
Cewulean was excited using the 458nm laser line with a 100% laser intensity and a band pass
BP480520 emission filter; Citrine was excited using the 514nm laser line attenuated to 20%
laser intensity and a band pass BPS3® emission filter; FRET was excitsing the 458nm

laser line with a 100% laser intensity and a BP330 emission filter. All fluorescence channels

were scanned and the collected together, line by line with a mean of 1.

3.2.6. FRET analysis:
Bleedthrough calculations:

Cerulean and Citrine fluorescence blethdough into the FRET channel were calculated using

FRET and docalization analyzer plugin for Imad@39. pcDNA 3.1 Cerulean or pcDNA 3.1

Citrine COS cell imagesollected using either the CFP and FRET or YFP or FRET channels were
used. At least 10 images were used to calculate the mean values of the bleed through constants

i OO0 KNIRIZAK 2F R2y2NJ T dz2 NB & O-8ipu@glsof dcgept@ w9 ¢ OK |y

fluorescence in FRET channel).
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Calculating FRET efficiency for sensitized emission (NFRET) using PiXFRET:

NFRET calculations for FRET efficiency for sensitized emission were done usiog povet!
analysis by PixFRET plugin for Im§g89]. The resulting FRET images generated by the PiXFRET
plugin were used as representative images for a particular receptor/RAMP combination in the
results section. The bleell K N2 dzZa K @I f dzZS& T2 NJ / @aineddfriors abovg” R
were entered into the plugin. An ROI was drawn outside the cell, to calculate the background
intensity for each channel and the threshold was set to 1.5; so that only pixels with value
greater than 1.5 times the background intensity werged for analysis, in order to minimize
background noise and mathematical errors. The following equation was selected to calculate
FRET efficiency:

&2%§L2 B4 &OH#&Q Z 9& M &0
' #&0 9&0

BT= bleed through

The NFRET and FRET of stack imagessaeeel for further analysis of membrane NFRET.

3.2.7. FRET based stoichiometric analysis:
All FRE‘based stoichiometric analysis was done as describ§Pi| using ImageJ software.

Calculation of E

E is the maximum achievable FREgtween the fluorophores used (cerulean anttine) using

the positive control construct containing fusion of cerulean linked tong. E:was measured

using sensitized emission for pcDNA3édruleancitrine construct transfected CQOB cell
images. First, the background fluorescence for each channel was subtracted from their
respective images (CFP, YFP and FRET images).-Bléx@s6were drawn per image of a cell
(avoiding the oveexposed regions) using ImageJ; and the intensities for CFP, FRET and YFP
channel images were obtained. The values were used in the equation giver &yoMFRET

and the calculatiofior mean and SEM fd&tRET efficienciegasdone using Microsoft Excel.
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Calculationof % v Y

Oncel = h (wgfdcal@lated! ' yR v gSNB O f OdzZf F GSR | O02 NRA
Hoppeetal[224d * A& G(KS NI GA2 2F GKS SEGAyOiGAzy 028
R2y2NJ SEOAGIGAZYd Vv A& (K& sehsiided a2cediok émjssich ol @ O 2
the decrease in donor fluorescence due to FRET.

%

) 1)
1)

r) %
P % ) 1) 1)

(§]

Here, k= intensity of the acceptor channel=l intensity of the donor channeld intensity of
the FRET channel.

Background corrected pcDNA 3ckruleancitrine fusion COS cell images were used for
analysis in ImageJ-&ROIs were drawn per image of cell and the intensities for CFP, FRET and
YFP channels were obtained, and used in the above equations to calouate and SEM

valuesfor |yR Vv dzaAy3 aAONRaz2¥id 9EOSt ®

Image processing and calculation of Fa, Fd and R:
All the images were processed using ImageJ for-pixpixel analysis. Macros were developed

for image arithmetic to calculate Fa, Fd and R. First, hackground for CFP, FRET and YFP
images was calculated using the same ROI. Next, Gaussian blur of 2 was applied to the YFP or
the acceptor image and the threshold was applied. This image generated a binary mask image,
which was applied to the CFP an®tRRET images. The images were inverted and converted
into 16-bit format. Next, 1.5x background value for respective channel was subtracted from
respective images to generatep, | | and h images @, Ila and E = Intensity of
donor/acceptor/FRET channellhese images were then used to produce FRET stoichiometry
images by image arithmetic using the equati¢24:
RO 0 P

& 1) %
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Calculating NFRET, Fa, Fd and R on the cell membrane:

In order to calculate the FRET efficiency and FRET based stoichiometry on-tuefaed, the

raw acceptor image was openedlmageJ. Using the selection tool,-pixel dots were drawn

around the cehlsurface of the acceptor image as shown in the results section. Each dot was
taken as a ROI and the combined ROIs for each image was saved and applied to the NFRET, Fa,
Fd and R imagps to measure the FRET efficiency and FRET based stoichiometry at the cell
surface only. The average and SEM values corresponding to each ROI were calculated for all the

images using Microsoft Excel.
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3.3: Results

3.3.1. Negative control for FRET:
In orde to determine the norspecific FRET occurring due to random interactions between the

fluorophores, a negative control was used. Accordinglyine only (free in the cytosol) and
ceruleanrRAMPs were used. CORells were cdransfected with 5ug of pcDN3\ 1-citrine-and

15ug of RAMPRseruleanpcDNA 3.1. Figures 3.3.1, 3.3.2 and 3.3.3 show representatiages

for the expression of eruleanRAMP (A), freeittine (B) and FRET (or different atrine+
ceruleanRAMP1/2/3 combinations respectively.viias observed that majority of itrine was
expressed throughout the cell whereas, RAMP1 arakr2ileanwere mainly present in the
perinuclear region, whereas RAME8&rulean expression could be seen ranging from the
perinuclear region to the cell membrane. NoEHRcan be seen on the esllirface in any
combination (figure 3.3-B.3.3 D). Using a 50 pixel eslirface ROI on theitrine image (C) the
NFRET valuesbtained were 11.58 + 2.8 foitdne + RAMPZXcerulean 11.47 + 2.92 focitrine
+RAMPZceruleanand 12.33 + 1.6 for itrine + RAMP2ceruleanas shown in Fig 3.3.4 and table
3.3.1. These values were set as threshold for considering NFRET values in calculation for all
receptor + RAMP experiments as specific. The NFRET values are represented in alltshasresul

% of the maximum NRET value calculated using th&rine-ceruleanfusion (E value), which

was used as the positive control for the FRET method. The mean values calculated for the
AG2A0KA2YSGNARO O2yaidlyida i o0ndo miortheCerutemdmHc U X

citrine fusion positive control (~33%)e given irappendix tabler.1.
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I AGNAYS b

(A RAMPicerulean B Citrine only

O

(O 50 pixel dots ROI citrine alone image (D) FRET image

Figure 3.3.1: Representative image for FRET between free Citrine and RABBIkanin COS/ cells:

CO%7 cells were transfected with 5pug pcDNA 3.1 Citrine and 15pg pcDN&@ikanlink-RAMP1 and
were imaged using the confocal microscope 48hr post transfection. (A) Expression of -B&iMPBan

(B) Expression of free Citrif€) 50 pixel dot ROI around the cell membrane of Citrine only image. (D)
FRET betweeditrine and Cer RAMP1. Scale bar 10pum
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I AGNAYS b

(A) RAMP2cerulean (B) Citrine alone

8,

(O 50-pixel dot ROI on Citrine alone (D) FRET image

Figure 3.3.2: Representative image for FRET between free Citrine and RABtBRanin CO&/ cells:

COS7 cells were transfected with 5ug pcDNA 3.1 Citrine and 15pg pcDNé@uUeanlink-RAMP2 and

were imaged using the confocalicroscope 48hr post transfection. (A) Expression of RA#RZAean

(B) Expression of free Citrine (C) 50 pixel dot ROI around the cell membrane of Citrine only image to
measure celsurface FRET. (D) FRET betwatime and Cer RAMP2. Scale bar 10um
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Citrine + RAMP3

wllh e -
A RAMPZcerulean (B) Citrine alone

© 50pixel dot ROl on Citrine alone (D) FRET image

Figure 3.3.3: Representative image for FRET between free Citrine and RAMM3 COS cells:

CO%7 cells were transfected with 5pug pcDNA 3.1 Citrine and 15pg pcDN&@ikanlink-RAMP3 and
were imaged using the confocal microscope 48hr post transfection. (A) Expression of -B&iMB&n
(B) Expression of free Citrine (C) 50 pixel dot &@lnd the cell membrane of Citrine only image to
measure celsurface FRET. (D) FRET betwateme and Cer RAMP3. Scale bar 10pum.
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Cell surface FRET Efficiency of Cit+Cer-RAMPs

151 _
@l Cit+RAMP1

I Bl CittRAMP2
&= CittRAMP3

% of positive control

Figure 3.3.4: Graph for FRET negative control

Graph comparing the values of eslirfaceNFRET between free citrine and RAMP 1/&#8ulean ce
transfected in CO3 cells, as a negative control. These values present background FRET and were used
threshold to qualify a FRET interaction as specific for different combinations of GPCR and RAMPs in
further experiments.

Mean + SEM of cedlurface NFRET
Cit +tRAMREer
(% of positive control)
Cit + RAMPterulean(n=25) 11.58+1.80
Cit + RAMP2erulean(n=24) 11.47+2.92
Cit + RAMP8erulean(n=29) 12.30 £1.60

Table 3.3.1: Ceburface NFRET valued free citrine cotransfected with RAMPserulean in COS3
cells, as a negative control.
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3.3.2. Receptor positive control for FRET: Interaction of RAMPs with CLR.
In order to determine if the optimization of the FRET technique was efficient, a knoM#®P-RA

GPCR interaction was used to calculate the FRET efficiency-saréastle. CLR was chosen as a
positive control[156]. CO& cdls were catransfected with CLRitrine pcDNA 3.1 (3ug) and
RAMPRceruleanpcDNA 3.1 (3pg). As shown in the figures 3.3.5, 3.3.6, 3.3.7 specific areas of co
localization of FRET complexes were seen between CLR and all RAMPs ranging from the peri
nuclear rgjion, cytoplasm and the cell membrane. Red arrows on (3% D) indicate region

of colocalization between CLR and RAMPs onstefiace. Colours from dark to bright indicate

low to high levels of ctocalization. So, blue areas represent less degreeco-localization;

whereas brighter areas from pink to yellow represent highetomalization.

Using 56pixel dot ROI on the acceptor image: panel (C) on images-3.3.B, the values for
NFRET, fraction of CLR and RAMP in FRET complex on-thefamdl were calculated and are
shown in Fig 3.3.8 and Table 3.3 3.3.8 (D) shows that there was no significant difference
between the expression levels of individual RAMPs in combination with the CLR on the cell
surface of the cotransfected cells The cellsurface NFRET values for all CLR+RAMP
combinations were significantly higher than their corresponding negative controls as
determined by 2vay ANOVA, Bonferroni petdst (Fig 3.3.8 A ). Callirface NFRET efficiency

of CLR+RAMP3 complex was istatally significantly higher than CLR+RAMP Jaradysedby
Kruska? | £ f Aa GSadxX b5dzyy Qatestrlgi3iB.8 AKnS Tale3312): Tha tatd y  LI2
expression levels of RAMP1, RAMP2 and RAMP3 esucidte was ~2 times, ~1.6 times and

~5 times higher than CLR respectively as calculated by the R value. Out of this total expression,
the fraction of RAMP1 involved in cslirface FRET complex was (in %) 10 + 4.2, RAMP2 14.6 +
13.8 and RAMP3 9 + 8.0 (Fig 3.3.8 B and Table 3.3.2). The fracGibR giresent in the FRET
complex out of its total expression on eslirface, was (in %) 50.2 £ 35 (with RAMP1), 46.7 +
27.4 (with RAMP2) and 46.0 + 26.8 (with RAMP3) (Fig 3.3.8 C and Table 3.3.2).
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CLR+RAMP1

(A) RAMP3icerulean (B) CLRitrine

(C) 50 pixel dots ROI 0BLRCit (D)  FRET image

Figure 3.3.5: Representative image for FRET betweendiltiRe and RAMPiceruleanin COS/ cells

COS7 cells were trangfcted with 3ug pcDNA 3.ditiine-CLR and 3pg pcDNAZ:éruleanlink-RAMP1
and were imaged using the confocal microscope 48st transfection. (A) Expression of RAMP1
cerulean(donor) (B) Expression of GtiRine (acceptor) (C) 50 pixel dot ROI around the cell membrane
of the CLRitrine image to measurecellsurface FRET. (D) FRET betweenc@iif® and RAMP1
cerulean Blue areas represent less degree ol@malization; whereas brighter areas from pink to yellow
represent higher cdocalization. Red arrows indicate areas oflecalization between CLR@é& RAMP1

on the cellsurface.Scale bar 10um
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CLR+RAMP2

A) RAMP2cerulean (B) CLReitrine

(C) 50 pixel dots ROI 0BLRCit (D) FRET image

Figure 3.3.6: Representative image for FRET betweenditiRe and RAMPZeruleanin COS/ cells:

CO%7 cells were transfected with 3ug pcDNA 3.1 Cit@ieR and 3pg pcDNAZéruleanlink-RAMP2

and were imaged using the confocal microscope 48hr post transfection. (A) Expression of-RAMP2
cerulean(donor) (B) Expression of CGtiRine (acceptor) (C) 50 pixel dot ROI around the cell membrane
of the CLRitrine image to measure cefiurface FRET. (D) FRET betweenc{lie and RAMP2
cerulean.Red arrows indicate areas of-tmralization between CLR and RAMP2 on thesteface. Scale

bar 10pm
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CLR+RAMP3

(A) RAMP3cerulean (B) CLReitrine

(C) 50 pixel dots ROI 0GLRCit (D) FRET image

Figure 3.3.7: Representative image for FRET betweenditiRe and RAMPZeruleanin COS/ cells:

COS7 cells were transfected with 3ug pcDNA 3.1 Citi@ieR and 3pg pcDNAZIéruleanlink-RAMP3

and were imaged using the confocal microscope 48hr post transfection. (A) Expression of-RAMP3
cerulean(donor) (B) Expression of CtiRine (acceptor) (C) 50 pixebt ROI around the cell membrane

of the CLRitrine image to measure ceflurface FRET. (D) FRET betweencliie and RAMP3
ceruleanRed arrows indicate areas of-tmralization between CLR and RAMP3 on thestefhce. Scale

bar 10pm
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FRET efficiencies of CLR+RAMPs on cell surface Fraction of RAMP in CLR+RAMP FRET complex on cell membrane
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Figure 3.3.8 Cellsurface FRET efficiencies of CLR+RAMPs and fraction of receptor components
involved in FRET complex:

(A)Celtsurface FRET efficiencies of individual RAMPs with CLR (blue bars) comparedhamsetyes

and also with respective negative controltrine alone+RAMRerulean (red bars). *p<0.05 and
**+n<0.0001 as determined by-&ay ANOVA, Bonferroni pesist; “p<0.05 Krusked I t f A4 G(GSadx 5
multiple comparison test(B) and (Chtoichiometric analysis of fraction of RAMP and CLR present in

FRET amplex on the celsurface, respectively. Statistical test used was Kriiskalf £ A& (GSadsx 5
multiple comparison test{D) Fluorescence intensity of theeruleantagged RAMPs on the cell surface of

CLR + RAMBotransfected cells (KruskilValis test, Dy Q& Y dzZf GALX S Taa Yeld NR a2y
analysedn 3 separate transfections: CLR+RAMP1 (n=8), CLR+RAMP2 (n=13), CLR+RAMBBirfe=13).
+RAMP1 (n=4kitrine +RAMP2 (n=5)itrine \RAMP3 (n=7). The data was not normally distributed as
analysedoy D'Agostino & Pearson omnibus normality test
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NFRET % of
CLR+RAMP | = = 7 Fd(%) Fa (%) R
positive control
CLR+RAMP1
(n=8) 24.2+2.2 10.0+£1.5 50.2+12.37 0.5+0.13
CLR+RAMP2
33.9+3.6 14.6+3.8 46.7+7.58 0.6+£0.18
(n=13)
CLR+RAMP3
(n=13) 33.8+£2.58* 9.0+£22 46+7.42.8 0.2+0.03

Table 3.3.2: Mean and SEM values of cell membrane FRET efficiency and fraction of receptor
components involved in FRET between the CLR and RAMPs:

Significant difference in the NFRET value was observed between CLR+RAMP1 vs CLR=RAAPS (*

Kruska® I £ £ Aa (Sadx 5dzyy Qaesty Tk fiaktibdf oSRAMR and LRI &REY did.ddta
differ significantly between the three complexes asalysedby Kruskat I f f A4 GSadz 5dzyyQ
comparison postest. Combined data ohtree separate transfections and the values in brackets indicate

number of cellanalysed
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3.3.3. Measuring interaction between CaSR and RAMPs using FRET-based
stoichiometry:

In order to determine if the FRET technique could measure CaSR and RAMRiameFRET
based stoichiometric analysis was used on C@8lls ceransfected with pcDNA 3.1 CaSR
citrine and pcDNA 3.1 RAMferulean.As shown in the figure 3.3.9 when GDS8ells were
transfected with CaSR alone, majority of the receptor was locakéun the perinuclear
region which indicates failure of trafficking to the eslirface. However, when RAMR#&rulean
or RAMPZerulean (Figure 3.3.10 and 3.3.12) were-tansfected, distinct regions of €o
localization of FRET complexes were seen rgnfyjom the pernuclear region, cytoplasm and
the cell membrane. Red arrows on the FRET figures (panel D; figures-123.i@licate cell
surface FRET complexes of CaSR+RAMP1/3. In case of -B&kM&an co-localization with
CaSR could be seen in the peclear region only with no or little cedurface cedocalization
(Figure 3.3.11).

Using 50 pixetiot ROI on the acceptor image: panel (C) on images 3-3.2.2; NFRET values,

fraction of CaSR and RAMP in FRET complex were calculated as shown i3.Bij@rand

Table 3.3.3.As shown in the figure 3.3.13 (D), the cell surface levels of all RAMPs
combination with CaSR were ndtfferent from each otherin cotransfected cellsThe ceH

surface NFRET values for CaSR+RAMP1/3 combinations were significantly higher than their
corresponding negative controls (p<0.000iw&y ANOVA, Bonferroni poestst) (Figure 3.3.13

A) and CaSR+RAMP2 -sgiifface FRET complex (Figure 3.3.13 AleTal8.3), (p<0.0001,

Kruskak | £ f Aa GSadX 5dzyy Qatesy d¥FREX bétwden GASR laitd \RANMP2 Y LJ
was similar to the corresponding negative cortFAMP2cerulean and citrine alone. Also
CaSR+RAMP3 csllrface FRET efficiency was found tosbatistically significantly higher by

~1.6 fold compared to CaSR+RAMP1 (p<0.0001, Kfudkdl f A a GSadxX 5dzyyQa Ydz
posttest) (Fig 3.3.13 A, Table 3.3.3).

The total expression levels of RAMP1 and 3 onstefhce were ~1.6 times higher than CaSR
respectively (Table 3.3.3). Out of this, the fraction of RAMPL1 (in %) involvedsardatle FRET
complex was 16 + 1.4 and RAMP3 was 26.0 * 4.3 (Fig 3.3.13TRldad.3.3). So, the fraction

114



of RAMP3 was ~1.6 fold higher than RAMP1 in FRET complex with CaSR, which was statistically
significant (p<0.05, ManrWhitney twotailed test).

The fraction of CaSR present in the FRET complex on theudalte was 58.4 +.1% (with
RAMP1) and 67.00 = 10.0% (with RAMP3) (Fig 3.2.13 C and Table 3.3.3); out of its total
population. There was no statistically significant difference between the fraction of CaSR in

RAMP1 and RAMP3 cslirface FRET complexes.

CaSR alone

Figure3.3.9: Representative picture showing expression of Gafithe alone in transfected COS7
cell. Red circle represents thestrictionof CaSRvithin the perinuclear region
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(A) RAMP1cerulean (B) CaSRitrine

(C) 50 pixel dot ROI 0BaSFCit (D) FRET Image

Figure 3.3.10: Representative image for FRET between €t and RAMPiceruleanin COS/

cells:

COS7 cells were transfected with 10ug pcDNA 3.1 Cit@&SR and 15pg pcDNAZdrueanlink-
RAMP1 and were imaged using the confocal microscope 48hr post transfection. (A) Expression of
RAMP1cerulean(donor) (B) Expression of Ca@fine (acceptor) (C) 50 pixel dot ROI around the cell
membrane of the CaSgttrine image to measureellsurface FRET (D) FRET between -Ci&8te and
RAMP1cerulean.Blue areas represent less degree oflocalization; whereas brighter areas from pink

to yellow represent higher ctocalization. Red arrows indicate areas ofl@calization between CaSR

and RAMP1 on the cedurface. Scale bar 10pm.
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CaSR+RAMP2

(A) RAMP&rulean (B) Ca8fRrine

(C) 50 pixel dots ROI on Ca$Rne image (D) FRET imay

Figure 3.3.11: Representative image for FRET betw&asRitrine and RAMPZeruleanin COS/

cells:

COS7 cells were transfected with 10pg pcDNA 8ittine-CaSR and 15pg pcDNAZédruleanlink-
RAMP2 and were imaged using the confocal microscope 48hr post transfection. (A) Expression of
RAMPZ2cerulean(donar) (B) Expression of CaSiRine (acceptor) (C) 50 pixel dot ROI around the cell
membrane of the CaSgttrine image to measure ceflurface FRET. (D) FRET between -Cii8fe and
RAMPZcerulean.Scale bar 10pum.
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(A) RAMPZ2cerulean (B) CaSRitrine

(C) 50 pixel dot ROI oBaSFCit (D) FRET Image

Figure 3.3.12: Representative image for FRET between €t and RAMPZeruleanin COS/

cells:

COS7 cells were transfected with 10ug pcDNA 3.1 Cit@&SR and5ug pcDNA3.Xeruleanlink-
RAMP3 and were imaged using the confocal microscope 48hr post transfection. (A) Expression of
RAMPZ2cerulean(donor) (B) Expression of Ca@fine (acceptor) (C) 50 pixel dot ROI around the cell
membrane of the CaSgttrine image to measure ceBurface FRET. (D) FRET between -Ciai8fe and
RAMPZcerulean.. Red arrows indicate areas of-loralization between CaSR and RAMP3 on the cell
surface. Scale bar 10um.
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Figure 3.3.13: Ceflurface FRET efficiencies of CaSR+RAMf®s fraction of receptor components

involved in FRET complex

(A) Celtsurface FRET efficiencies of individual RAMPs with CaSR (blue bars) compared among

themselves and also with respective negative contitsine alone+RAMP (red bars). p<0.0001 (2way

ANOVA, Bonferroni posést) ” p<0.0001 (Kruskdl I £ f A &

iSaidsz

(C)Stoichiometirc analysis of fraction of RAMP and CaSR present in FRET complex orstinace)l
respectively* p<0.05 Mann Whitneydst. (D) Fluorescence intensity of theeruleantaggedRAMPS on

the cell surface of CaSRRAMPco-transfected cellyKruskak | £ A &

GSaidx 5dzyyQa

test). Total cells analysed in 3 separate transfections for CaSR+RAMP1 (n=13), CaSR+RA&)RA(
2 transfections for CaSR+RAMP3 (n€Bjine +RAMP1 (n=4)itrine {RAMP2 (n=5)¢itrine +RAMP3

(n=8).
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NFRET % of
CaSR+RAMP N Fa (%) Fd(%) R
positive control
CaSR+RAMP1 e vs b
%40.0+x3.4 " 584+7.1 16.0+£1.4 0.6x0.09
(n=13)
CaSR+RAMP2 )
99+15 - - 0.5+0.11
(n=25)
CaSR+RAMP3 vsab
(1=9) 65.3+4.4 % 67.00 £ 10.0 26.0 +4.3 0.6+0.2
n=

Table 3.3.3: Mean and SEM values of cell membrane FRET efficiency and fraction of receptor
components involved in FRET between the CaSR and RAMPs:

Significant difference in the NFRET value was observed between CaSR+RAMP1 and 3 vs CaSR+RAMP2
(***p<0.0001, Kruskat | £ f Ada GS&adX 5dzyyQa YdzZ GALX S O2YLI N azy
+RAMP3%**p<0.0001, Kruskat | f €t Aa (S&i= Spddgoyl @st). Sigdificant diferénce® 2 Y
were also observed in the fraction of RAMP3 and RAMP1 isurdiice FRET complép<0.05, Mann

Whitney test). Combined data of three separate transfections for CaSR+RAMP1 and 2 and two separate
transfections for C&GR+RAMP3 and the values in brackets indicate number ofacellgsed The data

was not normally distributed aanalysedoy D'Agostino & Pearson omnibus normality test.
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3.3.4. Measuring interaction between GPRCG6A and RAMPs using FRET-based
stoichiometry :

This part of the work was carried out by Lan Zhu (MSc Molecular medicine student) under my
supervision. The possibility of a molecular interaction between GPRC6A and RAMPs was tested
using FRET stoichiometrit was observed that GPRCG@#ine expression when present on its

own was mainly localized within the pearuclear region (Figure 3.3.14). Whereas in presence of
RAMP1 but not RAMP2 or 3 (Figure 3.3.15; 3.3.16 and 3.3.17 respectively), specific regions of
co-localization were observed onéfceltsurface (as shown by red arrows in Figure 3.3.15 D). In
case of GPRC6A+RAMP2 areas dbaalization were seen in the perinuclear regions which
were not very evident with RAMP3 (Figure 3.3.16 D vs 3.3.17 D).

To measure the ceflurface NFRET andetlfiractions of GPRC6A and RAMP in FRET complex; an
ROI was created on the cslirface of GPRC6&Xrine image using 50 pix@lots (Figure 3.3.15

3.3.17 panel Ckigure 3.3.18 (Dghow that the expression of RAMP1 in GPRC6A+RAMP1 co
transfected cellgblue bar)was higher than GPRC6A+RAM&2en bar)co-transfected cells,

but similar to GPRC6A + RAM@@llow bar)transfected cells(p<0.05, KruskalVallis test,
5dzyy Qa Ydzt (A LX Sest)OeharevadIna Righificarde diffiérence between the
expressin of RAMP2 and 3 on the cell surfa€eltsurface NFRET values for GPRC6A with
RAMP1 were significantly higher compared to the negative control (p<0.0001, 2 way ANOVA,
Bonferroni posttest) (Figure 3.3.18 A). On the contrary, no statistical significaraseobserved

for cellsurface NFRET values between GPRC6A+RAMP2 or 3 complexes and their corresponding
negative controls (Figure 3.3.18 A). Figure 3.3.18 A and table 3.3.4 show statistically significant
increases in ceBurface NFRET between GPRC6A+RAMRAPRC6A+RAMP2/3 (~3.5 fold vs

Dt w/ c!bw!atH0OX o0dc F2fR @& Dtw/c!bw!atol OLFn
comparison postest), thus showing that RAMP1 is an interacting partner responsible for cell

surface trafficking of the GPRCG6A.

A deegr insight into the interaction of GPRC6A and RAMPs was provided by FRET based
stoichiometric analysis. An excess of total expression of RAMP1 by ~3 times to GPRC6A was
measured by absolute concentration ratio R (Table 3.3.4). Out of that 19.72 + 2.RAOGTL

was present in the FRET complex with the GPRCG6A. The total expression of RAMP2 and 3 were
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5 times thanGPRC6AnN the celisurface where only 3.2+ 1.28% and 0.8+ 2.3% of RAMP3 and 3

respectively, were measured as present in FRET complex (FigureB.3.4Ble 3.3.4).

The fraction of GPRCG6A present in the FRET complex with RAMP1 was 68.4 + 7.8% out of its
total population on the celsurface; whereas it was 8.56 + 3.32% and 5% in case of FRET
complex with RAMP2 and 3 respectively (Figure 3.3.18 Ce BaBl4). So, the fraction of

GPRCG6A in caurface FRET complex with RAMP1 was statistically significantly higher than with
RAMP2 (~8 fold higher) and RAMP3 (~14 fold higher). Similarly, the fraction of RAMP-L in cell
surface FRET complex with GPRCG6A wttistically significantly higher than RAMP2 with
GPRCG6A (~6 fold higher) and RAMP3 (~25 fold higher) [(Figure 3.3.18 B, C and Table 3.3.4)
OL¥F ndnnnanmX YNHzA1FE 21 ffAa deSRd> 5dzyyQa Ydz GALJ

GPRCG6A alone

Figure 3.3.14Representative picture showing expression of GPR&8Ane alone in COS cell
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GPRC6A+RAMP1

(G RAMP1icerulean (B GPRC64#itrine

(© 50 pixel dots ROl 0BPRC6Ait (D) FRET image

Figure 3.3.15: Representativienage for FRET between GPR@s#ine and RAMPiceruleanin CO&/
cells:

COS7 cells were tansfected with 10pug pcDNA 3.itrme-GPRC6A and 10pug pcDNA8etuleanlink-
RAMP1 and were imaged using the confocal microscope 48hr post transfection. (A) iBrpodss
RAMPcerulean(donor) (B) Expression of GPR&&ANe (acceptor) (C) 50 pixel dot ROI around the cell
membrane of the GPRC&Arine image to measure ceflurface FRET. (D) FRET between GRE&(Ti6A
and RAMPZXerulean.Blue areas represent less degree oflacalization; whereas brighter areas from
pink to yellow represent higher elocalization. Red arrows indicate areas ofl@calization between
GPRCG6A and RAMPL1 on the-saiface. Scale bar 10um.
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GPRC6A+RAMP2

(A RAMPZ2cerulean (B GPRC6Haitrine

(© 50 pixel dots ROl 0BPRC6XLt (D) FRET image

Figure 3.3.16: Representative image for FRET between GPRi@6% and RAMPZeruleanin COS/

cells:

COS7 cells were tansfected with 10pg pcDNA 3.itrme-GPRC6A and 10pug pcDNAGetuleanlink-

RAMP2 and were imaged using the confocal microscope 48hr post transfection. (A) Expression of
RAMPZ2cerulean(donor) (B) Expression of GPR&&ANne (acceptor) (C) ® pixel dot ROI around the cell
membrane of the GPRC&Arine image to measure ceflurface FRET. (D) FRET between GRE&(Ti6A

and RAMPzerulean. Scale bar 10pm.
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GPRC6A+RAMP3

(A RAMP3cerulean (B GPRC6aitrine

(@) 50 pixel dots ROl 0BPRC6LIt (D) FRET image

Figure 3.3.17: Representative image for FRET between GPRi@6® and RAMPZeruleanin COS&/

cells:

COS7 cells were transfected with 10pug pcDNA 8ittine-GPRC6A and 10pug pcDNA8etuleanlink-

RAMP3 and were imaged using the confocal microscope 48hr post transfection. (A) Expression of
RAMPZ2cerulean(donor) (B) Expression of GPR&&ANe (acceptor) (C) 50 pixel dot ROI around the cell
membrane of the GPRC&Arine image to meaure cellsurface FRET. (D) FRET between GRE&(Ti6A

and RAMPZerulean.Scale bar 10um
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Figure 3.3.18: Cellurface FRET efficiencies of GPRC6A+RAMPs and fraction of receptor components
involved in FRET complex

(A) Celtsurface FRET efficiencies oflividual RAMPs with GPRC6A (blue bars) compared among
themselves and also with respective negative contitrine alone+RAMP (red bars§? p<0.0001 (2 way

ANOVA , Bonferroni posgst), **p<n ®nnnm O0YNHza (1 Ff 2FffAa (Sdes)y 5dzyy(
33(B) and (Cytoichiometric analysis of fraction of RAMP and GPRC6A present in FRET complex on the
cellsurface, respectively. *1.F ndnnnm OYNHza 1t 2FffAa @Ha@dz 5dzyy
Fluorescence intensity of theeruleantagged RAMPs on the cell surfaceGBR#RC6A RAMP transfected

cells ¢ p<0.05Kruskal I t A& GSadGz 5dzyy Qa Yotiaf célsahdlyednGsepaditeNR a 2 v
transfections are shown in brackefBhe data was not normally distributed asalysedoy D'Agostino &

Pearson omnibus normality test.
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NFRET % of
GPRC6A+RAMI - Fa (%) Fd(%) R
positive control
GPRC6A+RAMF
36.4 £ 2.5** 68.4 + 7.8*** 19.7 + 2.36*** 0.34+0.12
(n=10)
GPRC6A+RAMF
10.5+ 3.02 8.56 + 3.32 3.24+1.28 0.2+0.37
(n=18)
GPRC6A+RAMF
6.14 +2.51 4.828 + 3.32 0.8+23 0.2+0.8
(n=18)

Table 3.3.4: Mean and SEM values of cell membrane FRET efficiency and fraction of receptor
components involved in FRET between the GPRC6A and RAMPs:

Significant difference in the NFRET value was observed between GPRC6A+RAMP1 vs CLR+RAMP2 and
CLR+RAMP3 The fraction of GPRC6A and RAMP1lin FRET complex on the cell membrane is significantly
higher than GPRC6A+RAMP2/3 combinations ** p<0.0001 (KruskaldaWalli Sa i > 5dzyy Qa Y
comparison test. Combined data of three separate transfections and the values in brackets indicate
number of cellanalysed
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3.4: Discussion
The distribution of expression of RAMPs in the body exceeds the expression of its known

partners, which means that there are yet unidentified interacting partners of RAIZES.
Most of the interacting GPCR partners of RAMPs belong to the familg@3172, 174, 175,

until the interaction with CaSR was established by Bousehetl [157]. Based on this it was
hypothesisedthat further insights into this interaction can be gained using HRISEd
stoichiometry analysis of the components. Furthermore, this finding leads to another
hypothesis thabther family C GPCRs may also intexaith RAMPS.

Sensitized FRET emission technique was used as it can only occur within a distance of 10nm and
is more sensitive than the immunofluorescence approf22-231]. Accordingly, erulean and

citrine which are enhanced mutants of CFP and YFP resped@38y 38, were chosen as the

donor and acceptor fluorophores respectively measure sensitized emission FRET. This
technique also allows the measurements of FHR&Jed stoichiometry according to the method
derived by Hoppet al[224].

Choice of fluorophores, tagging strategy and cell line used:

RAMPs were tagged with the donoerulean, and the GPCRere tagged with the acceptor
citrine fluorophores. There are certain advantages of using these fluorophores over CFP and
YFP. Cateanis ~2.5 times brighter than CFP, more resistant to photobleaching, has a higher
extinction coefficient, improved quanin yield and improved fluorescence lifetime and so it
has improved signal to noise ratjg36]. Citine is one of the longest wavelength mutansé

YFP and is more resistant to acid quenching and easily expressible af2377.CAlso, the
mutation of alanine to lysine at position 206 of batkruleanand citrine prevents their homo

and heteredimerizatian, making them useful for sensitized FRET experim@3&23§. Using
these fluorophores, the receptors and RAMPs were tagged at thégrndnal so thatan
artificial effect of cellsurface trafficking of the receptor/RAMP caused by signal peptide of the
fluorophore tagged to the Merminal could be avoided. Indeed, it has been shown that N
tagged emyc RAMPL1 could express on the -seliface in absence @ transfected receptor
partner in HER93 cells, an effect attributed to signal peptide efmgc [174]. Primers were

designed so that the stepodon of RAMPs was excluded, in orderatmid cleavage of the
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fluorophore. Also, it was important to choose the cells which do not express the receptors and
RAMPs endogenously, as it might result in-seiface trafficking of the transfected receptor
due to the expression of endogenous RAMPvige versa and hence cause inaccurate FRET
measurements. Accordingly, C@Sells were chosen for this study as they do not express
RAMPs (appendix sectionl, figure7.1-7.3). We have also shown the absence of CaSR in
native COS cells(appendix sectiof 4, figure 76 and qPCR data on empty CD&ells showed
absence of any amplified prodycAlso, COS cells have been widely used to study RAMP
receptor biology due to this featurfd 56, 157, 174, 175, 198, 211] and have been shown not to
express RAMPs.

Negative and positive controls:

A major problem of sensitized FRET is measuring specificfRE& higher background of
fluorescence ginal created by oveexpressingion-interacting fluorescent labels. So a negative
control was used in order to measure basal level of FRET. Citrine aith RAMRcerulean
constructs were used and FRET measured at cell membrane for each combinations were taken

as minimum threshold when measuring GFRARMP interactions (figure 3.33L3.4).

As a positive control, a fusion protein was created by engingeerulean protein followed by
18aa linker sequenceetiore the Nterminal domain of itrine, in order to achieve maximum
FRET possible. The maximum FRET calculated was ~33%. It has been repdtiedaius size
(~2.4nm in diameter and 4.2nm in lengi®4Q) of the fluorescent proteins limits the useable
FRET distance and hence the maximBRET efficiency that can be measured is around 40%

[222, 237,

Advantages of FREJased stoichiometry:

Methods measuring only FRET efficiency in arbitrary units cannot determine whether a low
FRET signal is due to absence of interaction between the components or to local excesses of
free donor or acceptor moleculeR224]. Using FREStoichiometry one can calculate the
fraction of acceptor molecules in complex with donor and the fraction of donor molecules in
complexby estimating the donor fluorescence lost due to energy trangt2d]. The advantage

of using this technique is that it eliminates the need for acceptor photobleaching to determine
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total donor concentrations and allows for repeated measurements from the same celltidso,

R valuequantitates relative concentration of totaacceptor to he total donorconcentrations.

This gives an idea about thelative local concentrations of GPCR and RAMPs that do not
exhibit FRET. Also, as mentioned before, sensitized FRET emission suffers from drawbacks of
crosstalk and bleeethrough [9, 10] due to the spectral overlap of the fluorophore$he

constant" YR i O2NNBOU FT2N) 6KS 06f SSR (KNPREEK 27
channel respectively and an extra constant IA @S& GKS NI GA2 2F SEGA
FOOSLII2N) ' YR R2y2NE S E Q224.540, \wiich Gskp®porahalitg ND & S
constant relating the sensitized acceptor emission to the decrease in donor fluorescence due to
FRET, allows measurement of donor participation in FRET complexes, and efirtheateed

for acceptor photobleaching to determine the fraction of energy lost from the d¢aa4]. So,

in summaryFRET stoichiometry has an added advantage as it measures the location and

stoichiometly of molecular interactions inside a living cell along with essential corrections.

Ec or FRET efficiency was calculated by sensitized emission usiograbeancitrine fusion

construct as opposed to acceptor photobleaching by Hoppal [224] as we observed small

proportion of photobleaching of donor when acceptor was photobleached using the 514nm

laser line, maky 3 GKA& (G§SOKYyAljdzS dzydzal of Sov | ¢ IGMNIY FERHE
table 7.1) using theceruleancitrine fusion construct, an estimate of their stoichiometry

revealed thatthe fraction of citrine in FRET complex determined by whole cell histogram was
~100% whereas ~82% of cerulean was involved in FRET (data not shown in table 8.1). These
values of course depend on the arrangement and spatial configuration of both molecules at th

time of fixation of cellslt should be noted thathe stoichiometry of the positive control is not
1:1(1:0.82 insteadand so any interpretation for the fraction of donor (RAMP) should be done

carefully.

CLR as a GPCR positive control:
CLR which is lenown partner of all the RAMH4$56], was used as a GPCR positive control to
determine whether the calculated constants and tegperimental conditions we efficient

enough to detect a FRHfteraction at the celsurface. It can be seen in figure 3.-33.7 (D)
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that CLR and RAMPs arelooalised together from the cytoplasm to the cell membrane which
indicates that they are paeled together inthe ER and remain partners throughout the
lifecycle of the receptor. Significant increases in FRET efficiestrsesvedbetweenCLRand all

RAMPs compared to theespectivenegative contrad, asserts the fact that specific RAMP
receptor nteractions can be measured using this technique along with the quantification of the
stoichiometry of the receptors. Interestingly, a significant increase in FRET efficiency was
observedin the case ofCLRand RAMP3 compared to CLR+RAMPL1 (figure 3.3t&ke 3.3.2).
However, there were no differences in the fraction of RAMP or CLR in thecBRIBIEX (table

3.3.2), and so the results indicate that RAMP3 with CLR are spatially arranged together in a way
that facilitates stronger interaction when comparéal RAMP1. Even though the NFRET level of
CLR+RAMP?2 are similar to CLR+RAMP3, the absence of significant difference with CLR+RAMP1
NFRET could be due to a higlstaindarderror of mean(than CLR+RAMP3) (table 3.3.2). This
observation needs to be confirmdy further studies and a strongonclusion cannot be drawn

at present.

Interactions with CaSR:

Figure 3.3.9 shows that CaSR when present on its own is mainly localized in theqgbeair
region which indicates failure of trafficking to the eslirface. Tis is in agreement to the
observation by Bouschett al, where CaSR could ndtaffic to the celtsurface in RAMP
negative COS3 cells[157]. When CaSR was-eagpressed witreither RAMP1 or 3 in CAScells,
distinct regions of cdocalization were observed ranging from the perinuclear regionht®
cytoplasm and cell membrane (Fig 3.3.10 and 3.3.12 D), which indicates that they are packaged
together in the ER (perinuclear) and transported to the cell membranesbicleqcytoplasm).
This pattern of cdocalization agrees with the observation neally Bouschegt al, where using
ER and Golgi apparatus markers revealed that CaSR wasatiaed only with calnexin (ER
marker) and not giantin (Golgi apparatus marker) in absence of a R&MPeas CaSR with
RAMP3 was ctocalized with both calnexin i and giantin (Golgi apparatus) indicating that
RAMP promotes trafficking from ER to the Golgi appargit&g|. Following this, deglycosylation
studies indicated that RAMP3 promoted immature to mature glycosylatio€abR, which
resulted in trafficking of the receptor to the callirface[157].
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Cellsurface FRET efficiency analysis revealed that RAMP1 and RAMP3 interactions with CaSR
were above the background FRET values whereas, NFRET valDaSFR¥RAMP2 complex was
similar to its corresponding negative control (fig 3.3.13). Hence, CaSR+RAMP?2 is not a real
interaction and was not included in stoichiometric analysis, which is supported by previous
study [157]. Interestingly, RAMP3 showed 1.67 fold higher FRET efficiency than RAMP1 with
CaSR on the cedurface (table 3.3.3), which is a novel observation. The mechanism behind this
effect was explained by FREfbichiometry analysis. Stoichiometric analysiseaded that the
fraction of RAMP3 in FRET complex was ~1.6 fold higher than RAMP1 without any change in the
fraction of CaSR involved (Table 3'®)is means thathere are more donor molecules in FRET

in case of CaSR+RAMP3 complexes compared to CaSR+RAMRL any change in the
amount of acceptor molecules in FRET. This would resultitiigherenergy transfer between

donor and acceptor fluorophores, leading to an increase in FRET. This observation also indicates
that there is no change between efficiey of RAMP1 and 3 to traffic CaSR to-saiface
(reflected by no change in fraction of CaSR in both FRET complexes). Acctinds®kesults
suggest for the first time, that a highepligomeric receptor complex irthe case of
CaSR+RAMP3 traffito the cellsurface when compared to CaSR+RAMP1 complex. In view of
that, since CaSR exists as a dimer in the[€6]I104, 127] it can behypothesised~1.6 times

more molecules of RAMP3 exist per dimer of CaSR than RAMP1, resulting into a higher
oligomeric receptor compleXxiVhen using over expressing system it should be considered that
such results can arise due to unequal expression levels of individual RAMPs, but this can be
possiblyruled out in this case as the expression levels of all RAMPsfaand to beequal at

the cell surface (Figure 3.3.13 [@AIso, it should be rememberethat the stoichiometry of
positive control using this system is not 1:1 (as noted above), and so this result should be
confirmed using other independent approaches such sasquential FRET orco

immunoprecipitation.

Interactions with GPRCG6A:
It has been reprted that cmyc tagged hGPRCG6A expresses poorly at theswdlice in HEK
293 cells, whereas it fails to express on the-seiface of CO% cells[158 159. It was

observed in our study that GPRC6A was retained inside the cell in theymdeiar region when
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expressed alone in C&cells (fig 3.3.14). This shows absence of trafficking of the receptor to
the cellsurface which is supported by the previous observatighs8 159. Based on the
findings of Boushcett al[157], CaSR coulmaffic to the celtsurface in HER93 cells due to the
presence of RAMP1, whereas it failed in the RAM&ative COS3 cells. Accordingly it was
hypothesisedn this study that GPRC6A requires an association with RAMP for efficient delivery

to the celtsurface.

Distinct regions of céocalization were observed between GPRC6A and RAMP1 but not RAMP 2
or 3 ranging from the pemuclear region to the cell membna, showing that they associate in

the ER and Golgi arate transported together to the ceburface (fig 3.3.183.3.17 panel D).

This follows the typical pattern of cedurface trafficking of GPCRkng with RAMPs as their
partner[156, 157]. Hence,tiis demonstrated that RAMP1 traffics GPRC6A to thesaéiace in

CO¥7 cells. This is a novel finding of this study as such an interaction of GPRC6A has not been
reported yet. In the case of RAMP2, higherlatalization was observed in the pemniclear
region than RAMP3 (fig 3.3.16 vs 3.3.17 panel D), which might suggest its interaction with the
GPRCG6A limited only to that region and its potential role in ecgllular functions of GPRCG6A,

like binding testosterong¢l161, 170, 171]. An effect of oveexpression of both the components

can be accounted as one of the reasons for this observation. Accordingly, this needs to be
tested further as accurate measurements cannot be made due to the-@yaression of both

the camponents in the pernuclear region. Alternative methods such as - co

immunoprecipitation can be used to test this interaction.

Celtsurface stoichiometric analysis further revealed that a higher proportion of the GPRC6A
(~69%) out of the total concentratiois in FRET complex with RAMP1 (fig 3.3.18, table 3.3.4). A
lower value for the fraction of RAMP1 in FRET complex (~20%) should not be confused with a
lower number of RAMP1 molecules participating in FRET than GPRCG6A, as it is ~18% of ~ 3 times
higher total expression than GPRC6A at the-seiface (as shown by R value of 0.38)was

seen that the cell surface expression levels of RAMP1 with GPRC6A were significantly higher
than RAMP2, but not RAMREg 3.3.18 D) This could be because the expressiewels of

RAMP1 on the cell surface were enhanced due to isradtion with GPRC6Alowever, snce
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the NFRET values for GPRC6A+RAMP2 and 3 were not significantly higher than their
corresponding negative controls, the stoichiometric fractions can be ceresidas background

or baseline values.

It has been mentioned by Hoppet al, that the measured quantities, fraction and efficiency

from FRET stoichiometry calculations are transferable from one molecular interaction to
another [224]. So, we can compare the stoichiometry data between CaSR+RAMP and
GPRC6A+RAMP interactions. It waserved that that the total expression of RAMP1 on the
cellsurface, as measured by the R ratio (which includes signal from RAMPL1 involved and
uninvolved in FRET) was ~3 times higher than GPRC6A (~6 RAMP1 per GRRCSAifferent

from the observatns in the case of CaSR, where the total expression of RAMP1 was found to
be~1.6 times higher than CaSR (~2 RAMP1 per CaSR). This means that the total RAMP1 on cell
surface in presence of GPRC6A was 1.87 times higher than in the case of CaSR. Out of this
higher pool of total RAMP1 on the cslirface, ~20% was involved in FRET with GPRCG6A,
whereas ~16% of 1.87 times less total RAMP1 was involved in FRET with CaSR. This can be
extrapolated to compare the fractions of RAMP1 involved in FRET complex withebeftors,

by normalizing the fraction of RAMP1 involved with GPRC6A by 1.87 times, which would be
~11%. So, the fraction of RAMP1 in FRET complex with CaSR is 1.45 fold more than with
GPRCG6A, indicating more molecules of RAMP1 interacting per CaSR hdimavith GPRC6A

dimer.

Limitations:

Onelimitation of using this technique is the ovekpression of both the fluorophores inside the
cell as observed in the all the figures expressing either fluoredegged GPCRs or RAMPs.
Hence, FRET occurring inside the cell where the fluorophore intesasgturated (represented

by black areas in FRET images: panel D of-3.3.57) cannot be determined efficiently.
Additionally, since the stoichiometry using the positive control was not 1:1 (but 1:0.82 instead),
care should be taken while interpretinthe fraction of RAMPs in FREAIso, since the

components are being overexpressed, it does not represent conditions iro€asghysiological
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interaction. Accordingly, the results obtained from this studsepresent initial

information/observations andheed to be confirmed by using alternative approaches.

Other approaches tested:

Sensitized FRET was the most robust technique useable in our hands. However, during the
process, other techniques were also tested to establish the best technique that couldete us
Accordingly, acceptor as well as donor photobleaching techniques were tested. The principle of
acceptor photobleaching relies on the fact that when FRET occurs between two proteins, donor
fluorescence is quenched as some of donor energy is used tie exdeptor. When acceptor is
photobleached, the donor quenching is recovered and consequently its fluorescence increases
[222, 231]. The advantage of this method is that the analysis is nsiatpler compared to

other methods and it can be performed on a single sample at specific [@2% 231].
However, as mentioned before, we found that the donor was also getting photobleached in the
process and hence this¢bnique could not be used. Also, it has been shown that due to higher
excitation ofcerulean at YFP laser wavelength, it is not recommended to be used in acceptor

photobleaching technique, as it can lead to false positive ref2dty.

Donor photobleaching techniqu3(Q was also usedwhich is based on the fact th&RET if
present, has a protective effect on donor bleachiimgthis approach, repetitive excitation of

the donor fluorophore is folloed by synchronous donor/acceptor detection. The rate of decay

of donor fluorescence by increase in photobleaching by successive illumination, gives a
measure of kinetics for all donor molecules. So a faster decay rate means that the donors is not
involvedin FRET, whereas a slower decay rate indicates that the donor photobleaching is being
protected by FRET and hence the donor is involved in FRET. Also, the simultaneous decrease in
acceptor sensitized emission detected, provides a measurement for the dpmesgnt only

the FRET populatiof230. So in theory, when measuring FRET between two molecules (eg
RAMP and receptor) two decay rates, one for the donor alone and one for the donor FRET
complex should be observed. However, we observed two decay rates for cerulean alone

(apperdix section7.2, figure 74). This would complicate analysis of experimental FRET decay
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curves, because in theory, four decay ratesvo for cerulean alone and two for cerulean in
FRET should be observed. Althougkl@ver bleaching with theceruleancitrine fusion was
observed (appendix sectioh?2, figure 74 B), it was not statistically significant and would be far
too small to measure in the case of RAKReptor experimental dataBiexponential decay of
cerulean has also been reported time literature [241]. It was shown that although cerulean
was initially reported to decay by morexponential kinetics, fitting the cerulean decay te bi
exponential decay modeimproved the goodness of f[236]. It has been speculated that like
CFP, cerulean also possess@® conformations of chromophore due to intetdmns with
nearby aa, which results into two distinct emitting speci¢41]. Due to these technical

problems both acceptor and donor photobleaching techniques could not be used.

In summary, a deeper insight into the interaction of CaSR and RAMPs was provided by FRET
stoichiometry. It was demonstrated that both RAMP1 anula®fic the CaSR to the cedurface

with equal efficiencies; and a higher fraction of RAMP3 than RAMPlesemgrin the CaSR
receptor complex, suggesting higher stoichiometry of RAMP3 molecules interacting. Also, a
novel interaction between GPRC6A and RAMP1 was discovered using this method, where
RAMP1 enabled the celurface trafficking of the GPRCB82E note since all these studies were

done using overexpression system, other independent approaches should be used in both

artificialand natively expressing cell systems to confirm these results.
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CHAPTER 4ROLE OF RAMBIN GaSR
SIGNALLING
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4.1. Intr oduction
The classical understanding of GPCR signalling as aeittte2 y ¢ 2 NJ ¢2FFé¢ adl 4S=

ligandone-receptor model have undergone a paradigm sh@owing evidence suggests that
GPCRs can exist in various conformatiatnsch confer subtle signalling and ligand binding
propertiesto the receptor Apart from their function as chaperone proteins, a direct role of
RAMPs in modulating the signalling of GPERso knowr{describel in detailin section 4.1.3
CaSR is a pleiotropid®®GRactivating various signalling pathways more than one Grotein
[128131]. So far, he only known role of RAMPSs tineir interaction with CaSR is trafficking of
receptor to the cell surface in transfected HE¥3 and ©S7 cells as shown by Bouscledtal
[157]. Accordingly, wéiypothesisedhat RAMBR playa role in CaSR signallimtpich could then

lead to understanding of new mechanism by which CaSR activates multiple signalling pathways.

4.1.1. GPCRsignalling mechanism:
Before reviewing he signalling of theand RAMRnediated receptor signalling,the basic

working model of GPCstgnallingshouldbe understood. The mechanism of action of GPCR is
explained by the ternary complex modg42], which is simplified in the figure 4.1. the
absence ofa bound ligandthe GPCR isaid to be in annactive state (R) (Fig 411A). Also,a
GPCRan exhibit basal activity in terms of signalling (R*}Jhe absence of a bound ligand. In
this (R*) state, the GPGfn also be preoupled to Gprotein and so exists ia socalledR*G
state. So, in abseecof a bound ligand (L}he receptor can exist in three states: L+R+G,
L+R*+G, L+R*Gn the R* and R*G states of the receptor, the conformation of the receptor
facilitates a higher affinity to binda ligand than the R state which &lower affinity state.
Accordingly, the order of ligankinding affinity isR*G > R* > RAccordingly whenthe ligand
binds to the receptor, conformational change in the structure of the receptor occurs, allowing
its interaction with heteretrimeric Gproteins and hence forimg a liganereceptorG protein
complex (Fig. 4.1 B. Normally he Gproteins are in aninactive state composed of a GDP
02dzy R h, &0 dzy Ay &dzodzy Al d 2 KSy (dihickSis dv& higheta SEO
concentration inside cells Gproteins ae activated. So, as soon as the ligaadeptorG

protein complex is formed (fig 41 B,y AYYSRAIFIGS Ol dFrteara 2F D
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subunit of the Gprotein takes place which leads to the dissociation of ther@ein into active

D¢t o2dzyRamR B dzo dzdzbidzy Al O CA J-unmitsh@Dmt . O giert KSa S
activate different effector proteins sequentially causing signal transduction (Fig. 41 Once

the activated Gprotein subunits leave the receptor, the activated receptor can inchore G-

proteins, eventually leading tamplificationin the number of activated &rotein subunits. The
subunits remain activatedor as long asi KS D¢t A& eaugitdgnie the TP is & dzo
hydrolysed back to GDP (Fid.4.D), the Gprotein re-assocates and receptor returns back to

the basal state (Fig.4.1 B [242).

(A) L+R/R*+G (B)

GTP Hydrolysed | |

GPCR .
<=

Resting State

+
@ (D) L+R/R*+G

v
BN

GTP
(

(9] LR*

Resting State

GDP

(E) L+R/R*+G

Figure 4.1.1GPCR signalling mechanism:

GPCR signalling is shown by representation of the ternary complex map&eg¢eptor exists in ligand

free state as inactive (R) or basal active (R*) st&eUpon ligand binding the GDP is exchanged to GTP

which dissociates the-GINR 1 SAY Ay d2 FOGAGS h FyR i1 &defeslzyAGa
of signal transductiofQ). (D When GTP isydrolyzed back to GDP, the receptor returns back to inactive

or basal active statéE)
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4.1.2: Signalling of the CaSR:
CaSR has been shown to activate various signalling pathways dependivegagionist orthe

cell type & summarized in the figure 4.1.2.

Promiscuous &rotein coupling:
CaSRcouples to more than one Grotein in different cell types[128131]. The most

characterized medmism is the Gymediatedt [ /activation This causes tRuctivation which
leads to subsequent release biftracellular C£* from the internal stores. Ais PL@nediated
internal C&£* releaseby CaSRas been demonstrated in parathyroid cells and transfddtEK

293 cells[132). The specific activation ofnGhas been demonstrated by the use of pertussis
toxin in the studies. &tusis toxinis ineffective m preventingbinding of labelled GTP into. ¢
proteins, which otherwise inhibits this activity by otherp@teins like G {128. Apart from

Gy11, CaSR can also couple to j@hich inhibits adenylate cyclase activity atliis reduces
CcAMPproduction[12§]. Interestingly, it has been shown in CaSR transfe&tB& 293 cells, that

in addition tothe activation of G 5CAMP levels were alsdfected bya parallel incrase inthe
intracellularC&* concentrations Cay) [129. It was shown that concurrent stimulation of CAMP
and C&* pathways initially led to increases in theCascillation frequency which eventually
fused into a persistent @Gaplateauthat effectively inhibited cAMP accumulation. SoMiA
machinery could function normally, without any disruptions of its cellular actions in case of
transient Cg increase by CaSR agonists; and was inhibited only after a certain length of time of
Caqy increase[129. In cells types endogenously expressihg CaSRactivation ofG: jand G
pathways has been demonstrated to be an important mechanism of acfi@@a8R. Examples

of thisincludes themouse proximal tubule cel[433], cytotrophoblasts from placentd 34, rat
pancreatic cell§135], rat kidney celld76], intestinal epithelium cell$243, human ovarian

surface epithelial cellR44], rat fibroblast413§.

CaSR also activates,fgs - G-protein subtypes as shownn CaSRransfected canine kidney
cells[13(0. This was show by measuring Rhanediated PLD activation (a known target of
Gi213) which was sensitive to the presence of specific inhibitor 1:143130. Interestingly, it

was shown that CaSR which couples toicnormal breast epithelial calland inhibits PTHrP
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secretion, changes its-@otein preference to &4n two breast cancer celines: Commd and
MCF7, and causes PTHrP secretian; effect linked to hypercalcasa in malignancies. This
shows arole of CaSR in pathogenesis of canogrcausing®THrP secretiodue to changing
signalling pathwayg131]. The mechanisnresponsible forthis Gprotein switching is still

unknown.

Phospholipase activation:
It has been showithat following Gprotein activation, CaSR activatéifferent phospholipases

as the next step in signal transducti@ascade In HER93 transfected cells and in primary
bovine parathyroid cells, CaSR agonists activated phospholipasesa@d A which fan IR
and DAG,; arachidonic acid; and phosphatidic acid respecti¥8ly 132]. This shows ao-
ordinated, recepbr-mediated regulation of multiple signal transduction pathwdg49, 120,
245|.

PLC actation causes the cleavage of its substrate, MiRich then forms IPand DAG. It has
been reported thatCaSR activating PLC also caused a parallel activation-kih&$¢ which is
responsible for replenishment of BIRsubstrate for PLC) in a RHependcent and G
independent pathway as shown byexperiments intransfected HE#R93 cells[245. The
significance of this effect might contribute to the constant syppf PL&ubstrate necessary
for the signalling of CaSR at baGa" concentration (as a partially active receptf2y5. It has
been shown in transfected HEK 293 cells, thativation of Protein Kinas€ PKQ causes
inhibition of most of the PPLC mediated release of Catores, followiy agonist activation
[119. The PK@ependent phosphorylation of the-@il of CaSR serves as a negative feedback
mechanism, inhibiting constant fgaelevation and alternavely causing oscillations that might

protect against cytotoxic effects of otheise constant elevated G4120].

CaSR mediated® activation and consequent arhitlonic acid (second messenger) activation
has been reported in transfected H2HB3 cells. This has been linked@o jactivation since it
wascompletely abolished by RGS#negative regulator of {z; protein [246]. It has also been
reported that PLAmediated arachidonic acid releasedunltured parathyroid cells is dependent

on PKGCactivation as inhibition of PKC reduced arachidonic acid rel¢a38. CaSR also causes
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Gizii-mediated activation of PLIL30, 132, which hydrolyses phospholipids to produce the
second messengerphosphatdic acid[132Z). Thisis also shown to be activated in a RKC
dependent mechanism in HEX3 transfected cellf132]. So, it seems that PKC plays a role in
co-ordinating the concert of signal transduction pathways of CaSR as it has a negative feedback

effect of PLC and a positive feedback effecPtuA and PLD activation.

Protein kinase activation:
CaSR has been reported to activate various MAPKs that are responsible to trigger several

cellular functions.Signal transduction from the activation of GPCR to MAPK is complex;
involving interactions bveen various components of intracellular signalling pool of protein
kinases including crosgalk with tyrosine kinaselependent signalling pathway 37, 139,

247]. CaSR activates various MAPK to induce mitogenic effects of extradgtitilan cells such

as osteoblast§l136], ovarian surface epithelial ce[l$37], fibroblastg13§.

CaSR activation ly&* and calcimimetic NPS487 in bovie parathyroid cells and transfected
HEK293 cells hadeenshown to activate ERK1 (p44) and ERK2 ([d4H1) 142). In transfected
HEK293 cells this response was partially sensitive to pertissis treatment as well as PLC
inhibition, implicating G and G ydependent pathway141]. It was also reported that inhibition
of MEK- which phosphorylates ERK1/2, attenuated its activation in both transfected29d&K
cells as well as primary parathyroid cgllgll, 142]. ERK1/2 activation has also been observed
in cells like fibroblast§138, 139, osteoblastd136], ovarian suiace epithelial cell§137, 139
and proximal tubte cells[81] linking the mitogenic effects of extracellul@g” to CaSR induced
MAPK activation.

ERKZ1/2 activation pathway has been shown to depenthercell type. In transfected HEXO3
cells, ERK1/2 activation occurs in response to extracelldérvia Ras and PR activation as
shown using their specific inhibitof$39. Interestingly, ERK activation in Rafibroblast cells
was shown to be sensitive to Sxgosine kinase inhibitof138], an effect not observed in
transfected HE®R93 cellg139. This shows that two separate pathways for ERK1/2 adbivati
exist based on cell types. ¥ mediated ERK1/2 activation has been reporia cells

endogenously expressing CaSR like ovarian surface epithelia]1&8llsand proximal tubule
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derived opossum kidnecell ling[81]. CaSR signapecific, PI3& mediated activation adnother
protein kinaseg Akt has been reported in RAW 264.7 murine osteoclast precursorf46éfland

ovarian surfacepithelial cell§140Q,.

Other MAPK such as p38 and JNK are alsovated by CaSR 43, 146 asshown by studies
involving HE#93 transfected cellswhere their activation by increasing&™ and neomycin
concentrations was inhibited by p38 inhibitdr43. Similarly, increasing concentrati® of CaSR
agonists C&*, neomycin, spermine and gadolinium caused p38 and ERK1/2 activation in murine
osteoblasts like cell44], whereas higlC&*-stimulated PTHrP release from380 Leydig cells
via p38, ERK1/2, and JNK pathwkh45. JINK was also activated by CaSR in respon€etto

and gadolinium in canine kidney cells line MDTAG)].

Activation of several MAPKs by CaSR has been speculated teattarsge tyrosine kinase
receptors[137]. It has been shown in PC3 cells that CaSR could-aciveite EGFR signalling
pathway to activate ERK1/2 byy{z-Rasmediated pathway and finallgausing secretion of
PTHP [247]. This mechanism is mediated by activation of matmetalloproteinase which

cleaves the EGF outside the cell into soluble form causing binding to] E4ZFR

So, CaSRactivates different MAPKs various cell typeshowever the significance fothis
differential activation ofMAPKs hasiot yet been fully understood in terms of its different
biological actions via different ligands. Also, how different signal transduction mechanisms (eg
IP; and MAPK activation) synamize interdependently or are chosen independently based on
agonist/cell type is poorly understood’he figure below summarizes the signalling pathways

known to be activated by the CaSR.
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Figure 4.1.2: Overview of the signalling pathways activated by @@aSRNumbers 15 represent
different signalling pathways activated by the CaSR.

It can behypothesisedhat interaction of CaSR with its interacting partners can be involved in
activating multiple signalling pathways. One of the partners of CaSR ard*$JABN| as
discussed in section 8.4, chapter 1 RAMPs are known to play role in mediating signalling of

certain GPCRs as discussed below.

4.1.3. Role of RAMPs in receptor signalling
Increasing evidenctr the role of RAMPs in signalling family BGPCRs has emergederthe

last few years where RAMPs are either essential or modulate the signalling of the GPCR
[33][174]. The @ail of RAMPs has been shown to play a significant roleyivaing of the AMY
receptors. It was shown in transfected CGD8ells thatthe Gtail truncation mutants of RAMPL1,

2 and 3co-transfected with CTR, decreased the affinity for AMY binding and potency for cAMP
activation on the AMR1 (CTR+RAMP1) and ARYCTR+RAMP2put did not for AMR3
(CTR+RAMPRI9Z. When G gvas overexpressed in these cells, the defect in AMY binding was
corrected. This suggests that RAMPs are probably involved in dineait€n couplingto the

AMY receptof192]. Also, the same study reported thaitéll truncation mutantsof RAMB, did

not make any difference inAMP activation bAM and CGRR.92), indicating the role of &ail

of RAMPsn G sgmediatedsignalling,exclusively for AMYeceptors A deeper insight into the
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role of RAMPs in AMY signalling was given by Metféd, who observeda maked induction of

AMY potency at AMML (CTR+RAMP1) and ARBYCTR+RAMP3) for formation of cCAMP and a
weaker induction of AMY potency to activate intracellulz#* and ERK1/2 signalling; compére

to CTR expressed alone in HEX8 and COS cells[211]. This indicates a clear RAMidiated

effect in the modulation of signalling of the CTR. The same study also showed that
overexpression of Gsubunits led toa modulation in**3-AMY bindig. G soverexpression
increased'®3-AMY binding at AMR2 (CTR+RAMP2poth G sand G jincreased*I-AMY
binding at AMYRBCTR+RAMP3); whereas there was no chang&leAMY binding at AM1R
(CTR+RAMP1211]. This shows that RAMRrobablyparticipate in modulatinghe direct G-
protein couplirg efficiencies of AMY receptf211]].

VPAC1 receptor signalling is also modulated by RAMPAC1 receptor interacts with all
RAMPsput its assoation with RAMP2 in CO5cellscausel augmentation in efficacy of Pl
hydrolysis by VIP with no change in efficacy #&aM® generation, ligand binding affinity and
potency; when compared to VPACL1 receptor alphed]. It was suggested that this effecan
be attributed to a change in compartmentalization of the receptor in presence of RANIPA.
However, our group using antibodayapture scintillation proximityassay for measuring specific
G-protein activation ha shown that there is a decrease in @rotein activation when VPAC1
receptor is ceransfected with RAMP2without any change in ligand binding affinity and
potency for G gtimulation [Roberts Dét a, unpublished data].

In addition,we also observed changes at the PTH1R, PTH2R and Glucagon receptor signalling in
the presence of RAMPSs, where there was an increase-prot@in activation efficacy by the
ligands, without any changes the half maximaleffective concentration(Egg) and ligand
binding affinity (k) of the ligand We demonstrate that when compared to PTH1 receptor
alone,PTH1R+RAMPAcreasel the efficacy of PTH (34) to activate G4{2.3 fold)and G 1.6

fold) without any change ipotency and ligand binding affinity. Also, the efficacy of PTHrP (1
37)for G activationwasincreased(by 2.5 fold)at PTHR in complex wittRAMP2 [Robertst

al, unpublished data]We also observedthat the efficacy of PTH{34) at PTH2R+RAMP3
complexto stimulate G swas higher (by 1.8 fold) than PTH2R aldfagrthermore,RAMP2 co
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expression with glucagon receptor reduced glucagon inducegr@d G sstimulation (by ~0.3
fold) when compared to the receptor alone [Robertset al, unpublished data]. These
observationsshow for the first time that RAMPs are involved in diregar@tein coupling of the

VPAC1, PTH1/2 and Glucagon receptors.

Another intracellular peripheral membrane protein is also involved in R&MR signalling. The
CGRReceptor component potein (RCP) couples to the AM1R and is involved in generating
adrenomedullininduced cAMP respons217]. It couples AM receptor to the cellular signal
transduction pathway. RCP also couples to the CGRP receptor and is also involved in the cAMP

stimulation following CGRRediated stimulation but does not affect CGRP binditif).

Similar to the interaction of &SR with tyrosine kinase pathway as ddxdiearlier, crossalk
between AMR/AMYR and IR has also been reported. It has been shown in rat osteoblasts
that the mitogenic actions of amylin, adrenomedullin and -IG&re interdependen{24§]. It

was shown thatamylin receptor activation causedn gnediated ERK1/2 activation; and
blocking of IGAR and not IGE, inhibited the action of amylin. Similarly, adrenomedullin also
increased ERK1/2 activation sensitive to-I&-blocking248]. Interestingly,the researchers
discussed that they did not observe tyrosine phosphorylation ofligkiself upon treatment
with amylin and so the complete mechanism for this créalk is yet to be elucidated.
Surprisingly, blocking of amylin and adrenomedullin reoeptby antagonists inhibited the
mitogenic actions of IGE on IGFLR suggesting essentially of a signalling complex consisting
amylin/adrenomedullin receptor and IGER wherenterruption of either, abrogates the actions

of their respectiveligands[248].

In order to study the role of RAMPs in CaSR signalling, two techniques were used in this project:
antibody-capture scintillation proximity assay (SPA) and live cell imaging Gsfiigndicator

fluorescent dye. Brief introduction on SPA a@d" indicators is given below:

4.1.4. Antibody -capture Scintillation proximity assay (SPA):
This technique was used because, it is able to detect sp&kfiotein activation and so

multiple Gprotein subtypeactivationby a GPCR can be measurad discussd earlier (section

4.1.1), a Gorotein is activated when GDP is replaced by GTP, the reversal of which, brings it
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back to an inactive stateln this assay*®Slabelled norRK @ RNR2 f & a5 (@K SOKD-¢K I' &
thiophosphate bond resistant to hydrolysis byetleTPaseis used to prevent reforming of an
activated (and dissociated) hetetdmeric Gprotein into an inactivated state Gprotein
specific amk 6 2 RA S & { 2-subuhifRalie use® Shich are subsequentigtected by
secondary antibody attached toszintillant bead[249. The energy transfer between th&'S

2y (i K Sto thet scintillant in the bead causes luminescence which can be detected as a
specific signal from an activateG-protein. Figure 4.1.3 below shows a schematic of the

working of this technique.

Inactive Active

GDP

*[355]GTPYS

-
/ bead
*[3°S]GTPY® / \

Light detected

Figure 4.1.3Schematic of principle for antibody captursPA.

Upon activation of GPCR, GDP is exchanged withhydrolyzable]’{ 8 D¢ A specific @rotein is
detected by its antibody which is detected by luminescence resulting from proximity bet¥ef D% t !
and scintillant beads coated with secondaryibaties.

Antibody-capture SPA has been used extensively to measypeot@in activation profiles of
different GPCR$249-254]. This technique was first shown to caessfully measure »Gu
activation in muscarinic receptdaransfected in CHO cells[249. It displayed a higher
backgrouneto-signal ratio for Gy, measurement (as there is a higher concentration efyG
proteins compared to other @rotein subtypes)249. This technique was also employed to

study the nature of novel compounds against th&d receptor subfyesin transfected HEK
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293 cell membranes and helped in classifying them as partial agonist that specifically activated
G sand corresponding antagonists dbke potential candidates for antipsychoti¢250]. This
technigue was also successfully employed to measurg;Gactivation by endogenously
expressing 81T receptor subtypes in rat frontal cortex membrarj@81]. Sensitivity of this
technique for G yawas demonstrated ¥ a study measuring D1 receptorediated activation of

G zin transfected tcells [254]; and by another study measuringoth G p; and G sto
characterise the signalling profiles of full agonist, partial agonist and antagonist in rat striatum
and cortex membrane$252. This shows the ability of the assay to measure differential
coupling of receptor subtypes to indiual or different Gproteins in native tissues. In
conclusion, antibodgapture SPA provides a powerful tool for measuring GPCR coupling to

specific Gproteins.

Another technique used in this project w&st" imaging technique, which use&&” indicator
dyes in order to measure changes in intracell@a levels upon CaSR activation by a live cell
imaging system or a plate reader. This technique is used widely and brief information about the

dyes used is given below:

4.1.5. C&* indicator dye s:
ChemicalC&" indicators are widely used to study the changeQ#&" concentrations (second

messenger) inside the cells. Fluorescent dyes like-Fludue4, C£* orange, Oregon green,
Fura2 have been developed for cell based applications@ei imaging [255-257]. Most of
these dyes are based d@&* chelators- EGTA and BAPTA, modified to incorporate fluorescent
reporter groups[257]. These chemical dyes have a broad rang€#f binding affinities and

can be skected based on the experiment of interest. Commercially, these hydrophilic dyes are
widely sold conjugated with hydrophobic acetoxymethyjfesters to make them membrane
permeable for passive loading into the cdl58. DMSO which is used to dissolve the dye
protects the hydrolysis of esters in moist conditions preventing the loss of loading of dye into
the cells. Once inside, intracellular membrane esterases cleave theddf group, thereby

concentrating the dye inside the cells and inhibiting their leakiagen the cells[259. Organic
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aniorrinhibitor like probenecid can be used additionally to prevent the leaking of the dye from
the cell[259.

Since the temporal and spati@l&* concentrations inside the cells vary greatly, varidie’
dyes have been synthesized covering a broad spectru@gdbinding affinitie255, 256, 258).
Widely used high affinit€&" indicators include single wavelength dyes like Ruand Fluo4,
C&" greenl, Fura2, Indol [259. Flue3 is easily excited using argon laser (488nm) and has
fluorescein like spectralrpperties. Its binding affinity ¢is ~390nM, consequently gives less
background at resting celi&* levels (~100nM) and gives ~100 times higher fluorescence upon
binding to C&* [256, 257]. Flue4 is an enhanced derivative of Fi8osynthesized by
substituting two fluorine for the two chlorine substituents in FH8pwhich results in greater
absorbance using argon laser (488nmyl drencehas greater fluorescenc¢252]. So,a lower
concentration of dyecan yield almost double fluorescence compared to Ruehich is helpful

to study small changes in intracellul@g&* concentrations[252, 257]. Flue4 also has a higher
rate of cell permeation and a larger dynamic range@at* binding from 100nM to 1pM with a

Kq of ~345nM[252]. Another advantage of Flub over Flue3 is its resistance to photobleaching
(ty> 339s vs 143s). ddivatives of Flual have been synthesized for usage as low affiGig/
indicators like Flu®F (i ~2.3uM), FluebCl (K ~6.2uM), Magluo-4 (K~ 22uM), FluebN (K ~
90puM)[256].

In addition to the single wavelengths dyes, ratiometric dyes excited atwenxelengths are
also used. Ratiometric dye Fuais one of the most successful high affin@g" indicators.
Peak absorption of the dye shifts from 340nm to 380nm when it bindS&* with the same
emission peak at 510nrf258. The ability to make ratio measurements with fitzaat low
concentrations, allows accurate measurements of the intracell@ld& concentrations[258,

259. Ratiocalculationsconsiderably reduces the effects of uneven dye loading, leakage of dye,
photobleaching, as well as problems associated with measu@igg in cells of unequal
thickness. The Lof Fura2 is ~145nM which allows its use to measure very small changes in
C&" concentrations and has very limited sensitivity @a* concentrations above 1uNR58§].

However, the dual excitation of the dye makes it unsuitable for use in live cell imaging.
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Derivaives of Fure2 are used as low affinit@a" indicators like Magrura 2 (K~1.9mM), Mag
Fura 5 (K~28uM), Fure2-FF (K~ 35uM) and so along with FuBa these ratiometric dyes have
a wide sensitivity range from ~100nM to ~100iR59].

A major disadvantage of the chemical&® indicator dyes is that their cellular
compartmentalization cannot be controlled. For exampestudy comparing the properties of
various C&* indicator dyes reported that Fusa loaded Hela cells showed marked
mitochondrial and ER localization, wheredaoF3 or Flue4 loaded cells showed a uniform
cytoplasmic fluorescencg255. Also, the ratio of compartmentalization of dyes between
cytoplasm and specific organelles is sensitive to temperature and time of inculab&h
Fluorescent dyes also leak out from the cells at different rates when incubated for a longer time

[255]. Another drawback of using fluorescent dyes is their susceptibility to photobleaching

[255.

4.1.6. Hypotheses and aims:
It was hypothesisedhat RAMPs are involved in CaSR signalling and alter ligand induced CaSR

signalling.
Aims:
The specific aims of this chapter are:
1 To differentially measurethe G-protein activation profilesof RAMPlor RAMP3 in
complex with CaSkh transfectel COS cells using antibodycapture scintillation
proximity assay (SPA) technique.

1 Study the role of RAMP in CaSR signallirmdogenously expressing thyroid medullary

carcinoma cell line (TTsingC&*imaging techniques.
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4.2. Methods:
Measuring specific G-protein activation using antibody -capture
scintillation proximity assay

4.2.1. cDNA constructs used:
pcDNA 3.1 RAMP1, 2 and 3 and pcDNA 3I1cBNA constructs were purchased from UMR

cDNA resource centre. pcDNA 3.1 vector was purchased from Invitrogen corp.

4.2.2. Engineering CaSR gene into pcDNA 3.1 vector:
CaSR was engineered irttte pcDNA 3.1 vector from TOPO CaSR vector using the molecular

cloning technique described in chapt& section 3.2.2 by introducing Hind3 and Xbal
restriction enzyme sites on either ends of the CaSR gene using PCR and ligating it into the

pcDNA 3.1 vector between these two sites in the multiple cloning region.

The prmers usedo engineer Hind3 and Xbal sitgsghlighted)on CaSR are given below:

Tm | Annealing

Gene { SljdzSYyOS pQ 02 |Length (°C) | Temp (°C)

F(HINd3)TATGAGCTGTCATGGCATTTTATAGCT

GCTGGGTCCTC 43 62.41

CaSR 54.5°C
R(Xbal): TGAACTAGRTA GAATTACTAGTTTT( 50 61.07
TGTAACAGTGETIC

Table 4.21: Primer sequences for cloning CaSR into pcDNA 3.1 vector.
Sequences of all primers used for the sequencing CaSR in positive clones are given below:

Primer A b A A .

name { SljdzSYOS pQ 02 |Length

CMV

primer CGCAAATGGGCGGTAGGCGTG 21
230:1540 F:- TGGTAGAGGTGATTCAAAATTC 22

R:CTCTCAGAAAGGTGTCCACAGGT 23

1160+ | TTGGCCTCAAACACCAGGAGGACACGGTT 29
1950+ | AACTGGCACCTCTCCCCAGAGGATGGCT 28
2590+ | CATTCCAGCCTATGCCAGCACCT 23

Table 4.22: Sequences of primers used faequencingthe engineeredCaSR in thggcDNA3.1CaSR
positive clones
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4.2.3. Transfecting COS-7 cells with GPCR and RAMP constructs:
CO$7 cells were cdransfected using electroporation method described in section 3.2.3 of

chapter 3. ~4 million cells pd)r.4ml electroporation buffer were transfectedith 5ug GPCR

constructalone or with15ug RAMP construct.

4.2.4. Membrane preparation:
Media was removed 48hr postansfection and cells washed with PBS before removal of the

cell layers using 2mm glass begtterck Chemicals). The cells were then spun at 300g for 5
minutes and resuspended in 10 ml, ice cold, PBS. On ice, 50 strokes of a 15 ml Dounce
homogeniser were used tlysethe cells, after which, the lysate, diluted to 40 ml, was spun at
300g for 10 midzdi S&a & nx/ ® ¢KS adzZLISNy Il GlFyd o6l a GKSy
The membranes were then resuspended in SPA buffer (100mM NaCl, 50mM HEPES, 5mM
MgC}, adjusted to pH 7.5 with KOH) aliquoted and fast frozen in liquid nitrogen before storage
atynx/ ® aSYONIySada 6SNBE GKFgSR 2y A0S FNBaK o6SF
The protein concentration of the membranes was determined using BCA protein assay a

described in section 2.11 of chapter 2 using 1mg/ml BSA fraction V in SPA buffer as standard.

4.2.5. Western blotting for detection of G-proteins and CaSR on transfected
membranes :

To checKor the presence of different groteins in membrane preparati@) western blotting
was used as described in section 2.12 of chapter 2. 10ug of CaSR+RAMP r&idfécted
membranes were resolved on a 10% $IASE geln the case of detecting CaSR in transfected
YSYONIT YS&X nn>3 2-Femptiingmbrandsiete S620lvedNd 826 ISIPAGE
gel according to the previously mentioned protocol (section 2.12, chapt€h@)concentrations

of the antibodies used are given in section 2.12 of chapter 2.
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4.2.6. Scintillation Proximity Assay (SPA):
SPA using SPRVTglass beads:

Scintillation proximity assays were carried out using a modified protocol based on @usdac

[254]. Concentration response curves were constructed by incubating increasing agonist
concentrations wih receptor transfected celinembranes and 0.1uM GDP (Sigma Aldrich) in

SPA buffer in a total volume of 200ul in white Optiplates (Perkin Elmer). The assay was initiated

by addition of 0.5nM¥{ 8 DBattSNJ Ay 9f YSND FyR Ay Odzml i§SR F2N
terminated by addition of 20ul 3% Nonidet P40 (Roche) in PBS and incubated at room
temperature for 30 minutes on a plate shaker. 10ul of @&fprotein antibody (Gsc¢383, Gsc

262, @ sc392 Santa Cruz Biotechnology) at a concentration of 0.2ug/pl, was then added,
followed by a further 30 minutes at room temperature before addition of 75ul-eathbit PVT

SPA beads (Perkin Elmer) reconstituted in 25ml PBS. The plate was then sealed, dnatibate

nx/ F2NJ Hn K2dz2NEX &aldzy Fd monn3a F2NJ mn YAydziS

counter (Packard). Each well was counted for 2min and average CPM was used.

Agonists used in SPA were:
Cadl (Fisher scientific), Gadolinium trichlorig€igma Aldrich), Neomycin (Bioline), Cinacalcet

HCI (Selleck chem).

SPA usingrotein-A beads
In the case of usingroteinA beadsthe protocol used was same as above exéepas carried

out in 1.5ml tubes an®0ul of ProteinA beadgSigma Aldrich) were addedstead of SPA PVT

glass beads and incubated for 20hr at 4°C with gentle agitation. This was followed by three

gl akSa 2F nnn>t {t! o0dzZFFSN) gAGK OSy( Ngitddzal GA 2
the last wash, lie conteris of eachtube were NS &4 dza LISY RSR Ay onthent 27F {
pipetted into a 5ml scintillation vial (Fisher scientific) and 1ml of liquid scintillant cocktail
(Perkin Elmer) was added. The vials were then counted in LS 6506omltise scintillation

counter (Beckman Coulter). Each vial was counted for 2min and an average CPM was used.
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4.2.7. Testing effect of compounds on SPA PVT glass beads:
In order to test the effects of various agonists on SPA beads, the reaction was incubated with

the given conentration of agonist an®.5nM f{ 8  Dit & volume of 200ul along with 75l
ofanttN} 0 6 AG t+¢ {t! o6SIFIRAZ F2NI HAKNI G nx/ & ¢KS
K2dzNB S &lLdzy G mMonn3a F2NJ mn YAydziSa 4G nx/ 06

(Packard). Each well wagunted for 2min and average CPM was used.

4.2.8. Statistical analysis:
Log (agonist) vs response ordinary fit curves were created @iaghPadPrism version 5.00

for Windows (GraphPad Software, San Diego California USA, www.graphpadearet the
top and the bottom of the curves. The bottom of the curve value was subtracted from all the
values of the curve and a new Log (agonist) vs response ordinary fit curve was created to

calculate thepotency Ecso) values.

Ca* assay using Live Cell Imaging System:

4.2.9. Seeding cells for imaging :
TT cells were cultured under normal conditions as described in section 2.1 of chapter 2. For the

assay, 100,000 TT cells were seeded mhch well of a 24vell clearbottom plate (Cetar,

Corning). After two days, the cells were used for intracellGidf measuremengssay.

4.2.10. Loading cells with Fluo -4 AM dye:

aSRAlI gl a NBY2O0SR yR OStfa ¢6SNBE 461 aKSR G6A0S
500ul of physiological sa#olution containing 2nM CaGl (recipe in appendix) containing 5uM

Fluo4AM dye (5mM stock in DMSO) and 2.5mM water soluble probenecid. Dye was then
removed and cells were washed three times with physiological salt solution and further
incubated with 500ubf physiological salt solution containing 2mM GaCR NJ np YAY I {
During this incubation, the cells were treated with antibodies or compounds according to the

requirement of the experiment. After 45min, the buffer was replaced with 360ul of
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physiologcal salt solution containing 1.5mM Ca@hd the plate was takenot the live cell

imaging system.

4.2.11. Imaging cells:
HCX PL FLUOTAR 10.0x0.30 dry objective on an Invertedieldd8uorescence microscope

Leica AF6000 Time Lapse was used to imagexep ¢ KS OSfta 6SNB AYI IS
channel fluorescence image using the L5 filter, with exposure of asgain and intensity of 5.

Images were taken at 12bit resolution at every 1.2sec with first 35 frames recorded as baseline

after which 40ulof 10X solution of agonist was added carefully using a P200 pipette (Gilson)

and images were recorded for further 3min.

The compounds used in different experiments were:

Cinacalcet HCI, Neomycin, RAMP1 mouse polyclonal antibody (ab 67151, productmischnti
Abcam), Mouse control IgG (Vector labs), RAMP1 goat polyclonal antibe8§5@cSantacruz
biotech), Goat control 1gG (Vector labs), lonomycin (Sigma Aldrich), NPS 2390 (Sigma Aldrich),
DMSO (Sigma Aldrich) and physiological salt sol(temipe inappendix)

4.2.12. Knock -down of RAMP1 mRNA expression in TT cells using siRNA:
In order to knockdown RAMP1 mRNA expression, TT cells were transfected with RAMP1 siRNA

or scrambled (sc) siRNA using electroporation, with a slight change in protocol ésorilekd
in section3.2.30f chapter 3. ~1.5 million TT cells were transfected with 1.5ug of RAMPL1 or sc
SiRNA in 0.4ml final volume at 960uF and 0.22kV. After electroporation, TT cells were cultured
in 24well clear bottom plates imormal F12K medium fo72hr, before using them for further

experiments.

4.2.13. Validating knockdown of RAMP1 mRNA expression:
RNA extraction and cDNA synthesis:

After 48hr from transfection, RNA was extracted using Trizol reagent as described in section 2.4
of chapter 2. RNApellet was resuspended in 12ul of Nucledsm water. cDNA was
synthesized from equal amounts of RNA for RAMP1 and siRNA transfected samples as
described earlier in section 2.6 of chapter 2.
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Realtime PCR to measure gene expression of CaSR and RAMHNA transfected TT cells:

RAMP1 mRNA expression along with the expression of CaSR and RAMP2 and 3 was measured

using Tagman probes in retiine PCR as described in section 2.9 of chapter 2.

4.2.14. Data analysis for live cell imaging :
Images from each &l were exported in .tiff format and weranalysedusing ImageJ software.

Series oimages for a well were opened in ImageJ and converted into a stack. Next, ROIs were
sekcted for a number of cells as well as for treckground. Fluorescence intensity fach cell

was measured and the background intensity value was subtracted from all thesvasieg
Microsoft Excel. A timdependent response curve was plotted usit@raphPadPrism version

5.00 for Windows(GraphPad Software, San Diego California USAy.gnaphpad.com and

peak value of response for each cell was calculated using AUC function. The peak value of
response for eah cell was then calculated gercentagechange from bselinefluorescence

and expressed in the graph as percentafpeve baselineFor calculating doseesponse curves,

these values were plotted against their respective doses and log agonist vs response curve was
fitted using Graphpad prism 5 to obtain thesiealues. Normalcy test was done on each set of

data usingg Q! 3 2 & Gaksygnommibug n8rmality test using Graphpad prism 5 software.
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4.3: Results:
Part 1- Antibody -capture scintillation proximity assay

4.3.1. M3 as a positive control for G, gprotein activation using SPA PVT beads in
antibody -capture SPA.

Activation of G jprotein is the most characterized signalling pathway of CaSR as described in
section 4.1.2.To test if the conditions of SPA were optimized toeasure G activation,
Muscarinic receptotype 3 (M3) which is a knownnGprotein-coupled receptof249, 260, 261],

was used as a positive control for the SPA. -ZQ@8lls were transfected with 5ug of M3
receptor. 15ug of M3 COGBEmembranes were incubated with increasing doses of acetylcholine
chloride ranging from 100pM tamM in presence of’f{ & D <. A doseresponsive activation

of G jprotein was observed as shown in Fig.4.and the potency (k¢) calculatedwas 176+

4.27 nM (n=3). The -daxis on the graph shows counts painute (CPM) normalized to the
baseline valueof the graph. Thus, it was confirmed that (Protein activation could be

detected using antibodgapture SPAn transfected CO3 cell membranes
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Activation of G4 by Ach on M3 COS-7 membranes using SPA PVT beads

CPM - basal
|_\
o
o
Q@

C ] 1 L] L] L] L] L] L] 1
11 -10 -9 -8 -7 6 -5 -4 -3 -2
-1000- log[Ach] (M)

Best-fit values Std. Error
Bottom 110.2 Bottom 356.8
Top 1823 Top 267.4
LogEC50 -6.754 LogeC50 | 0.6315
EC50 1.763e-007

Figure 4.3.1Activation of G by Acetylcholine chloride on M3 receptor transfected G@&embranes

using SPA PVT beads

CO%7 cells were transfected with M3 receptor and the effect of acetylcholine chloride on the activation

of G jwas checked using antiboayapture SPA. 100pM to 1mbf acetylcholine chloride was incubated

with 15pg of M3 transfected Ca@Smembranes in separate wells to measure the;&&tivation at each

dose. The CPM values shown are normalized to the bottom of the curve. Log agonist vs dose response
curve was plottd which is shown above and the Ec50 value obtained was 176 + 4.27 nM. This is a
combined curve of three separate experiments performed in duplicates using the same batch of
transfected membranes.
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4.3.2. Effect of compounds on SPA PVT beads:
Initial testing using Cagindicated a possible nespecific effect of thdigand on the SRRVT

beads. So in order toonfirm that, increasing doses of Ca@inging from 100nM to 100mM

were incubated with 500pM of{ D ¢>@and 75ul of SPA PVT beads in the SPA buffer for 20 hr

Fd nx/ ® LG ¢l a 20aSNBSR  atifidiallyRn2réaSed théighalfigS NJ G K I
4.3.2 A), which resulted into false positive results in previous experiments, rendering those

dosesunusable.

Similarly, the effect of gadolinium chloride on SPA PVT beads was tested by incubating a high
dose of 200puM Gadolinium chloride and 10n@AG] for comparisonwith 500pM of f{ 8 D% t
FYR TtTpxt 2F {t! tx¢ 0SSl Ra mpaddsignaliasobsaivedrin / ¢ !
case of 200uM Gadolinium chloride (Fi§.2.B), sugesting that this compound haéss non

specific effecton the SPA PVT beads as 10mM £aCl

Effect of CaGlon SPA-PVT beads Effect of compounds on SPA PVT beads
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Figure 4.3.2 Effect of increasing concentrationsGd#CJ on SPAPVT beads:

Given doses of ligands were incubated with 500pM*%f B D fdr 1 hr without any membranes. (A) It
was observed that there was an increase in CPM after 1mM, @alifiating nonspecific effect of the
compound on SPA beads. (B) It was observed that CPM for 10mMw@aChe highest over basal
compared to the 200uM GdgIA) n=1. (B) n=2
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4.3.3: Use ofProtein -A beadsinstead of SPA PVT beads and M3 as a receptorpositive
control for G | fprotein activation:

Due to the norspecific effects of CaCbn the SPAPVT beadsProteinA beadswere used
instead. In the experiment, 15ug of M3 GD$nembranes were incubated with increasing
doses of acetylcholine chloride ranging from 100pM to 1mM in presenc&{of[ D %. A dose
responsive activation of «Gprotein was observed as shown in F@.3 and the Eg value
obtained was 147.2 1.57nM (n=3). The -dxis on the graph shows CPM normalized to the
baseline value of the graph. Thus, it was confirmed that; @otein activation could be

detected using’roteinA beadsn SPA.

Activation of G4 by Ach on M3 COS-7 membranes using Protein A be:

10000
75004
- ]
@ 50004
o]
= 25004
o
o C T T T T 1
-30 -8 -6 -4 -2
-25001 log[Ach] (M)
-5000-
Best-fit values Std. Error
BOTTOM 19.78 BOTTOM 555.4
TOP 7606 TOP 460.6
LOGECS50 -6.831 LOGEC50 | 0.1970
EC50 1.477e-007
CA I dzNB ndo doyY !éﬁ)\@l'(]?\Q}f 27T Dhlj 0eée !ééﬁé?‘f()KEf?\y

membranes usingProtein-A beads

CO%7 cells were transfected with M3 receptor and the effect of acetylcholine chloride on the activatio
of G jwas checked usinBroteinA beads Acetylcholine chloride was incubated from 100pM to 1mM
doses with 15ug of M3 transfected G@&embranes in separate wells to measure thg#stivation at

each dose. The CPM values shown are normalized to ttterbmf the curve. Egvalue obtained was
147.7+ 1.57nM. This is a combined curve from three separate experiments performed in duplicates
using the same batch of transfected membranes.
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4.3.4: Use of Protein -A beads to measure G, ractivation by increas ing doses of CaCh
on empty COS7 and CaSR+RAMP1 membranes measured using Protein -A
beads in SPA:

ProteinA beadswere used instead of SPA PVT beads in order to use higher doses 0ihCacCl
SPAFirst the negative control C&Smembranes were incubated wittOnM to 10mM of Cagl

in order to measure Gjactivation(Fig 43.4 A) Log agonist vs response curves were plotted as
shown in the Fig 8.4 A The negative control COB empty membranes exhiled G j
activation responses with kcvalues of 0.5 0.18 mM The maximal stimulation (efficacy) for
COS&7 was 2315 + 301 cpm (n=Fxpression of CaSR in CaSR+RAMP1/3 membranes was
checked using western blotting as shown in appersigtion 7.4, figure 7.6. CaSR+RAMP1
membranes were also run in parallel to GD8iembranes (figure 3.4 B) to see a change in
response, it was observed that thesgobtained was 4% 4 pMand the efficacy was 3298

418 cpm (n=2). However, as the negative control also sldow similar response; no

comparisons were made with CaSR+RAMP1 membranes.

G, 4 activation by CaGlon

. . G;q activation by CaGlon
empty COS-7 membranes using Protein A beads

CaSR+RAMP1 membranes using Protein A beads
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¢ v -
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o % Y o 5 43 2 10 9 8 7 6 5 -4 -3 -2 -1 0
log [CaC]] (M) log [CaG]] (M)
Best-fit values Best-fit values
Bottom -1.390 Bottom 764.4
Top 2315 Top 3290
LogEC50 -3.396 LogEC50 -4.381
EC50 0.0004019 EC50 4.161e-005

Figure 4.3.4: Effect of CagCtloses on Gjactivation on empty CO3 and CaSR+RAMP1 membranes
measured using’rotein-A beadsn SPA:

15ug of emptyCOS7 (A) or CaSR+RAMPL1 transfected membranes (B) were incubated with 10nM to
10mM of CagGlin separate wells and SPA was performed using 50RraeinA beadsinstead of SPA

PVT beads, followed by addition of scintillation liquid before counting onctamt plate reader. The
graphs show combined data from three (A) and twoitBlvidualexperiments performed in duplicates
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4.3.5: Use of GdGQwith SPA PVT beads to measure G ractivation in empty COS-7 and
CaSR+R1/3 membranes:

GdC4 was used instead of CaGls an agonistas CaGlbut not GdG showed nonspecific
effects on the SPA PVT beads as shown earlier. Accordingly, 20ug of ematyn@@®dranes
(figure 43.5 A), CaSR+RAMP1 membranes (figis® 8) andCaSR+RAMP3 membrarfegure
4.35 C) were incubated with 0.1nM to 1mM GglGlowever, G jactivation was observed in
the negative control CG% membranes with an ggof 0.1mM. The Eg for the CaSR+RAMP1
(B) and CaSR+RAMP3 (C) membranes were 0.12mM and 0.25mM respectagly.tite
comparisons cannot be made due the ngpecific effect of Gd€lon the negative control

membranes.
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Figure 4.3.5: G activation by increasing doses of Gddh empty COSY and CaSR+RAMP1/3
membranes measured using SPA PVT beads:

20ug of empty CO% (A) CaSR+RAMPL1 (B) or CaSR+RAMP3 (C) membranes were incubated with 0.1nM
to ImM GdGland G jresponses were measured using SPA PVT beads. steeEshown in the table

below each graphs. (A) n=2 (B) and (C) n=1.
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4.3.6.: UsingProtein -A beadsto measure G, fresponses to increasing GdClz doses on
empty COS7 and CaSR+RAMP1/3 membranes:

ProteinA beadswere used instead of SPA PVT beads to meaGug@ctivation by Gdgl So,

20ug of empty CO% membranes (Fig 36 A, CaSR+RAMP13(8.B), orCaSR+RAMP3 (figure
4.3.6 C) were incubated with 0.1nM to 0.1mM of Gg&id G jresponses were measured by
pulling out G jantibodiesusingProteinA beadsA dose dependent Gactivation in response

to GdG4 was observed for bothnegative control empty CGBE membranes as well as
CaSR+RAMP1 membranes (figu@&A and B) with Bgof 1.2uM and 0.31 uM respectively.

The curve for CaSR+RAMP3 was not converged as the top plateau was not obtained (figure

43.6 C).
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Figure 4.3.6: G jresponses to increasing Gd@loses on empty COG%and CaSR+RAMP1/3 membranes
measured using’rotein-A beadsn SPA:

Empty COS (A), CaSR+RAMP1 (B) CaSR+RAMP3 (C) membranes were incubated with 0.1nM to 0.1mM
of GdG and G jresponses were measured. Thedace given in the table below the graphs. (A) n=3 (B)

and (C) n=1, all plormed in duplicates.
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4.3.7: Using allosteric modulator Cinacalcet HCI to measure activation of G | fproteins
in CaSR+R1/3 and COS7 empty membranes using SPA PVT beads:

Due to the nonspecific effects of the orthosteric ligand€aCGl and GdG! Cinacalcet
hydrochloride, an allosteric activator of CaSR was used in preseficend¥ CaGlto measure
G-protein activation in SPA. Accandly, 20ug of CO% empty or C&R+RAMP1/3 membranes
were incubated with a high dose of 10uM Cinacalcet HCI isgoee of0.5mM CaGl to
measure change innGactivation levels in different membranes using SRA Beads. As shown

in figure 4.37, there was no activation of.Gprotein over basal in any combinations including
the negative control. Also, the basal atty of G jwas higher in CaSR+RAMP1 membranes than

empty COS membranes and highest in CaSR+RAMP3 membranes.

G, 4 activation by 10rV Cinacalcet + 0.5mM CaQin CaSR+R1/3 and
empty COS-7 membranes (SPA PVT beads)
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Figure 4.3.7: G jactivation by 10uM Cinacalcet hydrochloride in presence of 0.5mM gat@asured

using SPA PVT bést

COS7 empty or CaSR+RAMP1/3 membranes (20ug) were incubated 10uM of Cinacalcet HCI to measure
G jactivation differences. No activation of (vas observed in any membrane sets. n=3 performed in
duplicates.

164



4.3.8: Effects of different cell backgrounds on the effect of 10uM Cinacalcet HCl on G,
activation measured using SPA PVT beads:

In order to determine whether using a different cell type wouwlfiect the response of Gj;
activatiorny CaSRransfected HERR93 and TT cell membranes were used in SPA. As a negative
control, empty HEKR93 membranes were used. It was observed that there was stimulation
over basal in both HER93 empty and CaStRansfected HEXR93 membranes and that the
stimulation of G jwas not diferent between either (figure 4.8 A). In the case of TT
membranes which natively express CaSR and RAMP1, there was no stimulationootIG
basal (figure 8.8 B).

G, q activation by 1arM cinacalcet HCI + 0.5mM CaGh
HEK-293 CaSR transfected membranes measured using SPA G,q activation by 1amM cinacalcet HCI + 0.5mM CaGh TT membranes

PVT beads measured using SPA PVT beads
8000 *) 150004
(B)
60004
10000 |
z z
3 40004 5
50004
20004
O T T 0 T
3 3 2
3 $
N ¢
) X
& %
Q NS [ Basal
[ Basal B8 Stimulated

Figure 4.3.8: Activation of Gjproteins in transfected HE®93 and TT membranes by 10uM Cinacalcet
HCI measured using SHVT beads

30ug of HERI93 nontransfected, CaSRansfected or 40ug of TT cell membranes were incubated with
10uM Cinacalcet HCI in presence of @M CaGland G, activation was measured using SPA PVT. The
graph shows Gjactivation as CPM for nestimulated basal (white) and 10uM Cinacalcet HCI stimulated
(red) membranes. (A) n=1 and (B) n=3.
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Part 2 : Live cell imaging

4.3.9: Testing for functionality of CaSRexpressed in TT cells:

Due to the technical problems associated with the SPA, liveGzllimaging was used to
measure the signalling of the CaSR. TT cells were used for this which endogenously expressed
CaSR RAMP1 and 2 but ndjpBase see appendiestion 7.6 figure 7.8 for this result and its
discussion). Thecavity of CaSRxpressed ol T cells was studied using specific ligands of the
CaSR like CinacetdHCl and Bomycin. IntracellulaC&" increaseresulting due to activation of

the CaSRvas measured using a live cell imaging systeftypical traceobtained is shown in
Figure 4.3.9A where, following the baseline, an increase in fluorescence due to rise in
intracellularC&* concentration by 1uM Cinacalcet HCl is obserfelibwed by a sharjincrease

in intracellularC&" concentrationdue the positive control 10uM ionomycidonomycinwas
used as a positive contrtd check the viability of the cell# the case of absence of a response
(especially for the concentrations forming the bottom of the cyrnRepresentativernages of

cells at different time points are shown in pioéis above the graph.

Figure 4.3.8B shows response of the CaSR to increagioses of Cinacalcet HCI from 10pM to
100pM in presence of 1.5mM Ca@l buffer. A dose dependent increase inratellularCa*
was observed and Egccalculated was 503 1.29 M. Neomycin wasalso usedas a specific
agonist of CaSR; and Figure 4@shows a dose dependent increase in intracell@a" by

increasing doses of Neomycin from 5nM to 2miMheEg, calculated was 9% 1.45 pM.
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Figure 4.3.9: Intracellula€&" activation in TT cells by Cinacalcet HCI measured using-#1aM dye

and live cell imaging system

(A) A representative response to 1uM Cinacalet HCI in presence of 1.5mMdla®@éd by response to
10uM ionomycin. Representative images at different time points in the response curve are shown in
inset. (B) Increase in intracellul®g* in TT cells by increasing doses of Cinacalcet HCI from 10pM to
100pM in presence of 1.5mMaC} with an Eg,of 503+ 1.29 nM. The data is combined from tviloree
independent experiments with déast 20 cells or more anaid per dose.
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Neomycin dose response on TT cells
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Figure 4.3.10: Intracellula€&* activation in TT cells by Neomycin measured using Fluo 4 AM dye and

live cell imaging system:

Increase in intracellula€&" in TT cells by increasing doses of Neomycin from 5nM to 2odvagonist
VS response curve was plotted using Graphpad prism 5StlamdEg, calculatedwas 91+ 1.45uM. The
data is combined from two independent experiments withesst 20 cells or moranalysedper dose.
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4.3.10: Determining the effect of RAMP1 siRNA-mediated knock -down on CaSR
signalling in TT cells :

In order tostudy the effect of RAMP1 mRNA knatdwvn on the CaSR signalling in TT cells,
siRNA approach was usaddits effect on the functional response of TT cellioacalcet HCI

was measured using live cell imagiriggure 43.11 shows the mRNA expression |éveof
RAMP1 and 2 and CaSR in TT cells-g@éir transfection with 1.5ug RAMP1 or scrambtad
random siRNA (negative control) Expression of RAMP3 was not detected. The mRNA
expression levels oktS ISy Sa ¢ SNBE yamNdpledsed ssfrétativs 2 G 2.\ IO (1
72hr after transfection, mMRNA expression of RAMP1 was decreased by 80% in RAMP1 siRNA
transfected cells compared to scrambled siRNA transfected cells, which was statistically
significant (Figure 43.11) (p<0.05, twetailed MannWhitney test). There was no effect of
RAMP1 orscrambledsiRNA transfection on the mRNA expression levels of other genes as

shown in Figure 3.11

MRNA expression profile of TT cells
transfected with RAMP1 siRNA
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Figure 4.3.11: mRNA expression levels of RAMPs and CaSR in TT cells 48hr post transfitiction
RAMP1 siRNA:

TT cells were transfected with RAMP1 or scrambled siRNA (1.5pg per 1.5 million cells) using
electroporation. 72hr postransfection samples were collected to check the effect of RAMP1 siRNA on
the mRNA levels of RAMP1 using firmle P@R. The mRNA expression levels of the gendatefest

g SNB y 2 NYI fahd afeRresérfed as@oltlichange relative toi Aict %. The data is combined

from five independent experiments. p<0.05 as analysed byteiled MannWhitney test.
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Next, it wa tested whether RAMP1 mRNA knodown corresponded to a change the

functional of CaSR. For this CaSR was stimulated d€i@gM Neomycin and 1uM Cinacalcet

HCland its signalling was testday measuring increase in gasing live cell imaging system.
Accordingly, 1.5ug RAMP1 or scrambled sequence siRNA was transfected in TT cells-and 72hr
post transfection, cells were loaded with FldAM dye to measure intracellul@&* increase

As shown in figure 8.12 (A), there ws 50% decrease ithe intracellularC&" releasein

RAMP1 siRN#ansfected cells (red bar) compared tihe negative contrel scrambled

sequence siRN#&ansfected cells (green bar). This waatistically significant with px0001 as

analysed byKruskal | £ ft Aa (GS&G3 5dzyy Qatestasirata wasihoSnonally LI NR &
distributed according tcb Q! 32 a Ay 2 3 t S| N& 2 Y Als®, ¥hérk dvagano Yy 2 NI |
difference between the signalling of th&crambledsiRNA transfected cells and the normal
untransfected TT cells (white bar), thus excluding any -specific effects due to the

transfection procedureData is represented as % increase from basal fluorescence of the cells.

As shown in figure 4.3.1B), 1uM Cinacalcet HCI response attenuated ty 42% in RAMP1
siRNAtransfected cells compared tthe negative controlThis decrease waalso statistically

significant with p®.0001 as analysed §ruskal I f f Ad GSadX 5dzyy Q& Ydz GA
test, as data was not normally distributed accorditg 5 Q! 32adAy2 3 t S| N&?2
normality test Again there was no difference between the signalling of the negative control

and the normal nortransfected TT cells (white bar).
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Figure 4.3.12: Effect of RAMP1 knock downX®0uM neomycin and 1uM Cinacaclet HCI signalling on

TT cells:

TT cells were transfected with 1.5pg RAMP1 or SC siRNA. 72krgps$ection the cells were loaded

with Flue4AM and treated with (A) 200uM Neomycin (B) 1uM Cinacalcet HCI which showed r$0% a
~42% decrease respectively ingdacrease in RAMP1 siRNA transfected cells compared to siRNA to
scrambled sequence. Red bar represents cells transfected with RAMP1 siRNAsgraerled siRNA

(negative control) and whitenormal untransfected TT cells. The data is combined from three
independent experiments for (A) and two independent experiments for (B) and the total number of cells
were (A) 354 each (RAMP1 and SC siRNA transfected) and 120 normal TT cells (B) 241 (RAMP1 siRNA
transfected); 231 (SC siRNA transfected) and 154 nornIIET
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4.3.11: Studying the role of RAMP1 in CaSR signalling in TT cells using RAMP1
antibodies:

In order to test whether RAMPL1 is involved in the signalling of CaSR in TT cells, the effect of
RAMP1 blocking antibody on CaSR signalling was tested iveingell C£* imaging.Different
RAMP1 antibodies were tested for their effen CaSR signalling. Figure 4.3h8ws the effect

of using RAMP1 polyclonal antibodies (poly Ab) raised in mouse (Ms) on 10uM Cinacalcet HCI
signalling in TT cells. The dataowals the peak of response represented as % increase of
fluorescence from baselinduorescence White bar shows the response b®uM Cinacaclet HCI
which was245% above basal. Blue bars show the effect of Mouse control IgG and the red bars
show the effect 65ug and 10ug of RAMP1 Ms poly Abs. Statistical comparisons were made for
the RAMP1 antibodies against their respective dosfeControl IgGIt was observedhat 5ug

and 10ug RAMP1 Ms poly &bl dzA SR pT1 ®p> YR Tcodw: RSONBI as$s
compared to their respective Control Ig@bses(p<0.0001 as analysed by KrusWédllis test,
5dzyy Qa Ydzf G A LX Sest)O8oY aJfuNgk aighificant Ja&ténidation byl9% was
observed for 10ug RAMP1 Ab compared to 5ug dose (p<0.0001, as analysed-tayled
Mann-Whitney test).

RAMP1 poly Ab raised in goat (Gt) showed a dismendent attenuation of 1uM Cinacalcet
signalling as shown in Figure344. 5ug and 10pg of RAMP1 Gt poly Ab atiaied 1puM
Cinacalcet signal by 35% abitP respectivelgompared to their respective control IgG Ab. This
decrease was statistically significant with p<0.0001, as analysed by Kwiskal test and
5dzyy Qa Ydzf (A LJ-Bst. BlfoYheltiffeferic® hetvehJhe difect of S5ug and 10ug
RAMP1 Ab21%) waststistically significant (p<0.001, as analysed by-taited MannWhitney
test).
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Figure 4.3.13: Effect of mouse polyclonal RAMP1 antibodies on signalling of 10uM Cinacalcet HCI in TT

cells:

TT cells were incubated with ti@A @Sy O2y OSYy iGN} GA2ya 2F yGdAo2RASA
loading and the effect of 10uM Cinacalcet HCI in presence of 1.5mM GaGhtracellular C&"

activation was measured using live cell imaging system. The attenuation effect by Sud@anafl

RAMP1 mouse polyclonal (Abcam) on the intracell@tf activation by 10uM Cinacalcet HCI are shown

in the graph. The data is from single experiment and the numbers of cells analysed per set are shown in

the legend on the graph. ** p<0.0001 anadys using Kruska&l  t f A4 (GSad FyR 5dzyy
comparison postest as the data was not normally distributed accordingstdQ! 32 aiAy2 9 t S|
omnibus normality test”” p<0.0001 twetailed MannWhitney test.
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Figure4.3.14: Attenuation of 1uM Cinacalcet response on TT cells by RAMP1 polyclonal Ab raised in

goat:

TT cells were treated with the given concentrations of RAMP1 goat Poly Ab (SantaCruz) or Control IgG
F2NInp YAY Fd ot1x/ | FiSNady dde Bepghdant @dcréz@eanin imtracdlluldr w! a't
Cd" activation due to 1uM Cinacalcet HCI in presence of 1.5mM,@aSlobserved (red bars). There

was no attenuation of 1uM Cinacalcet response by control IgG (blue bars). The data is combined from 5
indepencent experiments and the total number of cells analysed is shown. The data is not normally
distributed according tdd Q! 32 aGAYy 2 9 t SI NRA 2y p0.go0D d@rmiged by | £ A G &
Kruskal | £ £t A& GS&adz 5dzyy Q destyrdzp<d.a0mifo-Gile@Mavir\@hitidy degty LJ2 a G
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4.3.12: Comparing the efficacy of RAMP1 goat Poly Ab to NPS 2390 in attenuating
responses to 1uM Cinacalcet HCI, 100uM Neomycin and 5mM CaCk in TT cells:

The effect of 10ug RAMP1 goat poly é&battenuation of CaSR signati was compared with
different concentratons of CaSR antagonist NPS 23B0e final bath concentration of the
RAMP1 goat poly Ab in a single well was calculated to be 133.3nM usitygpit@ molecular
weight of IgG as 150kD@hree CaSR agonists: Calaet, Neomycin and€C&" were used to
compare the effects of RAMP1 Ab and NPS 2390 on CaSR signalling in TT cells.

l f 0 K2dZAK GKSNB gl a | atA3aKd aGadSyda GAazy 2F w
6dmc20 FYR Mn>a bt { Ho diysignflicamFigu® 4.3.15). WHerdasy 2 (i 3
50uM NPS 2390 caus®&8.5% decrease which was statistically significant (p<0.0001, analysed

by Kruskat I £ f Ada GSad | yR 5dzyy @&t (Mogire 4.3 IIRAVPDgbaf LI NA &
Poly Ab(133.3nM) caused a statically significant attenuation dfuM Cinacalcet HCI response

by 46% (p<0.0001, analysed by Krugkdl f t A4 (Sad I yR 5 dzpost@eat). Ydzt ( A |
So in comparison, 133.3nM RAMP1 Ab was 30% more effestatenuating 1uM Cinacalcet
responsethan 10uM NPS 239p<0.001, twetailed MannrWhitney test) whereas there was no

a0l dAradAaortte aAaYyATAOLIY(d RAFFSNBYOS m&iUosSSyYy
tailed Mann-Whitney test).

In the case of DOUM Neomycin, there was a dosiependent decrease in 100uM Neomycin
responseby 10uM (44%)and 50uM(65.34%NPS 239@p<0.0001, analysed by Kruskahllis
0SadG> 5dzyyQa Ydzf dealdt Bas abgexved| thaih 1323yM RAMB LI poly Ab
attenuated 100uM Neomycin response by ~48étnpared to Control IgG (p<0.000ruskal

wallis test, Dizy' y Q& Ydzf G A LI Stest) Anélelwiish ko 2syatisticaflya dignificant
difference between the effects 10uM/50uM NPS 2390 and 133.3nM RAMP1 Poly Ab (two tailed
Mann-Whitney test) (Figure 4.26).

There was no attenuation of 5mM Ca@sponse by 133.3nM RAMP1 Poly Ab or 10uM NPS
2390 whereas 50uM NPS 2390 attenuated the response by 42% (p<0.0001, Kizsksltest,
5dzyy Qa Wrdghrisoh pdstest) Figure 4.3.10)7
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Figure 4.3.15: Comparison between NPS 2390 and RAMP1 goat antibody efficacy in attenuating 1uM
cinacalcet response in TT cells:

TT cells were preated with 1, 5, 10 or 50uM of NPS 2390 or 10ug RAMP1 goat polyclonal antibody

from SantaCruz for 4&in at 37°C, before measuring 1uM cinacalcet HCI response in presence of
1.5mM CaGl The concentration of RAMP1 Ab was calculated to be 133.3nM based on typical weight of

IgG as 150 kDa. ** p<0.001 and *** p< 0.0001 as determined by Kri&dik test @ A y 3 5dzyy Qa
multiple comparison postest. The data was not normally distributed according3aQ! 323 GAy 2 9
Pearson omnibus normality testThe data represented is combined from three independent
experiments and total number of cells analysed are showhenbbx.
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Figure 4.3.16: Comparison between NPS 2390 and RAMP1 goat antibody efficacy in attenuating
100uM Neomycin response in TT cells:

TT cells were praeated with either 10ug of RAMP1 goat Poly Ab or 10 or 50uM of NPS 2390 for 45 min

at 37°C, before measuring intracelluf@ag” activation by 100uM Neomyecit p<0.05 and *** p< 0.0001

as determined by Kruskall £ £ A& G Sai Itpdd soyhpariséndpgsies.&TheYddim was not

normally distributed accordingtt Q! 32 aG Ay 2 9 t SI NA 2. yhe 2atafpresdzied i 2 N | f |
combined from three independent experiments and total number of cells analysed are shown in the

box.
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Comparison between the effect of NPS 2390 and
10my RAMP1 goat Poly Ab on 5mM Caslgnalling
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Figure 4.3.17: Comparison between NPS 2390 and RAMP1 goat antibody efficacy in attenuating 5mM
CaClresponse in TT cells:

TT cells were preated with either 10ug of RAMP1 goat Poly Ab or 10 or 50uM of NPS 2390 for 45 min

at 37°C, before measuring intracellul@g" activation by 5mM Cagl*** p < 0.0001 as determined by

Kruska® I f £ Aa (GSald dzZiAy3 5 dzy-¢® The Hadat wiash nodtn@mallydigtiibtédh a4 2 y |
according to5 Q! 32 aGAy 2 9 t SI NEety The dawi kepregénted/ig dbibined fiom

three independent experiments and total number of cells analysed are shown in the box.
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4.4. Discussion.
It washypothesisedhat RAMPs play a role in CaSR signal@&gsR is a pleiotropic GP@iitch

activatesvarious signalling pathways via differentp@teins as discussed in detail section
4.1.2in introduction to this chapterAlso, increasing evidence is suggesting a direct role of
RAMPs in GPCR signalling (section 4.1.3, introduction to this chapted)reégt and differential
roles of RAMP1 and 3 on CaSR signalling were tested using artéyoidye SPA (section 4.1.4,

introduction to this chapter) in transfected CSell membranes.

Measuring differential signalling by CaSR+RAMP1/3 complexes using a ntibody -
capture SPA:

Since Gprotein activation is the top in the hierarchy of GPCR signalling, it would be important
to differentially determine the Grotein activationprofile of CaSR witkach RAMA and 3. For

this, the use ofantibody-capture SPA wagroposed as this technique can detect specifie G
protein activation and the neeébr immunoprecipitation steps involved ifJ] 8 D %binding
assay is eliminated249. pcDNA3.1 CaSR and pcDNA 3.1 RAMP constructs weretoused
transfect COS cells. pcDNA1 CaSR construetas engineered and sequencing of the cloned
construct from bps 30@32200ut of 3300bps in totalyas performed to ensure the absence of
any mutations that may have risaturing thecloning proceduredata not showi). The RAMP
cDNA used weralso presentn pcDNA3.1, so that using the same vectors for both CaSR and

RAMPs would ensure similar expression levels due to the activity of the same promoter.

Since G jactivationis the most common signalling pathway of the C&BE, 132 141, 245,
246], SPA was used to measure j@rotein levels in CaSR+RAMP1/3 membrane preparations.
The adequate optimization of the assay to deteet;@as tested by using M3 receptor as a
positive control (figure 4.3.1 and 4.3.3), sintes known to activate the G;protein [249, 260,
261]. The results confirmethat the conditions for the experiment were optimized and that in

our hands, Gy 1 activation could be detected by SPA.

Next the presence oG-proteins in COS membrane preparations was testeging western
blotting (Appendx section 7.3, figure 7.5) using the same antibodies used in the SPA. This

would test the specificity of the antibodies and consequently ensure that the signal observed in
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SPA, corresponded to the respective, specifipr@ein activation. Comparing our results
(appendixsection?.3, figure 7.5) with the information in the literature and250, 251] and the
results obtained for antibody testing liie manufacturersSantacruz biotechnology Ltd was
observed that thebands at ~425KDa correspond to specificpBotein of interest(appendix
section 7.3, figure 7.5 whereas bands at ~22KDa correspond to #specific binding of
antibodies.However, the ability to detect dosgependent G jactivation by act/licholine on

M3 receptor (figure 4.3.1 and 4.3.3) shows that the antibody could specifically captue G
protein. In addition this, Hese antiG-protein antibodiesare wellcharacterized andhave been
used successfully antibody-capture SPAby others asshown in the literature antrG: 5250,

253 254, G ;[249, G |j[249-251, 253]; where it was also shown thanti-G. yand G |

antibodiesare not crossreactiveto each other{250, 251].

The expression of CaSR was checkedhe transfected CaSR+RAMBfRd CaSR+RAMP3
membranepreparatiors, with COS7 empty membraness the negative contralsing western
blotting (Appendixsection 7.4, figure 7.6). This shows that the etvansfection efficiency was

appropriate and that CaSR was trafficked to the-seiface by RAMP1 or 3.

Use ofC&*and Gd* in the SPA and technical problems associated:

Shce C&* is the natural agonist of the CaSBaGl was used in SPAn CaSR+RAMBL
transfected CO8 membranes to measure differences im gz activation However, it was
discovered that doses higher than 1mM exhibited rspecific effect by increasintpe signal
artificially, even in absence of any eglembranes in the assdfigure 43.2 A. Since, the kg
of C&" is ~3mM[10][28][68], this nonspecific effect prevented the use of Call further

experiments There are no studies in the literature using this techniqueCaSR or usir@& " in

the assay.t should be tested ithis can be attributed to the éct of C&£* or Cl on the

scintillant present in the beads.

Accordingly the protocol was modifietb using ProteirA beads (as there is no scintillant in the
beads)instead of SPA PVT bea@soteinrA beads immunoprecipitated the specifiepBotein
antibody and followingthe washes, radioactivity corresponding to the activated ;@as

measured.This modified protocol was tested for its ability to deteetfrotein activation using
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the same batclof M3 receptor transfected @S7 membranes (Figure 4.3.3However, on using
this modified protocol to measurerGactivation by Caglit was observed that the negative
control empty COS membranes, which do noxpress CaS@ppendixsection7.4, figure 8.6)
showed G jactivation in response to higher doses of G&fitjure 4.3.4 A). Even thoughlet-
ward shift to the curve (figure 8.4 B)was observed usingaSR+RAMP1 membranes, this result
cannot be acceptefbr further interpretationdue to the nonspecific effects observed with the
empty COS membranesSimilar results were observed when Gadolinium (figures 4.3.5, 4.3.6)
and neomycin (data not shown) were used as an agomlss shows thaprobablythe higher
doses ofthese ligands caus nonspecific activation of @roteins. Such an effect was also

%{ 8 Dhinding assay using

hypothesisedbut not tested by Mamillapallet al in their [
immunoprecipitation method on breast cancer cell line membraj&81]. Alternatively,
increase of Gjin negative control membranes might also suggest an alternative cagosing
receptor in COS cells which isiot recognized using human Cas&man® probes and CaSR

Ab. GPRC6A mRNA expression was found to be absent in these cells (data not shown) which

excludes its likelihood as an alternative catgemnsing receptor present in these cells.

Using allosteric actiator CinacalcetHCl

Due to the technical problemassociated with higher doses of tlethosteric agonistsan
allostericactivator of the CaSR call&inacalcet HJB6] was used insteads it requires much
lower exracellular C&* concentration (0.5mM) for its function. So, CaSR activation can be
achieved with a low Catoncentration in the assay, which does not have any-sjecific
effect on the SPA PVT beads (figure 4.3.2). Also, amspexific activation ofs jin COY
empty membranegvenat a very high dose of 10uM Cinacalcet HCI (figude/ ¥ (reported Eg
is 51nM [86]) was not observed This confirmsthat the non-specific effect on €protein
activationwas limited to theorthosteric agonistsHowever, using Cinacaclet H&Imulation of
G jjcould not be detected in either c€aSR+RAMP1/3 membranes (figur®. 4. This could
either be due to theassaysensitivitytowards theconcentrations of the Gjprotein activated,
or a low receptor numbebeing expressed on the cell surface; or bdih. activation of other &
proteins was also tested and preliminary experiments usingranusfected COS3 and TT cell

membranes fded to detect any activation ofiGand G py Cinacalcet HCI (data not shown). So,
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the possibility of activation of an alternativeggotein pathway could not be detected as well.
This shows that the failure to detect the activation of @as most likgt due to the technical

problems mentioned above.

During my MSc project in the past, which involved the use of SPA on the adrenomedullin
receptors, it was observed th#htis technique is very sensitite the receptor number present

in the transfectedmembranes. Initial testing of this protocol shedthat G sactivation by
adrenomedullin was not recordeon CLR+RAMP3 membrarasreceptor expression levets
3.1pM/mg of protein But at high receptor expression levet§ 11pM/mg of protein, dose
depencent G aactivation was observe(tata not shown). It can bleypothesisedhat optimal
receptor number necessary for-@otein detection by SPA in the batches of CaSR and RAMP

co-transfected membranes was not achieved.

It was postulated that the cebackgound could be associated with the failure to detect
specific Gorotein activation in SPAifferences in celbackground have been shown tdfect
receptor phenotypesinvolving RAMPsIt was observed by Tilakaratret al, that RAMP2
induced a weak AMY reptor phenotype in transfected C&Scells, whereasa relatively
stronger AMY receptor pheotype in transfected CHO cells; thigslecting changes in-@rotein
coupling efficiencies between different cell typ@62]. To test if a similar phenomenon existed
with CaSR and RAMPsexpression levelsZaSRransfected HER93 cells were used, although
they were initially not selected for use due to endogenous expression of RAMH|L which
would make the comparison with CaSR+RAMP3 diffié&l#to, TT cells which endogenously
expressboth CaSR and RAMP1 buttr®AMP3were chosenHowever, there was no specific
increase in &jactivation in either of the cellypes (figure 4.8 A & B)As mentioned earlier,
this could be due to low CaSR receptor number in these cells, especially in TT cells, relative to
transfected cells, as the expression is endogen@msequently, the amount of.Gprotein

activated by the activation oblver CaSR numbers could not be detected by the assay.

Transfection efficiency and consequently receptor number can be improved by using alternate
protein expression methods like MembranePYdunctional protein expression system from

Life Science technologies, which-tcansfects virus like particles along with the receptor of
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interest inside the cells. Here, viral core proteins gag are transfected in the cells which bud from
the cell under lig rafts in the plasma membrane, capturing and displaying raft contents
(receptors) in their native form as particles and secreting into culture medium, which can be
easily collected. Alternatively, CHO cells could be used for this technique as theydwwve b
successfully used to study RAMP biolgty5, 262, to test whether better ceransfection
efficiency can be achieved. An alternative technique canubed incorporating antibodies
against the active GHbound Gproteins (NewEast biosciencd®63 that are immobilized to
fluorescent beads with distinct emission profiles and hence enabling multigbEot8in

activation measurement from a single reaction.

So to conclude, it is not recommended to use high concentratiort3agl, GAdG or Neomycin
in antibody-capture SPA, as thelyave nonspecific activation of G;protein in the assay.
Another hypothesis suggests the presence of an alternative caeoising receptor in CGS
cells which could not be probed for using CaSR priniéesneasurableG. jadivation by the
allosteric modulator Cinacalcet H®hs achievedn transfected or natiely expressing CaSR
membranes This problenwasprobably due to the receptor number in the membranes which

do not cause sufficientiGactivation within the sensitivéimit of the assay.

Studying the role of RAMP1 in CaSR signalling in endogenous expression system
using C&* imaging techniques:

Due to he inability to detect direct Grotein activation, intracellulaC&* release upon CaSR
activation was studied as an alternative. Intracelllat” increase upon activation of the CaSR
is a wellcharacterized pathway, where, IP3 activation which is shown to be mediated |fgsG
shown by the inability of the pertusiexin to inhibit the response, a characteristic feature of
G ) causes release " from the internal storeg52, 71, 81, 82, 86, 94, 145, 157, 264].
Measurement of intracellula€&* levels has widely been doneing C&" indicator fluorescent

dyesin live imaging system or plate readéi2, 71, 81, 82, 86, 94, 145, 157, 264].

For this approacA T cells which express CaRRMH and 2 but not ndogenouslyresut and

its discussion in appendix secti@ng, figure 78); as well asstably co-transfected CO3 cells
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were used. CO3% clls were stably transfected with differentcombinations of

CaSR+RAMP1/2/3 whostRNA expression levedse shown inappendixsection?.5, figure 7.7.

Measuring intracellulaiC& release:

Measuring intracellularC&* release using live cell imaging system allows the -tigs
visualization of the cell signalling and also checks for sufficient dye loading, cell viability and
morphology Flue4AM dye was used for all the experiments ame trecipe for physiological
salt solution used in this study, has been successfully bséare [264]. The concentration of
CaGlwas 1.5mM, which is less thansgof C&* for CaSR (3mM)nitially, plate reader with a
dispensing system was usegcaug compared to thdive cell imaging systent, is relatively
high-throughput,automated andhe fluorescence from aantire wellcan bemeasuredHence

it would givean average response of the entire cell populatiorihe well(especially useful for
transfected cells)However, technical problems associated with the machine prevented from
getting useful and robust results and hence are not included in the thesis. Alternativelgell

imaging using a fluorescent microscope was used.

Initial experimentation using live cell imaging systemevealed that CO% cells stably
transfected with CaSR+RAMP1d8d not react to doses of Cinacalcet lower than 100uM
(reported Egy ~51nM in transfected HER93 cell86]), indicating an absence of specificséo
dependent functional responsgata not shown)It is noteworthy that the cells were always
kept under selection antibiotic G418; and so it wgpothesisedhat cells machinery might be
stressed to produce more antibiotresistant protein, compromisgnon the production of other
proteins like CaSR and RAMPs. Also, it is noteworthy to mention that G418 belongs to the same
family of antibiotics as the CaSR agonisesomycin and gentamycin; and has a similar structure
to gentamycin500uM gentamycin hashown to elicit responses in opossum kidney délg.

So, it can bdwypothesisedhat the failure of cells to respond to Cinacal@attivation could be
due to desensitization of CaSR under constant exposuregh doses of G418 in the medium
(1.44mM or721uM). Although other studies have used G418 for selection of-283Kor other
cells stably transfected with CaSR, the doses useddiotain the cell lines were lowed33uM

[138, 265]; 300uM (upto 3 days prior to experimerif66]. Some studies which used G418 for
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selection of stable cells do not mention if they decreased the antibiotic concentration after
initial round of selection or excludé completelyfrom the culture mediumgdays/hours before
the experiment.Lowering the doses in the experiments and completely removing the antibiotic

24hr before experimentation did not produce any changes in the results.

Due to the above stated problemssaxiated with stable COGEcells, TT cells we used for
further experiments as they express the CaSR as well as RAMP1 and 2, buhdog8meusly
(appendix, section.B) and hence could provide insight into their interaction at endogenous

expression legls in contrast to much higher expression levels in transfected cells.

Figures 4.3.9 and 4.3.18®@w the presence oh functional CaSR expressad TT cells anthus
demonstrate thatthe technique used was sensitive to measurioganges in intraglular C&*
concentrations caused by increasing doses of Cinacalcet and Neoffyeikg, recorded(500

+ 1.29nM and 91+ 1.45uM respectively are different from those reported in the literature for
intracellular C&* activation In HEK293 cells transfectedvith CaSR, an Ecof ~51nM was
reported for Cinacalcel86], whereas an Eg2 ¥ dnm>a 61 & NBOBHNREBR T2 NJ
difference in celtype and presumably higher receptor expression due to transfection could be
one of the reasons for the differences in the potencies recorded. Another reason could be
related to the fct that in both the studies a different dyfeura2AM (ratiometric dye) was used

and the fluorescence was measured using different instruments (fluorescent plate rgggler

and an inverted fluorescence microscof#2] of a different make from the one used in this
study). There are no studies yet showing a domsponse cure in TT cells for the same
agonists, using intracellulaE&* release as a measure; so it is not possible to make exact
comparisons. However, it was established in this study that the TT cells express a functional
CaSR.

The effect of RAMP1 mRN#éock-down on CaSR signalling in TT cells:

It has been already shown by Bouschet al using ceimmunoprecipitation and
immunofluorescence techniqudd57]; and by the FRET results in this study that CaSR interacts
with RAMP1 and 3 in owexpressing cells, an effect responsible for its-seiface trafficking.

However, there is no evidence showing this interaction in an endogenously expressing cell type.
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Since TT cells express RAMP1 as the only RAMP partner of ReilCa&hypothesisedhat

they interact in these cells and RAMP1 causes-stefhce trafficking of the receptor.
Accordingly, RAMP1 mRNA expression was obstructed by siRNA to test for its effects on CaSR
signalling. The sequences for siRNAs used hage pablished before by Bouschet al [157].

The target specificity for RAMP1 siRMAd an absence of homology with any known gene for

the negative control siRNA were confirmed using BLAST seaaRNA knocklown ability of

both the siRNAsused in this study &ve been successfullyemonstratedl and published by
Bouschetet al [157] and were confirmed in this study as well (figure 4.3.11). Indeed as
hypothesised it was observed that i T cells transiently transfected wiRAMP1 siRNA, there

was statistically significant reductions of CaSR signalling by Cinacalcet and Neomycin (figure
4.3.12 A & B respectively); compared to negative control siRNA transfected cells. The most
likely explanation for these results is that the siRNA specifically iaditthe expression of
RAMPL1 (figure 4.3.11), due to which there were lesser numbers of interacting RAMRérpart

with CaSRwhich subsequently resulted into relatively less CaSR+RAMP1 complex on the cell
surface. This was checked by measuring the respafidgbe cells to CaSR specific agonists
(figure 4.3.12). Sat is demonstrated for the first time that inhibition of RAMP1 expression
leads to a decrease in CaSR signalling in TT cells, which probably indicates that they interact in

TT cells and RAMP1 daa responsible for CaSR eslirface trafficking.

In order to test this explanation, immursiaining should be performed for CaSR on RAMP1
knockeddown TT cells to check for the localization of the receptor in the cell. If there is more
CaSR trapped i@ the cell (in the perinuclear region) as observed by Bousehetl in
transfected HER93 cells[157], then the explanation would hold trueAlternatively, ce
immunoprecipitation studieshould be performedusing Cal or RAMP1 antibody to ptdut

the receptor complexand then probing for the other component on a western bl®his
should confirm that CaSR interacts specifically with RAMP1 in endogenously expressing TT cells.
Attempts to co-immunoprecipitate CaSR aRIAMP1 using TT cedsiring this study failed to
generaterobust results Bven the CaSRransfected HEXR93 as a posite control[157] (since
HEK293 cells express RAMP1), failed to show positive resiilise, the results produceslere

not robust enough and also lacked the inclusion of a controlalg@ negative controthey are
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not included in the thesigrurther optimization d the conditions is required to achieve good

quality results.

Effect of RAMP1 blocking antibody on CaSR signalling

Since TT cells only express RAMP1 and not 3, they adangwdel to study the role of RAMP1

in CaSR signalling (appendix, secffod). Also, this study suggested an interaction between
CaSR interacts with RAMP1 in TT cells, with an implication of RAMP1 being responsible for cell
surface trafficking of CaSRo, it wadypothesisedhat blocking RAMP1 using specific antibody
would modify signalling of CaSRvhich will be measured by intracellulaC&” increase.
Different RAMP1 polyclonal antibodies were tested for their efemt CaSR signalling. Of
these RAMP1polyclonalAb raised in mousdrom Abcamcaused the maximum attenuation
followed by RAMP1 Ab raised gofiom Santacruz biotech (figures 4.3.13 and 4.3.14
respectively) It was observed thaalthough the RAMP1 Ab raised in rabbit caused significant
attenuation of Cinacalcet response, the correspondialgbit control IgG was nespecific and
also caused attenuatiosimilar to RAMP1 Afdata not shown) So they were discontinuefmr
usefrom future experiments. Control IgGs for the other two antibodies (mouse and goat) did
not have aneffect on CaSR signalling; indicating the abseataon-specific effectsAlthough

the RAMPImouse Ab causedtatistically significant attinuation of Cinacalcet respongigure
4.3.13; the experimentcould not be repeatedbecausethe company discontinued the

production of that antibody.

Accordingly, RAMP1 goatpolyclonal Ab from Santacruz biotech ag used for further
experiments. The specificity of the Ab for RAMP1 was checked by western blotting for the
protein using TT cell samples and performing immuagtmchemistryon TT cells (appendix
section 76, figure 7.8 C and G); which showed that the antibody could recognize both the
lineanzed form (shown by western blotting) and natural conformation (shown by immuno
staining) of RAMP1. Subsequent treatment of TT cells, with RAMP1 Ab showed repeatable,
doe-RSLISYRSY(d FyR aGrdAadaolftte &aArayA Higdd yi
4.3.14). Thus, it is demonstrated for the first time that blocking RAMP1 attenuates CaSR
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signalling in endogenously expressing cells indicating a possible role of IRBMEaSR

signalling.

A causative mechanistmehind the observedeffect wuld be a conformational change the
CaSRnduced by the antibodyThis couldsubsequently affecigand bindingor coupling tothe
G-proteins, which would result in attenuatezignal transductionThere is no information so far
about the involvement of RAMP1 in forming a part of ligand binding epitope with CaSR,;
contrary to the case with CLR where it is involved in the s@0@ (section 1.13.2, chapter 1)
However based on the currentfarmation, the binding sites fo€&*[108 (ECD)neomycin
(ECDJ107] and the céimimetic CinacalcefT(M domain)[113 116 have all been mapped on

the CaSR itself (as discussed in detail in section 1.5 of chapterldgsé&bon this information it
seems improbable that the RAMP1 antibody binding inhibits the ligand binding directly by
blocking the epitope, a part of which could be present on the RAMP1 iSela change in
conformation of the CaSBompromising the €protein coupling could be proposed as the

mechanism of action of RAMP1 Ab.

This hypothesis can primarily be tested by observing the change in FRET efficiency of
CaSR+RAMP1 complex on the cell surface after treatment with RAMP1 antidhange in
FRETefficiency between CaSR and RAMP1 is observed, then it indicates a change in
conformation of the receptor complex, which changed the distance and hence the efficiency of
energy transfer between CaSR and RAMEhilar approaches have demonstrated the ef$ec

of antagonists and agonists on melatonin receptor; and monoclonal antibody on CCR5 receptor

usingBioluminescence energy transf&RE)[267, 268].

The effect of RAMP1 antibody on CaSR signatiamgbe further confirmed by heterologous
competition experiments in TT cells using increasing doses of RAMP1 Ab against a single dose of
Cinacalcetas well as doseesponse curve shift assays studying the effect of a single dose of
RAMP1 Ab on a dosesponse of Cinacalcet. The effect of RAMP1 antibody on the binding
1AySiGAOa 2F /[ AyFOFItOSG Oy 068 (SadSR%amiAy3d N
compared to the effecof CaSR antagonist on Cinacalcet bindirgese experiments would give

further information on the action of the antibody byrqviding the binding affinityand
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effectiveness in inhibiting CaSR signallingy)(lof the antibody.It would be interesting to
2048SNWBS lyed OKFIy3aS Ay 0AYRAYIFWhidghBbudiang 8la Ay |
the receptors to the basal state R), as it would indicate conformational bias of the antibody

(R*/R*G vs R;antagonists are not biased towards conformation of a receptor) and
consequently give an estimate of the number of receptagually affected by antibody

binding.

The functional changes the downstream of signalling caused by RAMP1 Ab can be studied by
measuring the change in calcitonin secretion in the medium. As CaSR activation stimulates
calcitonin secretion from TT ce[l§], attenuation of its signalling by RAMP1 Ab would cause a
decrease in calcitonin secretion. So, tivsuld further confirm the effect obsrved by RAMP1

Ab on CaSR signalling.

Although there are no studies showing the effects of RAMP1 blocking antibody on the signalling

of any of its GPCR partners, CGRP antagonist BIBN4096BS, which binds to the pocket formed by
both CLR and RAMP1 residuess hbeen developed as an antigraine drug[200Q]. This

competes for ligand (CGRP) bindargl consequently reduces the signalling of C(z8B, 270].

So, targeting RAMP1 has been shown to be successful for inhigtien NB OS LJi 2 NR&a |
supporting the results in this study. CaSR antagonists are available that bind to their sites in the

TM domain and inhibit the signalling of the recept@4-96]. Consequently, the efficiencies of

CaSR antagonist NPS 2390 and RAMP1 antibody in attenuating CaSR signalling were compared.

Comparison between theffects of RAMP1 antibody and NPS 2390 on CaSR signalling:

NPS 2390 is an inhibitor of Ca@B] and other family C GPCRs like mGIluR1 and mGa/R5

271]. It has been shown to inhibit effects of CaSR in various cell types shadmas adipocytes
(20uM)272); mouse mesengliatells (5uM, 10uM)[273; rat liver cell line (10uM)274;
osteosarcoma cells (ImM, 10mNB75]. So, in order to compare the ability of RAMP1 Alato

known CaSR antagonist in attenuating CaSR signalling, NPS 2390 wésnesedbserved that
Mooya w!atwm FYyiAo2Re gla Y2NB STFFAOASY(H (KIy
NPS 2390 in attenuatinguM Cinacalcetresponse (Figure 4.3.15It hasbeen shown that

calcimimetics and calcilytics bind to the same regions ofTtilelomain of CaSR at exclusive yet
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some overlapping site§l15 117]. So, it is possible that for NPS 2390d a@inacalcet a
competition for the same binding residues or pocket exists, requiring higher dose (50uM) of
NPS 2390 to cause an immediate decrease in response to Cinagalotter possibility is that
Cinacalcet has a higher binding affinity tHdRS 239@or CaSR. On the other hand, RAMP1 Ab
used was a polyclonal Ab which can bind to different binding sites on the ECD of RAMP1 and

hence does not compete with NPS 2390; and may even have higher affinity for binding.

Interestingly, differential effects were observedr the attenuation of C&£* and neomycin
signalling by RAMP1 Ab vs NPS 2390. It was observed @M neomycin response was
statistically significantly attenuated by RAMP1 Ab (46%), 10uM NPS 2390 (44%0uah NPS

2390 (65%) (figure &.16). On the other hand, 133.3nM RAMP1AyY R mn >a diindt H o
cause any attenuation of 5mM CaS€ignalling, whereas %M NPS 2390aused~42% decrease

(figure 4.3.17). These different effects observed, might suggest possible change in
conformation ofCaSR caused by RAMP1 Ab bindingititabits efficient binding of neomycin,

but not C&™; probably becaus€&* has multiple binding sites on the CaSR FUIS. The

effects of decreasing the dose 6" or increasing the dose of RAMP1 Ab remain to be tested.

It is also interesting to note that NPS 239Rowed differential effects on eomycin and
Cinacalcet (10uM caused attenuation rfomycin signalling but ncCinacalcetfigures 4.3.15

and 4.3.16; whereas RAMP1 Ab caused equal attenuation for both agonists (~46% Cinacalcet
and ~48% Neomycin). As already mentioned before, there might be competition for binding or
differences in binding affinities (not repodeyet) between Cinacalcet and NPS 2390 onTikke
domain of the CaSR. Whereas, since neomycin binds to tHermNinal region of CaSR, it
LINRPOFOf&@ R2SayQid O2YLISGS 6AGK bt{ Hodn | yR 2
attenuation of neomycin. On the othehand, RAMP1 Ab which is polyclonal, can bind to
different sites and too not on the CaSR; hence precluding any competition for binding with the
agonists.Taken togetherthe attenuationof CaSR response to specific agonists Cinacalcet and
neomycin by RAMP Ab shows that RAMP1 plays a rolesignallingof CaSR in TT cells and
could probably benore effective than NPS 2390.
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In order to test whether @ombinedtreatment consisting of RAMP1 Ab and NPS 2390 together
would produce a greater inhibitory effect @ either of the treatments alone; TT cells were
pre-treated with 10ug RAMP1 Gt poly Ab together with 10uM NPS 239@ehdixsection7.7,

figure 7.9). Although it appeared that the combined treatment had a greater inhibitory effect
on 100uM neomycin sigtiang, it was discovered to be caused by repecific effect of DMSO
(solvent for NPS 2390). Accordingly, when the RAMPL1 antibody was incubated with 0.1 or 0.5%
DMSO (corresponding to the v/v addition of NPS 2390 stock into buffer to prepare desired
conceriration) as a vehicle control, similar attenuation of 100uM neomycin signalling was
observed. It has been reported that DMSO at concentrations betweef%.tarcauseprotein
denaturation, aggregation, or degradatiothus changing the properties of pratein the
solution [276]. DMSO can also change apparent binding properties of the pr{25i§. The
effect of DMSO on the binding affinity for antibody was demorsttausing column
chromatography experiments, where buffers with low DMSO content (2%) resulted in
irreversible binding of the antibody; whereas buffers with high DMSO content (30%) destroyed
the antibody interactiorf277]. These evidences supponiioobservation of a noispecific effect

of DMSO by modulating RAMP1 Ab activiys a result of this, successful combinatorial
treatmentswith RAMP1 Abvere not possibleisingNPS 2390 dissolved in DMSO.

Since there were technical issues regarding the use of DMSO, etraogtiodextrin could be

used as a solvent for dissolving the compouAtso in future, specific CaSR antagonists, like SB
423557 [96], compound 7h and 11m, JBU5 [97, 98] could be usd instead for both
comparative and combined effect in attenuating CaSR signalling with RAMP1 Ab. This would be

interesting to study and might provide a new insight into development of calcilytics.

Limitations:

In this studythe activity ofRAMPlantibodies were compared to a small molecule antagonist in
inhibiting the activity ofthe CaSRHowever, t should be noted that thee are two epitope
binding sitegper antibody compared to one for a small molecule. So, the comparnspnnot

be equal Als, sincepolyclonal antibodies raised against RAMP1 were ueste was a mixed
population of antibodieshaving varying pharmacologicadrofiles and binding sitesAntibodies
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have been used in GPCR studi288, 278], but usually monoclonaRbsare preferred athey

have a known binding sitend being clonalhave same binding characteristics such as affinity
and avidity On the other hangd the binding affinity and waidity of the RAMP1polyclonal
antibodieswas not characterisedand hence their pharmadogicalprofile isunknown. Due to
these reasons care should be taken in interpreting the data for comparing RAMP1 polyclonal
antibody activity to the inhibitory actiorof NPS 2390as it is not an equal comparison
However, they do support and strengthen the observation that RAMP1 plays an inhibitory role
in CaSR signallinin future, monoclonal antibodies or single chain variable fragim@mgainst
RAMP1 should be usebh addition to this, a final concentration of > a / A yused inth® S (
experimentsis a higler dose of the compoundSq there is a possibility that itould lead to
non-specific effectswhich were not addressed in this studjowever, m a studyby Daveyet al

[279, m>a / A Yih ésénceSofiincreasing concentratiofi extracellularC&* (0-3mM)

was successfullysedto study CaSR signallingevertheless,n future, lower doses should be
used andas suggested earlighe effect of RAMP1 Ab on Cinacalcet dosgponseshould be

tested in this context.

Conclusions:
Thestudy reports a novel discovery using an endogenous expression system of TT cells, which

showed that inhibiting RAMP1 expression using SiRNA reduced CaSR signalling, indicating an
interaction between the two that is responsible for the eslirface expresion of the CaSR.
Moreover, it was demonstrated thatlbcking RAMPby Ab caused attenuatiorof Cinacalcet

and Neomycimmediated signalling ofhe CaSR. These results provide the first eviddiocea
potential role of RAMPs in CaSR signalling. It wasoalservedthat the RAMP1 Ab attenuated
Cinacalcet and neomycimediated signalling at a lower dose, when compared to NPS 2390.
This might suggest that RAMRD could be more efficacious than NPS 2390 in inhibiting CaSR
signalling, although care should bekén while interpreing this data (as discussed abyvi

was also demonstrated that antibodgapture SPA could not be used to measure specHic G
protein activation of CaSR+RAMP1/3 combinations, due to unwanteespecific effects of
C&*, gadolinium andneomycin on @protein activation and consequently the technique

probably needs further optimization in the sense of higher receptor expression levels.
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5.1. Introduction:
CaSR is an essential cell surface receptor involvedfrhomeostasis, where it plays important

roles of sensing minute changes in extracell@a concentrations to regulate PTH secretion

as well as sensinG&* in bone microenvironment to modulate the activity of bone cells.
Accordingly, its abnormal expression is related to the pathophysiological conditio@stof
homeostasis, as discussed in detail below. Since, RAMPs 1 and 3 are requiredsianfazs|
trafficking of the CaSRL57] (and section 3.3.3, chapter 3}t is important to study whether
RAMP expression is modulated by agentsCef* homeostasis, as this could affect the eell
surface expression and hence population of the CaSR. This could provide more information on
the nature of the physiological interaction of CaSR and RAMPs as well as indicate a role of

RAMPs ilC&" homeostasis.

The following sections give a brief background on regulation of CaSR and RAMP expression in

physiology, based on existing information from the literature:

5.1.1: Regulation of CaSR expression:
CaSR gene is located on chromosome 3 (2f21) in humang28(]. It contains seven exons

[281]-six of which encode the ECD and its upstream untranslated regions, while a single exon
codes for the TMDs and-@il [55, 281]. Studies have demonstrated that regulation of CaSR
expression occurs under a variety afcamstances, although the mechanisms responsible are

not well understood.

In primary parathyroid cell culture from bovine parathyroid gland, reduced sensitivity to
extracellularC&* with progression of days in culture was obsenj@82, 283). This reduced
sensitivity has been associated with a marked and rapid decrease in CaSR expression. It has
been reported that CaSR mRNA and protein expression decreased by 70% within 4bf@and 8
within 24hr in parathyroid cell suspensions; and by 75% within 24hr in monolayer cultures,
which was not recoverable at later time poirf&33]. The decrease in CaSR expression was also
not sensitive to changes in media seru®&* and 1,25dihydroxyvitamin B concentration

[283. However, it is interesting to note that, bovine parathyroid cells when grown in collagen

021 £ 8408 Ayid2 Iy 2NBI Y 2a6dRrespandivanbsizain@ra the ifitRlé 0 6 A (
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drop in expression of CaSR after 24hr is recovered significantly compared to no recovery in
monolayer cultures as mentioned above; thus illustrating the importance of 3D cellular

architecture in parathyroid gland functid284].

Cd&" is the key componenin mediating the function of CaSBr regulatihg PTH secretion and
enabling divalent ion excretion. Therefore, extracellul#" has been wideljrypothesisedto

be potentially an important regulator of CaSR gene expression in physiology. However, studies
have failed to demonstrate an effect of extellular C£Z* on CaSR mRNA expression in the rat
parathyroid cells and osteoblast® vitro [285 and parathyroid and kidney CaSR mRNA
expressionn vivo[286, 287]. In view of that, it has beehypothesisedhat, since CaSR acts as a
sensitive calciostat in these tissues, a change in CaSR synthesis corresponding to changes in

extracellularC&" could have unwanted effects db& " homeostasig§288§].

Another important component o€&" homeostasis is the active form of vitamin-Balcitriol.
Interaction between 1,2&lihydroxyvitamin@ and CaSR expression has been well
demonstrated by different studies. Primary rat p#nyroid cellin vitro cultures andin vivo

MRNA expression studies in rat thyroid and kidney, have reported an increase in CaSR mRNA
expression by ~2 fold upon treatment with 1;@%hydroxyvitamin [ [285, 286]. Also, in the
medullary thyroid cell line TT and the kidney proximal tubule cells (HKC), CaSR gene
transcription increased ~@ld at 8 and 12 h after 1,28ihydroxyvitamin [ treatment [288].

The same study further identified the presence of functioh@b-dihydroxyvitamin Rresponse
elements in both promotersP1 and P2 of the human CaSR gene, thus uncovering the
mechanism behind the observeadfect [288]. The relevance of this eftt was speculatedn a
physiological leveby the authorsat different sites ofC&* homeostasis. Accordingly, an
increase in CaSR expression in parathyroid and kidneys bydibyafroxyvitamin B could
increase the sensitivity of the organ to detect edellularC&* and to reduce PTH secretion

and facilitate divalent ion excretion respectivgB88. This would work as an auto regulatory
feed-back loop as an initial increase in the systemic PTH levels due tsedlean parathyroid,

would facilitate vitamin B maturation in the kidneys, which would consequently inhibit PTH

secretion.
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There is also evidence in the literature showing that in chronic kidney disease patients suffering
from secondary hyperparathyroidism, decreased CaSR expression is associated with an increase
in the setpoint for C&£* sensing and consequently increased REkretion[289, 290]. In these
patients hyperplasticity of parathyroid gland is observed and the resulting proliferation of
parathyroid cells is associated with decreasing CaSR expref288h A study using
calcimimetic NPS-868 (which increases the sensitivity of CaSRd0d), successfully reversed

the reduced parathyroid CaSR expression without any changes in vitamin D levels and
decreased parathyroid cell proliferation in experimental nabdels of chronic kidney disease
suffering from hyperparathyroidism at 8 weeks from nephrectof91]. This confirrs the

above stated observations of association of reduced CaSR expression to this pathology.

Regulation of CaSR expsion is also observed during foetdevelopment. Significant
developmental increases in CaSR expression in kifg®% and brain[293 of the rat have
been observedit has been reported that in rats, the perinatal expression of CaSR was very low;
whereas it increased immediately postnatally during the first week and stayed constant after
postnatal day 14 through to adulthoof9Z. This regulation is thought to be related to
changes in renal handling of divalent ions and water from perinatal to-patsti conditions
[292]. On the other handjn the rat brain, CaSR was expressed at low levels until 5 days
postnatally, then increasing markedly at™6ay until 30 days, when it gradually decreased by

3-fold to reach the adult level of expressi{iz03].

Hypocalcaemia related with the increasgmoinflammatory cytokine levels in critically ill
patients has been associated with altered CaSR expreE28@n295|. It was showrin vivoin

the rat parathyroid, thyroid and kidney; and vitroin TT and kidney proximal tubule (HKC)
cells, that the CaSR mRNA and protein expression increased after injection of inteseukin
This was associated with decreased cirdotat parathyroid hormone,C&*, and 1,25
dihydroxyvitamin Blevels. The mechanism behind this effect was uncovered by the discovery

of functional elements in CaSR promoter that mediate its upreguldfiéd).

So taken together, altered CaSR expression has been associated to different conditions such as

harmful pathologcal effectsand even organ development.
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5.1.2: RAMP gene regulation:
In humans, the gene for RAMP1 is present on chromosome 2 {§8B84), RAMP2 on

chromosome 17 (179%321.1) and RAMP3 on chromosome 7 (74pl2) [296. RAMPs are
essential for the CGRPMAand AMY receptor functioning, and so it is implicative that changes

in RAMP expression due to pathological conditions would influence the expression of these
receptors and consequently the sensitivity of cells and tissues to CGRP, AM, and AMY; in

addition to any drugs that may be targeted to a specific RAMP/receptor complex.

Studies using disease models have demonstrated that pathologies related to the hormones of
calcitonin peptide family are associated with regulation of RAMP expression. Since AM and
CGRP are vasodilators, cardiac pathology has been shown to alter RAMP expression,
consequently altering the functioning/signalling of these hormones. In a rat model of chronic
cardiac failure induced by aortic stenosis, it was observed that RAMP1 and A amRRNbrotein
expression levels were upregulated after 6 months of surgery, whereas RAMP2 expression was
unchanged[297]. This upregulation is speculated to support the protective role of CGRP and
AM during heart failure. In addition to myocardial infarction, RAMP regulation is also modified
in the cases of hypertension. In rat malignantodels of hypertension induced using
hypertensive aldosterone precursor (deoxycorticosterone acetate) loadasgwell as salt
loading, it was observed that after 3 weeks of loading, RAMP2, RAMP3 and CLR mRNA
expression levels were upregulated in the {eéntricle, with increased AM levels in circulation
[298]. Similar results were observed in a spontaneously hgpesive rat model in a different

study where they also observed increased RAMP1 expression levels in heart in addition to the
components of AM receptorR299. So, the AM and CGRP functioning in these cardiovascular

pathologies has been related to altered RAMPregpion.

RAMP expression is also modulated in kidneys, which is not only a site of action of
adrenomedullin, but also a major site @&" homeostasis. However, studies have only
demonstrated the change in expression of RAMPs in terms of the actions of adrenomedullin or
CGRP. The models of hypertension induced using aldosterone precursor (deoxycorticosterone
acetate) loadingas well as salbading; demonstrated increased RAMP1, 2 and 3 expression in

kidneys along with increased AM levels; indicating a role of AM in maintaining water/ion
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balance and counteracting hypertension via its hypotensive, natriuretic and diuretic functions
[300, 301]. RAMP1 and 3 mRNA expression was also upregulated in rat kidneys with obstructive
nephropathy (kidney failurg183]. Since AM has protective rolen kidney it has been
hypothesisedthat upregulation of RAMPs may favour this protective effect against fibrotic
changes or proliferative effect during obstructive nephropath83]. There are no studies till

date studying RAMP expression regulation by any agents involved ithomeostasis irthe

kidneys.

There is further evidence of RAMP expression regulation at sites of action of calcitonin family of
peptides such as lungs. In lungs, AM is responsible for pulmonary circulation mainly through
AML1 receptor[214]. However, in case of lung sepsis induced by LPS in mouse, RAMAZRand C
MRNA expression was dowegulated, whereas RAMP3 mRNA expression was upregulated.
Accordingly, it is revealed that the distributions of receptor or binding sites of AM are changed
in sepsis, and it is suggested that AM plays distinct roles in theatlitourse of this syndrome
[214]. This also points to a pathological role of RAMP3 mediated receptor signalling. As in case
of hypoxic rat lungs, RAMP1 and RAMP3 mRNA were upregulated without any change in
RAMP2 and CLR expression, again indicating a change in AM receptor distfiB@&on

Regulation of RAMP expression by other steroids (in addition to aldosterone as mentioned
above) is also studied in context to the role of adrenomedullin and CGRP in conditions like
pregnancy{303, 304]. RAMPs are regulated lmestrogenand progesterone, whereestrogen
downregulates the expression of RAMPs in rat uterus, whereas progesterone upregulates their
expression[303, 304]. It has been demonstrated using mouse uterine cDNA testrogen
responsive element (ERE) motif is found in tidrtron of RAMP3 gene where the activated
oestrogen receptor binds and regulates the transcription of these gej38%|. Since estradiol

is increased at time of labour, it is speculated that it probably counters vasoldilatory effects of
CGRP and AM in order to prevent blood loss during delif@d9, 304]. Glucocorticoids like
dexamethasone which is used as an amfiammatory or immunosuppressant agent also
affects RAMP expreiss. It is reported that dexamethasone treatment on mouse primary

osteoblasts dowsregulated the expression of CLR and increased the expression of RAMP1 and
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RAMP2 both at mRNA and protein levg¢®06. Since it is known that AM stimulates
osteobhstic proliferation and promotes bone growth botim vitro and in vivo [307],

dexamethasone might prevent its effect by altering AMagtor level.

Although caution must be applied when extrapolating to protein expression using mRNA
expression levels alone as shown by a lot of studies mentioned above, the data definitely
demonstrates regulation of RAMP expression physiologically iregbtd the functions of the

calcitonin family of peptides. However, there are no studies so far demonstrating the changes

in RAMP expression by agentsGaf " homeostasis.

5.1.3: Hypothesis and aims :
It was hypothesisedthat RAMP mRNA is differentially regulated in human medullary thyroid

carcinoma and human osteosarcoma cell line by agents involv@et ilnomeostasis.
The specific aims were:

T To neasure the effect of extracellulaC&* and 1,25dihyroxyvitamin B on the
expressionlevelsof CaSR and RAMPs in THE cell linerbedullary thyroidcarcinomacell
line).

1 To measure the changes ihe expressionevelsof CaSR and RAMPsMG63, SAOQ3
and TE8®steosarcoma cell lines upon treatment with extracellulat".

1 To measte the effect of differentiation of osteosarcoma cell lines into mature

osteoblasts on the expressidevelsof CaSR and RAMPs.

199



5.2. Materials and Methods

5.2.1. Culture of TT and osteosarcoma cell lines:
TT, MG63SA0 and TES85 cell lines weoalltured under normal conditions as described in

section 2.1 and 2.2 of chapter 2.

5.2.2. Treatment of TT cells:
TT, MG63, SA@Sand TES85 cells were cultured under normal conditions and grown until 60

70% confluency in-Z5cnf flasks (Nunclon, Thermo saiéfic). TT cells were then treated with
different compounds (10mM CaGpH 7.4) or 1uM 1,28ihydroxyvitamin B (Sigma Aldrich))
dissolved in A2K complete medium. Osteosarcoma cells were treated with 30mM, Ga<I

7.4) dissolved in complete DMEM meuhiuln the untreated controls flasks, fresh medium was
replaced instead. The treated and untreated cells were harvested in Trizol reagent using a cell
scraper, following two washes with stedRBS at each time point:

For T¥Ohr, 5min, 15min, 30min, 1hrh2, 5hr, 24hr and 48hr and

For osteosarcoma cell®hr, 1hr, 2hr, 5hr, 12hr, 24hr and 48hr

The harvested samples were stored in a sterile 1.5ml tube and snap frozen using liquid nitrogen

and kept at-80°C until use.

5.2.3. Differentiation of osteosarcom a cell lines into mature osteoblasts:
Osteosarcoma cell lines were cultured under normal conditions irf @emi-dishes (Iwaki) until

the dishes reach confluency as described in section 2.1 of chapter 2, following which they were
treated with differentiaton medium (recipe in appendix) for 21 days. Fresh differentiation
medium was replaced twica-week. Treated and untreated cells were harvested in Trizol
reagent using a cell scraper at each time point (Ohr, day 5, day 10, day 15, day 21) in a sterile

1.5mltube and snap frozen using liquid nitrogen.

5.2.4. Gene expression analysis:
In order to study the change in gene expression of CaSR and RAMPs in TT and osteosarcoma

cells by various interventions, real time PCR was used. RNA was extracted from GiSingells
Trizol reagent as described in section 2.4 of chapter 2 and cDNA was synthesized using 2ug of
RNA using high capacity RMACDNA kit as described in section 2.6 of chapter 2.
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Real time PCR was performed using Tad@jprobes to measure CaSR and RANMHRNA
SELINEB & & A 2 ghalydis asyfiescriped in section 2.9 of chapteA&ording to the ABi
manual, a Ct value of more than 35 could be inaccurate and so the limit for analysis for this

study was restricted to the Ct value of 34.

Validation experimats for reattime PCR:

For validation experiments checking the efficiency of the PCR reaction, pcDNA 3.1 RAMP/CaSR
vectors were used containing cDNA of the gene. 6 dilutions were prepared wiftbldlO
difference in concentrations and were run in the P@Rction as described in section 2.9 of
chapter 2. The Cvalues were plotted on a graph usifgraphPad Prism version 5.00 for
Windows (GraphPad Software, San Diego California W&#,graphpad.comand regression

analysis was performed to obtain thé Ralue and the value of the slope.

In order to validate the relative expression analysis, the equal amplifying efficiencies of the
primers for the genes of interest and houkeeping gene were tested as shown[808]. For

this, cDNA sample of TT cells was used. Dilutions of the cDNA were prepaf@a as input

RNA): 1, 0.5, 0.2, 0.1 0.05, 0.02, 0.01.] and the reaction was carried out as mentioned in section
2.9 of chapter 2 for 40 cycles. Tin&; value was calculated (§eteCt -acin) @and plotted on a

graph usingGraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego

California USAyww.graphpad.coagainst its respective cDNA dilution and linear regression

analysis was performed to obtain the value of the slope.
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5.3. Results

5.3.1. . Validation of efficiency of CaSR, RAMP1, 2 and 3 TagMan® probes in PCR
reaction and their usage for relative quantification method:

To check the efficiency of the TagMan® probes to amplify their respective targets in the PCR

reaction, pcDNA 3.1 vectors containing the gene of interest were used as a positive control.
Accordingly, serial dilutions of pcDNA 3.1 CaB& pcDNA 3.1 RAMP vectors were prepared

and real time PCR was performed. Figure 5.3.1 shows graph plotted for Ct values against cDNA
concentrations and the goodness of fit was analysed by linear regression analysis calculating
the R values of 0.99 for &SR (Figure 5.3.1 A), 0.98 for RAMP1 (Figure 5.3.1 B), 0.98 for RAMP2
(Figure 5.3.1 C) and 0.95 for RAMP3 (Figure 5.3.1 D). The slopes of the standard curves were
approximately-2.7,-3.0,-3.3 and-3.5 for CaSR, RAMP1, RAMP2 and RAMP3 respectively.

Validgtion of CaSR Tagman probes Validation of RAMP1 Tagman probes
using pcDNA 3.1 CaSR cDNA using pcDNA 3.1 RAMP1 cDNA
50+ (A) 25 (B)
o o RP=0.991 o 20987
2 30 Slope [ -2.857 £ 0.09860 0
5 [Stope_| 2151 [Slope ] -2.979 + 0.06632
2 >
O 204 0 10
104 5
0 T T T T 1 0 T T T 1
-16 -14 -12 -10 -8 -6 -14 12 -10 -8 -6
-log [pcDNA 3.1 CaSR] -log [PCDNA 3.1 RAMP1]
Validgtion of RAMP2 Tagman probes Validation of RAMP3 Tagman probes
using pcDNA 3.1 RAMP2 cDNA using pcDNA 3.1 RAMP3 cDNA
30 ©) 307 (D)
[ ]
¢ R=0.986 ¢ R=0.954
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-log [pcDNA 3.1 RAMPZ] -log [pcDNA 3.1 RAMP3]

Figure 5.3.1: Validation of TagMan® probes using serial dilutions of pcDNA 3.1 CaSR and pcDNA 3.1
RAMP vectors:

Serial dilutions from 1fg to 1pg of TOPO CaSR and 1pg to 1ug for pcDNA 3.1 RAMP vector DNA were
prepared and reatlime PCR was performed. The graphs show linear regression analysis for pcDNA 3.1
CaSR (A), pcDNA 3.1 RAMP1 (B), pcDNA 3.1 RAMP2 (C) and pcDNA 3.1 RAMP3 (D).
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was less variablby different treatments in experiments comped to HPRT1 (Appendix section

7.8, figure7.10) and so was used as an endogenous control gene taalae the expression of

genes of interestTo validate the use of TagMan® probes for relative quantification method,

the efficiencies of all TagMan® probes were tested using a serial dilution of TT celHgdKA.

5.3.2 shows graphs with theG valuesy 2 NXY' I £ AT SR (i -Axis, plotted agd@ingt thé K S

cDNA dilutions on the-&xis. The value of the slope for CaSR TagMan® probe was ~0.03 (Figure
5.3.2 A), RAMP1 TagMan® probe was ~0.078 (Figure 5.3.2 B) and RAMP2 was ~0.072 (Figure
532C) alofwhic I NB gAGKAY GKS OOSLIiFofS fAYAG 2F

of ABI. RAMP3 was not detected at any concentrations within 40 cycles.
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Figure 5.3.2: Validation of the TagMan® probes for the usage of relajivantification method

TT cell cDNA was prepared using 1ug of total RNA and then serially diluted to achieve the concentrations
(ug) 0.5, 0.2, 0.1, 0.05 0.02, 0.0AG T2 NJ SI OK 3ISyS 4+ a OFfOdAgAFGSR o8&
respective concentrationf&aDNA. The slopes for (A) CaSR (B) RAMP1 and (C) RAMP2 are shown
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5.3.2. Measuring the effect of 10mM CaCl> on mRNA expression levels of CaSR and
RAMPs in TT cells at different time points using real -time PCR:

Different interventions were used to stydhe change in CaSR and RAMP mRNA expression in

TT cells. The first intervention used was 10mM gCafidl a timecourse study was done to

measure the consequent changes in mRNA expression levels of CaSR and RAMP by TagMan®
probes using real time PCR. Igufie 5.3.3 mRNA expression levels of CaSR (A), RAMP1 (B) and
RAMP2 (C) are shown in control (white bars) and treated samples (blue bars) at different time
LRAyida & F2fR OKIy3asS G2 GKS SELINBaarzy 27F |
normalizedtoi KS SELINBaaiAzy 2F ! Ol © ¢KSNB s+a yz2 &i
5.3.3 A), RAMP1 (figure 5.3.3 B) and RAMP2 (figure 5.3.3 C) in TT cells treated with 13mM CacCl
compared to untreated cells as analysed usinga ANOVA and Bonferroni gtetest. The
expression of RAMP3 mRNA could not be determimgthe given TagMan® probes these

cells and within 40 cycles eithergroup(control or treatment)

The average *+ SO alues for CaSR were 23.90 £+ 1.05 (control) and 23.9 + 1.21 (treated), for
RAMP1 were 26.59 + 1.08 (control) and 26.63 + 0.87 (treated) and for RAMP2 were 27.48 +
1.19 (control) and 27.46 + 1.41 (treated). So, amongst the measured genes in TT cells; the
a®dSNI 3S y2NXIfAT SR SELINBaaizy o6iG2 !0Giov gFa K
lower than CaSR) and then RAMP2 (~14 fold lower than CaSR and ~ 1.7 fold less than RAMP1)

(as measured at Omin time point).

204



Expression of CaSR in TT cells treated with 10mM gacCl
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Figure 5.3.3 mRNA expression profile of CaSR and RAMPs in TT cells treated with 10mMataCl

different time points measured using real time PCR:

TT cells were cultured normally to-60@% confluency and then treated with 10mM G&@i the given

time points. MRNA expression levels were determined usingtireal PCR using TagMan® probes. The

graph shows expression levels of CaSR (A), RAMP1 (B) and RAMP2 (C) at different time points for
untreated (white bars) and treated (blue bags): YLX S&T NBf | G§APS (2 SELINBA&A?Z
combined data from three independent experiments. Statistical test performed wasay2ANOVA,

Bonferroni posttest. NS = differences amot statisticallysignificant.

205



5.3.3. Measuring the effect of 1uM 1,25-dihydroxyvitamin D3 on mRNA expression
levels of CaSR and RAMPs in TT cells at different time points using real time PCR :

Treating TT cells with 1uM 1 2hydroxyvitamin [ (blue bars, figure 5.3.4) did not cause a
statistically significant change in the expression of CaSR, RAMP1 or RAMP2 compared to
untreated control (white bars, figure 5.3.4) as detected using TagMan® probes in real time PCR,
shown in Figure 5.3.4 A,B ar@ respectively and as analysed usingv&y ANOVA and

Bonferroni posttest. The mMRNA expression of each gene was normalized to the expression of

1 Ol YR Aada &aK2gy AY GKS IANILIK a F2fR OKLIl y3S
was not detected sing the given TagMan® probes within 40 cycles; even upon treatment.

The average = SD Ct values were 23.21 £+ 0.96 (control) and 23.37 + 0.95 (treated) for CaSR,
26.61 = 0.90 (control) and 26.54 + 0.94 (treated) for RAMP1 and 27.24 + 0.46 (control) and

2737 = 0.49 (treated) for RAMP2. Accordingly, the average normalized expression levels of the

genes in descending order were same as mentioned in section 5.3.2.
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10-0-54 NS (A)

10-1.0_
10-1.5_
10-2-04

10-2-54

mRNA expression relative
to ActB (fold change)

10-3.0

Time points
[ Control Treated

Expression of RAMPL1 in TT cells treated withid 1,25(OH)D3

10-°-54 NS

: SEFSOIPS S IPAS IS
@\io@@@\,m@qy@

(B)

10-1.0_
10-1.5_
10—2.

10—2.

mRNA expression relative
to ActB (fold change)

10-3-

Time points
[ Control Treated
Expression of RAMP2 in TT cells treated withhd 1,25(OH)D3

©
-0.5 4

10 NS
10-1-04
10-1-54
10-2-04

10-2-54

mRNA expression relative
to ActB (fold change)

1030

Time points
] Control Treated

Figure 5.3.4: mRNA expression profile of CaSR and RAMPs in TTtrealisd with 1uM 1,25
dihydroxyvitamin B} at different time points measured using real time PCR

TT cells were cultured normally to-60% confluency and then treated with 1uM 1-8Hyrodxyvitamin

Ds; for the given time points. MRNA expression levels were determined usingimealPCR using

TagMan® probes. The graph shows expression levels of CaSR (A), RAMP1 (B) and RAMP2 (C) at different
time points for untreated (white bars) and treated (blue bafis) Y LI S&5 NBt I A @S (2 SE
The graph shows combined data from three independent experiments. Statistical test performed was 2

way ANOVA, Bonferroni petdst. NS = differences are statistically nsignificant.
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5.3.4. Measuring the changes in gene expression of CaSR and RAMPs by 30mM CagGl
in MG63, SAOS2 and TE85 osteosarcoma cell lines using real time PCR:

To study the effect of high concentrations of extracelllat* on the gene expression of CaSR
and RAMPs, three osteosarcoma cekdinvere used: MG63, SAQand TES5.

MG63 cells were treated with 30mM Ca@r different time lengths up to 48hr. The mRNA
expression levels for RAMP1 and 2 are shown in figure 5.3.5 A and B respectively; quantified
using TagMan® probes in real time R@Rcontrol (white bars) and treated (blue bars) samples.

¢tKS tSgSta 2F Ywb! SELINBaarzy 2F (KSasS 3SySa
I NE SELINB&&SR 2y GKS 3INILK & F2fR OKlFy3S G2
RAMP1 and 2 wernot altered statistically significantly by 30mM Ga€atment at any given

time point when compared to untreated samples-W2y ANOVA, Bonferroni postst).

Although the expression of RAMP1 at 1hr in treated group (blue bar, figure 5.3.5 A) was ~3.2
fold higher than in untreated group, the difference was not statistically significant as analysed

by 2way ANOVA and Bonferroni pasist. mMRNA expression levels of CaSR and RAMP3 were

not detected using the given TagMan® probes, within 40 cycles.

The aveage + SD Ct values were 27.31 £ 0.8 (control) and 27.51 + 0.73 (treated) for RAMP1,
31.9 £ 0.85 (control) and 32.4 + 0.99 (treated) for RAMP2. Accordingly, the average expression
2T w!latm gFa d9mc F2fR KAIKSNI GKI Yy swedatOar | F3G SN

time point).
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Figure 5.3.5: mRNA expression profile of RAMP1 and 2 in MG63 cells treated with 30mM &acCl
different time points measured using real time PCR:

MG63 cells were cultured normally to 6@%confluency and then treated with 30mM Cadir the

given time points. MRNA expression levels were determined using TagMan® probes in real time PCR.
The graph shows expression levels of RAMP1 (A) and RAMP2 (B) at different time points relative to
expressiyy G ! OGi & ¢KS 3INI LK &dK2ga O2Y0AYSR RFEGF FTNR
used 2way ANOVA, Bonferroni pestst. NS = differences amot statistically significant.

209



The second osteosarcoma cell [INEAOL was also treated with 30mMaCl for up to 48hr

and the mRNA expression levels of CaSR and RAMPs were measured using TagMan® probes in
real time PCR. The mRNA expression levels for RAMP1 and 2 are shown in Figure 5.3.6 A and B
respectively and there were no statistically significdifiterences in their expression levels after
treatment with 30mM Cagl(blue bars) at any time point compared to untreated samples
(white bars) as analysed byway ANOVA and Bonferroni pestst. mRNA expression levels of

CaSR and RAMP3 were not detectsing the given TagMan® probes within 40 cycles. The
expression levels of RAMP2 were decreased in both control and treatment groups after 1hr,
however this effect was not statistically significant as measured by BonferronitgxistThe

average normalizd expression of RAMP1 was ~2.5 fold higher than RAMP2 inSA€)S (as

measured at Ohr time point).

The average + SD Ct values were 32.56 = 1.77 (control) and 32.43 = 1.94 (treated) for RAMP1,
33.16 + 1.64 (control) and 33.43 * 1.49 (treated) for RAMP2.
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Figure 5.3.6: mRNA expression profile of RAMP1 and 2 in SAG4SIs treated with 30mM Caght

different time points measured using real time PCR:

SAOL cells were cultured normally till 600% confluency and then treategith 30mM CaGlfor the

given time points. MRNA expression levels were determined using TagMan® probes in real time PCR.
The graph shows expression levels of RAMP1 (A) and RAMP2 (B) at different time points relative to
SELINB&a&aAzy i ! Ol © ¢ K Som3hkk Inlepedd&n exgerim@rasy $tatisi@R R G
test performed: 2way ANOVA, Bonferroni petdst. NS = differences ampot statistically significant.
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The third cell osteosarcoma cell INEBE85 were also treated with 30mM Cafdt up to 48hr to
measureany change in mRNA expression levels of CaSR and RAMPs using TagMan® probes in
real time PCR. The mRNA expression levels for RAMP1 and 2 are shown in Figure 5.3.7 A and B
respectively and there was no statistically significant change in their expresssoriratment

with 30mM CaGl(blue bars) at any time point compared to control samples (white bars) as
measured using-fvay ANOVA and Bonferroni pestst. mMRNA expression levels of CaSR and
RAMP3 were not detected using the given TagMan® probes withigclés.

The average + SD Ct values were 28.35 £ 0.99 (control) and 28.32 + 1.09 (treated) for RAMP1,
30.80 + 0.91 (control) and 31.04 + 1.14 (treated) for RAMP2. The average normalized
expression of RAMP1 was ~3.8 fold higher than RAMP2 (as measuradiat®point).
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Figure 5.3.7: mRNA expression profile of RAMP1 and 2 in TE85 cells treated with 30mMataCl
different time points measured using real time PCR:

TE85 cells were cultured normally till-80% confluency anthen treated with 30mM Cagfor the

given time points. MRNA expression levels were determined using TagMan® probes in real time PCR.
The graph shows expression levels of RAMP1 (A) and RAMP2 (B) at different time points relative to
SELINB & & A 2y graph showd comiined datd from three independent experiments. Statistical
test performed was 2vay ANOVA, Bonferroni pestst. NS = differences are statistically nsignificant.
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5.3.5. Measuring the changes in mRNA expression levels of CaSR and RAMPsduring
the differentiation of MG63, SAOS -2 and TES85 cell lines measured using real time
PCR:

The immature osteoblasts like osteosarcoma cell linBK563, SAOS3 and TE85 were treated

with osteoblast differentiation medium and the changes in gene expressidcCaSR and RAMPs

was measured at different time points of maturation until 21 days. mRNA expression of CaSR
and RAMPs was checked using TagMan® probes in real time PCR at Days 5, 10, 15 and 21.
Figures 5.3.8, 5.3.9 and 5.3.10 illustrate the expressibiRAMP1 (A) and RAMP2 (B) at
different time pointsin MG63, SAQ3 and TES85 cells respectively treated with differentiation

(blue bars) or normal DMEM (white bars) medium. The expressions of genes of interest were
V2NYEFEEAT SR G2 1 O IdctfdRge koNtS exBdsdidN BritiieSFaphs. ahe T 2
expression of CaSR and RAMP3 were not detected in any cell line using the given TagMan®

probes within 40 cycles; even after treatment with differentiation medium for 21 days.

There was no statistically sigedint change in the expression of RAMP1 or 2 in any cell line
treated with the differentiation medium (blue bars) compared to the untreated controls (white

bars) as analysed byway ANOVA, Bonferroni petdst.

However, as seen in figure 5.3.9 A, theresvem increase in expression of RAMP1 in SAOS
cells in both control and treated groups from day 5 onwards. Also, there was an increase in
RAMP1 expression in treated samples compared to control samples during the same time
range. However, these effects veenot statistically significant as determined by Bonferroni

post-test.

The average + SD Ct values were:

MG63 cells 24.10 = 1.05 (control) and 23.84 + 0.79 (treated) for RAMP1 and 30.26 + 0.87
(control) and 29.72 £ 0.77 (treated) for RAMP2.

SAOL cells 31.24 + 1.27 (control) and 29.87 = 1.60 (treated) for RAMP1 and 32.07 + 0.91
(control) and 32.13 * 1.6 (treated) for RAMP2.

TES85 cells:26.68 + 0.87 (control) and 26.09 + 0.98 (treated) for RAMP1 and 28.63 + 0.51
(control) and 28.41 + 0.54 (treated) fRAMP 2.
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Figure 5.3.8: Change in mRNA expression of RAMP 1 and 2 during differentiation of MG63 cells:

MG63 cells were grown till 100% confluency under normal conditions and then treated with
differentiation medium for 21 daysnRNA expression levels of CaSR and RAMPs was measured at
different time points as shown in the graph using TagMan® probes in gPCR. The graphs show the mRNA
expression of RAMP 1 (A) and RAMP 2 (B) in cells treated with differentiation medium (blue)raat nor
5a9a O606KAGSO G RAFTFSNBYG GAYS LRAyGAZ NBfIFGAOGS
shown is combined from three separate experiments. Statistical test usedty2ANOVA, Bonferroni
posttest. NS = differences amot statistically synificant.
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Figure 5.3.9: Change in mRNA expression of RAMP 1 and 2 during differentiation of5£¢lIS:

SAOL cells were grown till 100% confluency under normal conditions and then treated with
differentiation medium for 2 days. mRNA expression levels of CaSR and RAMPs was measured at
different time points as shown in the graph using TagMan® probes in gPCR. The graphs show the mRNA
expression of RAMP 1 (A) and RAMP 2 (B) in cells treated with differentiation mediunagauermal

5a9a O606KAGSO G RAFTFSNBYG GAYS LRAyGAZ NBfIFGAOGS
shown is combined from three separate experiments. Statistical test usedty2ANOVA, Bonferroni
posttest. NS = differences arot statistically significant.
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Figure 5.3.10: Change in mRNA expression of RAMP 1 and 2 during differentiation of TE85 cells:

TE85 cells were grown till 100% confluency under normal conditions and then treated with
differentiation mediumtill 21 days. mRNA expression levels of CaSR and RAMPs was measured at
different time points as shown in the graph using TagMan® probes in gPCR. The graphs show the mRNA
expression of RAMP1 (A) and RAMP2 (B) in cells treated with differentiation meduehgbt normal

5a9a O66KAGSO G RAFTFSNBYG GAYS LRAyGAZ NBfIFGAOGS
shown is combined from two separate experiments. Statistical test usetay2ANOVA, Bonferroni
post-test. NS = differences amot statistically significant.
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5.4. Discussion

It is known that the expression of CaSR and RAMPs is regulated under various physiological
circumstances as described in detail in section 5.1 of this chapter. So, Ityywathesisedhat

the agents involved i€&" homeostasis will alter the expression levels of CaSR and RABIPs 1

in cells natively expressing these proteins. There is no information regarding the regulation of
RAMPs by such components, and the results could point tidsva role of RAMPs in CaSR
mediated C&* homeostasis. Accordingly, TT cells and osteobikestosteosarcoma cell lines

were chosen for the interventional experiments.

Cell lines used:

It was proposed to measure the changes in expression of CaSR and BABgnts ofC&*
homeostasis and so it was important to select the cells which represented the tissues involved
in C&* homeostasis. TT cells were chosen as they are differentiated medullary thyroid
carcinoma celldrom human[5]. They express CaS®ich mediatesthe calcitonin secretion
when activated by 3mM extracellul@&* [5]. Accordingly, they represemnedullarythyroid,

which is a major site for Ca$fediated C&* homeostasis because it secretes the
hypocalcaemic hormone calcitonin in response to increasing levelsfofTT cells have been
used previously as a model of thyroieté€lls to study the regulation of CaSR expression by 1,25
dihydroxyvitaminl@ [288 and have beeracceptedas an appropriate model for functional

studies.

Another sitefor C&* homeostasis is bondViG63, SAOS and TE85 are human osteosarcoma

cell lines derived from human malignant bone tumours; and evidence from the literatong sh

that they possess the characteristics of osteoblasts. A study measuring mMRNA expression levels
of a total of 58 cytokines, growth factors, and their corresponding receptors and bone matrix
proteins showed that the similarity in expression profiles beaweMG63, SAGZE TES85 cells

and human primary osteoblast cells were highly compara09. Also, 1,25

dihydroxyvitaminincreased alkaline phosphatase levels in SR@6d TE85 cells which

218



is atypical characteristic of osteoblas{810]. In addition to this, the advantages of using these
cell lines were their easier availability, relative ease of culture, quicker and longer growth in

cultures and provision of extensive cellufaaterial.

Use of realtime PCR:

Quantitative reaitime PCR technique was used in order to accurateasureany changes in
MRNA expression levels by various interventions of the genes of interesttirRed?CR allows

the detection of products duringhe early phases of the reaction as oppdsto semi
guantitative PCR where quantitation is basedthe band intensity of theend product on an
agarose gel. Accordingly, reahe PCR detects the accumulation of amplicon during the
reaction and the data is then measured at the exponential phase of the PCR reaction. The
TagMan® probes used were inventoried by Applied Biosysterdsdasigned such that they
span exorexon junctions for the particular gene of intergghis prevents the amplification of

genomic DNA)AIso, the detection is fluorescence based due to the presence of reporter dye at

0KS pQ Sy-eéErgylmgléeuldW|jdBSg OKSNR i GKS oQ SyR 27

2y GKS LINAYOALX S 2F Cw9¢ 0O6¢9KSYy GKS LINRo6S
polymerase enzyme, it produces reporter dye signal which is quenched in absence of
polymerase activity). Dut® this property, accurate data corresponding to the cycle number of

a gene at which the specific fluorescence corresponding to its amplification above the

background fluorescence in the reacti¢@ value)is used for quantification.

In order to check ithe inventoried TagMan® probes worked efficiently in our hands, pcDNA 3.1
CaSR or RAMRLcDNA doses were prepared to chdakthe linearity oftarget amplification

by the probes (Figure 5.3.1). According to the guidelines provided by Applied Biosystems
standard curve slope of3.3 indicates a PCR reaction with 100% efficiency. The results show
that reaction efficiencies for all the TagMan® probes were very high and could be used to
accurately detect changes in gene expression. Next, the variabilitgxgmession of the
endogenous controls (Act ' YR |t wem0O 4| Zell inssuse G\poentliy figuref f
7.10)  whereA i 6+ & F2dzy R GKIFG ! OGi SELINBaaizy ¢!l a

and between different experiments. Accordingly, thepeession of test genes was normalized
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08 (KS SELINB&aarzy 27F | il expErindidts KRB & ValidAretave |j dzl v
guantification calculation, the efficiency of the target amplification and the efficiency of the
reference amplification mst be approximately equdl308. So, the amplification reaction
efficiencies of the TagMan® probes were checked by comppGr@ | f dzSa oy 2NN I f AT S|
against serial dilutions of TT cell cDiyure 5.3.2) and it was found that according to the
accepted standard308], the values of the slope of the line was <0.1 for CaSR, RAMP1 and
RAMP2; indicating that the TagMan® probes and the reactonditions were appropriate for

performing relative quantification calculations.

Measuring changes in the expression levels of CaSR and RAMP mRNA in TT cells by various
interventions:

The expression of CaSR was confirmed at both mRNA and protein(és/slsoown in figurg.8

in section7.6 of appendiy, along with the expression of RAMP1 and RAMP2 genes. We
hypothesisedto study the effect ofC&" and C&™-regulators on the expressiolevels of CaSR

and RAMPs in TT cells. TT cells were cultured ZKFmedium containing 0.9mM Ca®@hich is

below the Eg, of CaSR (~3mM). Earlier time points were included in this study to check for an
immediate change in expression leyedad 24 and 4Br time-points were included to check for
chronic changes in expression levélshigh dose of 10mM CaCi3 times higher than Egwas

used to induce an effect on the expression levels of the genes for up to 48hr. This dose was
selected because it is Higr than Eg and could exhibit a stronger effect, or in other words it
could be more efficacious. No statistical significant changes in expression of CaSR and RAMPs
were observed (Fig 5.3.3) upon treatment. This might suggest that changes in CaSRogxpressi
are robustly maintained against changing extracell@é& levels because of its essential role of
secreting calcitonin; and any changes in its expression levels might produce undesirable effects

in C£" homeostasis.

No measurable effect of 1uM,25dihyroxyvitamin Qwas observed on the expression levels of
CaSR and RAMB1lat any time points (Figure 5.3.4). In contrast to these results,-1,25
dihydroxyvitamin @ has been shown to upregulate CaSR mRNA by ~2.3nfeigoin thyroid

220



gland (dose b 250pmol/100g body weight) andh vitro in TT cells (10nM]288 using
ribonuclease protection assay. However, they observed statistically significant upregulation of
CaSR mRNA at 8hr and 12hr pimsatment, followed by a decrease to basal levels of
expression by 24hr in case iof vivoexperiments; and upregulation at 8lm vitroin TT cells

[288]. They only used the 8hr time point for vitro experiments using TT cells and the effect on
CaSR mRNA expression at time points earlier or later were not studied. However, in this study,

it is possible to have missed the tiflmme where a possible effect could have been observed.

TT cells modulate afcitonin secretion levels upon treatment with 10mM Gaand 1,25
dihyrdoxyvitamin B [5, 311]. Accordingly, the calcitonin secretion in the medium by TT cells
upon treatment with these compounds could have been measured to confirm their definite
effect on these cells at the given conditions. In both the interventions, the expression of RAMP3

was wndetectable, which is discussed later in the chapter.

Measuring changes in the mRNA expression levels of CaSR and RAMPs mRNA in
osteosarcoma cell lines by 30mM Ca€@katment:

In osteosarcoma ceHdiG63, SAO3 and TE85 CaSR transcripts were not detbetéhin 40

cycles using the given TagMan® prohdigh extracellulaC&” via CaSR, has been shown to
exhibit mitogenic actions on mouskerived primary osteoblast and enhance their
differentiation [41]. Osteoclastic bone resorption can generate very high leveGedwithin a

range of 840 mM[312] and so it has been suggested that in the bone microenvironment where
bone resorption occurs, osteoblastsense highC&* generated withih the immediate
microenvironment of resorbing osteoclasts within the same rafd. Accordingly, it was
hypothesised that high extracellulaC&* (30mM) in media will induce expression of CaSR in
osteosarcoma cell lines. The dose was chosen based on the above stated information and
secondly because it is-al0 fold higher dose than &mf C&* for CaSR (~3mM) and should
represent the topplateau of a doseesponse curve. However, no CaSR mRNA expression could
be detected within 48hr of treatment in either of the osteosarcoma cell lines, indicating a
failure of ligand C&") induced expression. The changes in RAMP1 and 2 mRNA expression

levels upon treatment were not statistically significant; whereas RAMP3 mRNA expression was
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not detected (figure 5.3.5, 5.3.6 and 5.3.7). This shows that RAMP expressidraifented by
increasing extracellulaC&® concentrations, probably because maintaining robust RAMP

expression might be important for functioning of other GPCR partners of RAMPs.

There has been a debate in the literature regarding fnesence of CaSR ergsionin the

clonal osteoblat-like osteosarcoma cell lineshere are studies showing the expression of CaSR
MRNA and protein (similar to parathyroid transcript) in MG63, SAQBMR106 and MC3T3
cells[313-315. However, differences in bargize for CaSR protein were sarved between
CaSR and MC3T3 compared to Ca&sfected HEXRI3 cells in one studyd15]; whereas very

low expression of CaSR with a presence of multiple bands at lower size (incorrect sizes) than
expected (representing degradation product according to the authors) were observed in MG63
and SAOSR protein sample (preadsorption of CaSR antisera abolished all baf@k3, 314].

The mRNA transcript reported using-RCR in MG63 cells by Yamagetlal, shared sequence
identity to known parathyroid derived CaSR transc[gl3. Using thesame CaSR antisera as
[313 314 but different primers for PCR, a different group failed to detect CaSR mRNA and
protein expression in MG63 and SADSell lines, compared to the positive contrel€aSR
transfected HER93 cells, mouse kidney cells and human parathyroid [1/§. However, the
authors could detect specific CaSR bands in their positive controls only, upon using a different
and more specific CaSR antibody; in contrast to the CaSR antisera. They observed multiple
crossreacting bands in both their posre controls and negative controHEK293 non
transfected cells, using the CaSR antisera usg@iB, 314]. The authorg316 confidently
suggested that none of theam-specific bands observed congruent {813 314 represent

either the dimeric or differentially glycosylated forms of CaSR, according to the suggestions
made in [313 314]. They reasoned that pradsorption to a blocking peptide does not
necessarily suggest the specificity of the antibody; as hybridization to a-rassng (non
specific) protein would also be eliminated by such-pasorption. There was another study by

the same group a316]; showing the absence of CaSR expression in MC3T3 cells which showed

normal maturation and display of osteoblast like characterig8ds].
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Our results using the same TagMan ® probes show successful detection of CaSR mRNA in TT
cells. This shows that thabsence of CaSR in these osteosarcoma cell lines is not due to a
technical error Accordinglyit can also be speculated that CaSR expression in our osteosarcoma
cell lines was beyond the detection limit of the assay. As shown in figure 5.3.1 (A),vilaeC

of 34.1 was obtained for TOPO CaSR cDNA concentration of 1fg. Accordingly it can be
speculated that the MG63, SAQSr TEB5 cDNA concentration of CaSR in the reaction was at
least less than 1fg, as a@lue 34 was not accepted for analysis (howevke output at the

SYR 2F (KS NBIFIOGAZ2Y aK?2 g Sde)YEderyi Bodhlirfy My dmgumti) | y R
cDNA in the reaction failed to detect any expression of CaSR in these samples. Interestingly, it
has been shown using cultured primary mousévadal osteoblasts fronCasi’, that CaSR
agonists likeC&*, Gd* and Af* could induce similar responses in these cells compared to wild

type [318. This suggests a novel catisensing mechanism in osteoblasts. Accordingly
functional response such as increase in intracell@&’ by CaSR specific agonists should be

tested in these cells, in order to study if an alternative caensing mechanism exists.

Measuring changes in mRNA expression of CaSR and RAMPs upon differentiation of
osteosarcoma cell lines:

MG63, SAO3 and TE85dll lines are immature osteoblatike cells, derived from human
osteosarcomg309, 319. It washypothesisedthat inducing differentiation in these cells to
force them into a more mature osteoblast phenotype, might change expression profiles of CaSR
and RAMPs. The differentiation medium recipe has been used in previous siBaEs21].

There was still no expression of CaSR and RAMP3 upon differentiation of osteosarcoma cell
lines. This shows that even differentiated osteosarcoma cells are not a good model to study
CaSR biology. The expression levels of RAMP1 and 2 did not shatistically significant
change in expression during differentiation (figure 5.3.8, 5.3.9 and 5.3.10). However, the
expression levels of RAMP1 mRNA when compared to day O, increased in both control and
treatment groups from day 5 up to day 21 in SADE&eIk, with an apparent increase in the
treatment group compared the control at each time point. However, this change between the
control and treatment groups at individual time points was not significant statistically, meaning

that differentiation does not hee an effect at all values of time. Evidence from the literature
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show a presence of CaSR and RAMPs in cultured primary osteqBlastg, 307, 322] and so
they should be used for future experiments to study the hypothesis of change in expression

patterns of CaSR and RAMPs by different interventions.

As mentioned earlier, there are speculations of a novel casemsing mechanism in
osteoblasts derived fronCast” mice[318]. Similarly, it can baypothesisedhat MG63, SAGS
2 and TES85 cells might have an alternatB&’/cation-sensing mechanism such as presence of

GPRCG6A which is an alternative catsemsing receptofl165.

Undetermined RAMP3 mRNA expression in all the cell lines used:

In none of the cell lines studied, was the expression of RAMP3 mRNA detected within 40 cycles
using the given TagMan® probes. There is currently no evidence using TagMan® probes or any
other techniques, showing the presence of RAMP3 in any of thesenesldtudied. According
tothe! LILX A SR .nmiaual,éaiiniBeroRriore than 35 could be inaccurate and so the
limit for analysis for this study was restricted to thev@lue of 34. However, for all the samples,
RAMP3 Ct value was undetermined, net assigned aGwumber. This indicates that either
RAMP3 is completely absent or expressed at extremely low levels at outside the detection
limits of the reaction using this assay at given conditions. Figure 5.3.1 D using pcDNA3.1 RAMP3
cDNA provides thevidence that the TagMan® probes could definitely detect RAMP3. Also two
other evidences detection of RAMP3 expression in CDEaSR+RAMP3 transfected cells
(appendix sectiorr.5, figure7.7) and €value of 32 obtained for 0.5ng lung cDNA sample from
Ambion (data not shown) using same conditions; confirm that RAMP3 expression could be

detected by the given Tagman® probe.

Also, using the information from figure 5.3.1 the lowest concentration of pcDNA3.1 RAMP3
used was 12pg corresponding to thev@lue of 25. Now, if we extrapolate this; @lue of 34.9

may correspond to ~ 1fg (0 g), (as 3.3 cycles = 10 fold difference in expression level,
according to the LJLJt A SR . nfaudl)e GivierStvatXide efficiency of the TagMan® probe
will not be 100%, it can still be roughly speculated that the concentrations of RAMP3 transcripts

in the samples in the reaction were probably less than*¢%@ 10 g. The efficiency of the
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reversetranscription reaction, oligodT primers in the cDNA synthesis &itd the presence of
any secondary structures of mMRNA that can inhibit efficient cDNA conversion remain unknown;

which could lead to loss of already extremely low levels of mMRNA transcripts.

An additional control can be included in the reaction to chimkany inhibitors present that

can lead to a loss in mRNA transcripts from extraction to the PCR stages. This information
would be useful especially, when considering that the copies of gene of interest (RAMP3 in all
cell lines or CaSR in osteosarcomdsyedre very low, and that they are diluted during the
processing of the sample at several stages: extraction of RNA, preparing cDNA (only an aliquote
of RNA used), preparing qPCR reaction (only an aliquote of the total cDNA used per reaction in
a well). Acordingly, a known quantity of exogenous, unrelated RNA can be spiked into the cell
sample before the RNA extraction process. The gPCR reaction performed for the gene of the
exogenous RNA using the cDNA sample processed is then compared to the gPGRroesult
cDNA synthesized directly from exogenous RNA sample (without -fiomggh extraction
procedure). This would measure for the loss of transcripts caused by the processing or presence

of inhibitors of reaction.

Differential RAMP expression betweemé osteosarcoma cell lines:

Within the three osteosarcoma cell lines, the normal (untreated) expression levels of RAMP1

and 2were found to be differenf{figure 5.3.5, 5.3.6 and 5.3.7). The expression of RAMP1 was
KA3IKSad Ay aDco OStfa om:x 2F 1 0 SELINBaAaAZYyO
and lowest in SAG$ OStfta o6nodm: 2F | OGi SELINBaaks2yod L
highestt S@St a onodm> 2F | OGi 03 ¥ 2theflodvastSeRoressdn vadDc o 6 J
observedinSAG$ OStfa ondnm: 2F ! OGi 0 ¢KS &aA3IyATAOl
but might suggest a role of individual RAMBecific receptor partners ithese cells. It is also
noteworthy that the expression levels of RAMP1 were higher than RAMP2 in TT, MG6&, SAOS

and TE85 cell lines; suggesting a higher presence of RAMP1 GPCR partners in these cells.
Presence of a RAMP1 has been reported in MG63 lmgktudies showing presence of distinct
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CGRP receptor phenotype in these cgha3]. Whereas, TT cells express GBR4], which is a

partner for both RAMP1 and 2 to form amylin receptors.

In summary, it was found that there wa® change in mMRNA expression levels of CaSR, RAMP1
and 2 with 20mM Cagbr 1uM calcitriol treatment in TT cells at any of the time points studied,
which probably leads to the hypothesis that major changes in gene expression levels of CaSR or
RAMPS can leato unwanted changes i6&* homeostasis. However, this remains to be tested

and also the corresponding protein levels remain to be detected. CaSR mRNA expression was
undetected in MG63, SA@Sand TE85 osteosarcoma cell lines and treatment with 30mM, CacCl

or differentiation into mature osteoblasts did not induce detectable levels of CaSR mRNA
expression. Also, the expression of RAMP1 and 2 was not altered by interventions in these cells.
Expression of RAMP3 was undetected in all the cell lines. The geslsd show that

osteosarcoma cell lines are not a good model to study CaSR biology.
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CHAPTER 6:GENERAL DISCUSSION
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CaSR is a pleiotropic GP@ERt plays an important role iiC&* homeostasis. It was discovered
that an associatiorwith RAMPS is essential for its esllirface trafficking in transfected cells
[157]. Thiswasthe first reported interaction of RAMPs withfamily C GPCR. The mechargism
behind the charactestics of CaSR such as bimgdmultiple ligandsand activation of multiple
signalling pathways are ndtlly understood. RAMPs are promiscuous proteins that engender
different receptor phenotypes, ligand binding affies and signalling patterns toamily B
GPCR4156, 172, 174, 175. Based on this information, it walsypothesisedthat RAMPs
contribute to more thanjust the cell surface trafficking of the CaSR. Accordirthig, project
wasbasedto characterize this interactiofurther, and was divided into three parts relating to

different aspects of the interactian

1 To geta deeper insight into the molecular interaction between CaSR and RAMPs

1 To identifya possible rolef RAMRIn signalling of CaSR

1 To measurdhe regulation of expression of RAMPs along with CaSR by agents involved
in C&" homeostasis; which can point towards a possible role of RAMPEdh

homeostasis.

Additionally, it washypothesisedthat RAMPs irgract with GPRC6A, arhily C GPCR closely
related tothe CaSR158. This is becaudée CaSIRL57], it fails to traffic to the cell surfaci
certain transfected celiypes [158, 159. So, it washypothesisedthat RAMPs function as

chaperones for GPRC®@Adenable itscellsurface expression.

Hetero -oligomerization of CaSR with RAMPs:
The molecular interactionof CaSR and RAMPs was studied in detail using -lFaREd

stoichiometry. Firdy the interaction of CaSR with RAMP1 ow&s examinedor efficiercy of
celksurface trafficking using sensitized FRET emission (section 8@@dter 3).Using FRET
stoichiometry it was observed that equal fractions of CaSR were presetite cell surfacén

the FRETomplex with either RAMP1 or. Jhis indicates that both RAMP1 and 3 had equal
efficiencies in trafficking theeceptor to the cell surface. Howeveit was found thatthe
fraction of RAMP3 was ~1.6 fold higher than RAMP1 (Table 3.3.3, chapteh8)GaSHRET
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complex Now, itis already known from the literature thafaSR exists as a dirmaar the cell
surface[105, 325]. So, the FRET stoichiometry data suggestsftiragévery dimer of CaSiRere

is ~1.6 times more RAMP3 than RAMP1 (figureif.ig@spective complexedlso,it should be
noted thatthis defines asingleunit of the CaSRomplex, and sat is still unknownas tohow
many of such units can heteromerize to form a larger oligomeric complex on theudelte In
summary results fromFRET stoichiometry suggéise presence of a higher oligomeric receptor
complex in the case of CaSR and RAMeEraction, where more molecules of RAMP3 than
RAMH can be associated with a dimer@aSR.

(A) (B)

Figure 6.1: Possible stoichiometry of CaSR and RAMP complexes:

(A) CaSR homodimer (blue) with RAMP1 (red) in complex probably has a lower RAMP:CaSR molecules
number than with (B) in complex with RAMP3 (orange). The numbers represented here are only to aid
understanding and do not represent the actual number of molecules of either RAMP present in complex
with CaSR.

FRET based approaches have been successfuiBedtito determine the stoichiometry of
GPCRs involved in homo or hetarligomerization[240, 326-328]. These approaches are based
on sequential FRET using three different fluorophores, where the signal resulting from
successful FRET between the first two components of the comp@sults intoFRET with the
third component. This approach has been usedcssgsfully in detecting heteroligomerization

between homodimer of CLR and monomer of RAMP1, where FRET occurring between two CLRs
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tagged with two different fluorophores, transfers the energy to cause excitation of another
fluorophore tagged to the thirdniteracting protein (RAMHAB28]. S a similarapproach can be

used to identify the exact stoichiometof RAMP molegles associating wit@aSR homodimer.

In addition to the FRET resulthich areobtained usingan artificial expression system, RAMP1
knockdown in TT cells showed significant attenuation of CaSR signalling, which most likely
means that they interact ithese cells and that RAMPL1 is probably involved in eslirface
trafficking of the CaSR (section 4.3.10, chapterAdordingly this points towards a possible
interaction of CaSR with RAMPs in a physiological setting, although its stoichiometry & not y

determined.

In addition to the interaction studies, this study has afsscoveredthat RAMP1 plays a role in
the signalling of the CaSR (chapter 4, section 4.3Beked on information from the literature
on the effects of hetero and oligomerizatiaf GPCRE329-331], the findingsfrom the FRET
stoichiometry (hetero-oligomerization)andsignalling studies (role of RAMPL1 in CaSR signalling

lead to newhypothesesas briefly noted below.

It can behypothesisedhat the promiscuity of the CaSR bind different ligandq10, 29, 52, 69
74,76, 81, 82, 86, 87, 94] can beinfluenced byits differential interaction with either RAMP1 or
3. This is supported by thiact that RAMPs can alter the ligand binding specificity for the CL
and CTR and consequently forming distinct receptor phenotjpes 172). Secondly, CaSR has
been shown to exhibitiganddependent functional selectivity, by preferentially activating
either G, or ERK pathwawhen binding specific orthosteric agonists in transfected -B&K
cells[332 (expressingRAMP1[157]). The authors suggested that this coubdcur because
different agonists cause different yet specific conformational changes in the receptor structure
whichlead to the activation of a specific signalling pathW&¥2. However, in addition to thig i
will be interesting to test whethethere is a direct involvement of RAMP to this effect at any
level from ligand binding to coupling G proteifas RAMP1 affects CaSR signatiimapter 4,
section 4.3.11) We have shown (in a different study) using tlamtibody-capture SPA
technique that the presence of a RAMP can modulate the specHicotin signalling pattern

of the family B GPCRs like the PTH1R, VPAC1R and Glucagon receptors (figeobére(
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al, unpublished data).We demonstrated thatalthough these receptors are capable of

trafficking to the celsurface and signalling on their own, presence of RAMP2 with PTH1R and

VPACIR, and RAMP3 with glucagon receptor; increased the efficacprote®d responses

without any changes in ligand bindirgjfinities and potencies. This data thus conclusively

shows that RAMPs are involved in direep®tein coupling of the VPAC1, PTH1/2 and glucagon

receptors (Robertset al, unpublished data), and so it will be interesting to test whether a

similar effectis observed with a different GPCR partner of RAMPs such as the CaSR.
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Figure 6.2: RAMPs modulate specifigp@tein signalling profile of the PTH1R:
It is seen that in presence of RAMP2, there is an increase in efficacy;(@#@0) and G;(60%)
activation by PTH ¢24) on the PTH1R. Roberts et al, unpublished data.
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In addition to the implication®n signalling, the interaction of CaSR with RAMPs can also have

an effect on the internalization and recycling of the receptor psighulation.RAMP3which is

an interacting partner of CaSR (section 3.3.3, chapter 3) contains abirldihg motif that

interacts with NSF or NHERRo affect internalization and recycling of the CI2R9, 210].

Accordingly it can be hypothesisedthat similar consequencesnay lead to differences in

regulation of the CaSillowing agonist simulation.

Although theobservations ofeceptor interactiors and signallingrom this project were based

on in vitro studies they can be expanded da a physiological level in future, atleawhich was

also proposedby Bouschekt al [157]. Accordingly, apart from confirming the interaction of
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CaSR and RAMPs in physiology, it willifierestingto test whether the variation in the
physiologial expression of RAMP456, 182, 183, 214, 215 can alter their availabity and
consequently cell surface trafficking asdynallingof the CaSRThis will help in determining
whether RAMPs play a role @& homeostasisAlthough further studies need to be done to
confirm the role of RAMP1 in CaSR signalling, it will be very interesting to study whether
RAMP1 can based as a target to develop calcilytioshich have a potentiaio treat disorders

like osteoporosisTheprecedent br RAMP as drug targetss already been praded by studies

for conditions such as migraingnvolving CGRP receptof333, and cancer (arHRAMP3

antibodies significamgl reduce tumour burden in mice, Richards GO unpublished data).

Future work:

Furtherwork elucidating the residues of the CaSR and RAMPs responsible for the interaction
will be important. This information will help iproviding key structural information fothis
receptor complexFRE®ased approaches have been used by other researchers in this regard.
An approach measuring bioluminescence resonance energy transfer (BRET) signal between
different TM domain mutants of the secretin receptor and RAMP3 hasdtlip identify TM6

and TM7 responsible for the interactidd75. A smilar approach using sensitized emission
FRET can be used to identwpetherthe TM domainof CaSR isivolved in theinteraction with

the RAMPs. ECD mutants of CaSR cannot be used since the ECD is responsible for the formati
of dimer (obligatory for its function), and so RAMP ECD chimeras can be created instead by
swapping RAMP1 or RAMP3 ECD with RAMP2 ECD; since RAMP2 does not interact with CaSR.
Once the domains responsible are identified, the effect of point mutationsedfin residues

on change in cell surface FRET can be tested to identify the exact residues responsible for
complex formation.lt is alsoessentialto study therole of RAMP3 in CaSR signallifgther
characterization of the signalling pathway in prese of either RAMP1 or RAMP3 should be
done at both Gorotein and downstream levels. To differentiate the signalling at thard@ein

level, techniquesncorporating antibodies against the active Gddund Gproteins (NewEast
biosciences)263 can be used. These antibodies canitpenobilized to fluorescent beads with
distinct emission profiles and subsequently enabling midtipGprotein activation

measurement from a single reaction. Alternatively, higloughput labelfree technique using
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cellular dielectric spectroscopy technolog834] could be used in future. This technique
identifies the specific @rotein activation based on the impedance measurements of the
applied electric current as it flows through a cell monolayer. Next, difference in activation

of downstream effectors by the Ca$Bmplex in presence of either RAMP (1 or 3) should be
deciphered by measuring intracellulaC&* activation, cAMP activaton and ERK
LIK2AaLIK2NEBEFGA2Y Ay LINBaASYyOS 2F AYyKAOAU2NR 27F
Wortmannin (PIP2 inhibitor), thapsigargin (inhibitor of EE* pumps), PTX (inhibitor of Gi
protein), PMA (PKC inhibitasnd ERK 1/2 inhibitor.

First evidence for association of RAMP with GPRCG6A :
This study also identified a novelkenaction of RAMP with anotheamily C GPCR using FRET.

GPRCG6A isracently identified member ofdmily C GPCRs and shares maximum homoldgy w
CaSR (34% aa sequence identiy§8]. Studies using-myc tagged hGPRCG6A have reported
poor or no cell surface expression of GPRC6A based on cell[iyf#459. This situation is
similar to that observed for CaSR, where no cell surface expression was observed/itéli®S
by us (chapter 3, figure 3.3.14and Bouschetet al [157]. Having already establishetthe
interaction of RAMPs with CaSR using FRET technique (section 3.3.3, chapter 3), it was
hypothesisedthat RAMPs may also facilitate the cslirfaceexpression of GPRCG6A. It was
observed conclusively that RAMP1 butt rdband 3 couldraffic GPRC6A to theett surface in
CO¢7 cells usinghis technique (chapter 3section 3.3.4. It is known that RAMP1 cannot reach
the cell surface on its owfl56, 193. This evidencesupports the observation thatFRET
measura is because othe specificnteraction with GPRC6AnNd is not an artefacdf RAMP1
trafficking to the cell surface independentlyhere isan ER retention motif on the-t@ail of
GPRC6Aand attempts of ceexpressing GABABr T1R3 receptors have proved be futile to
facilitate the cell surface expression of GPR{1&4]. The presence of an ER retention motif
the CaSR also prevents the dimer from escaping thEB8RIt is known inthe case ofcaSRhat
the coreglycosylated fornof the receptorwhich istrapped inside the ER interacts with RAMP1
whichthen causes its exit to the Golgi apparatus where tersninally glycosylated and finally
transported to the celsurface in he form of a receptor compleil57]. Similarly,it can be
hypothesisedhat the interaction with RAMP1 facilitates the exit of the GPRC6A from the ER to
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the Golgi, where it iserminally glycosylated and then delivered to the esllirfaceas observed
by FRETchapter 3, section 3.3.4)possibly in the form of a mature glycosylatesteptor

complex.

Interestingly, it was observed that the FRET efficiency between GPRC6A and RAMP1; and CaSR
and RAMP1 was not significantly different, however the fraction of RAMP1 involved in FRET
complex with CaSR wa4.45 fold higher than with GPREtable 3.3.3 vs table 3.3.4, chapter

3). This comparison probably suggests a lower number of RAMP1 molecules in the FRET
complex with GPRC6A than with the CaSR. This means that less molecules of RAMP1 are
required for cellsurface trafficking of GPRC@#an for the CaSR.

Anobservation from this studindicatingan interaction ofCaSRvith RAMP1 in an endogenous
expression system (section 4.3.10, chaptgrogrtainly encouragea similarpossibilityin the
case ofGPRC6A and RAMP1 interactitins knavn that GPRC6A birsdrarious ligandsuch as
L-aa[159 160, divalent ions and calcimimet{d65, osteocalcin (in presence @&") [165,
168 and testosterond170. The alignment bCaSR with GPRC6A has shown tha#éand
calcimimetic binding sites of CaSR aenserved in GPRC6H65. Since, RAMPIs
characteristicdy involved in the ligand binding of other GPCR&RP recepte€LR+RAMP1)
[20Q], it shouldbe tested whether it aids ligand binding selectivity of GPR@6@Aitionally, as
discoveredin this projectin case of theCaSR, it will be important to test whether RAMPL1 is
involved in the signalling of GPRC6A. Of note different GPRC6A knookit mice models
global exor2 (coding ECD) and ex6én(coding TMD and -t@il) null mice have provided
interesting evidence on thfunctions ofthese segments of the receptoprc6d™ mice lacking
exon2 (ECD)exhibited osteopenia, hepatic saéosis (fatty liver), hyperglycaemia, glucose
intolerance and insulin resistance as well as increased 1@g4land phosphorous excretion
[161, 166]. In contrast Gprc6d” mice lacking exon @FMD and @ail), exhibited no difference in
phenotype from wildtype [167]. Accordinglyjt can behypothesisedhat the ECD of GPRCG6A is
essential for ligangensing for metabolic signalshere the presence of the TMD andt@ll is
not essential Onehypothesisthat can be proposed is th&PRC6Mteractswith an accessory

protein like RAMP1, which can play derin its signalling. Also, the effects of various RAMP1
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mutants on the effect of GPRC6A trafficking and signalling should be studied in order to
establish which residues are responsible for the interaction and also establish a role of RAMP1
in the signalhg of the GPRCG6A. This approach dlesady been used successfully with the CLR
[201].

Conclusions:
In conclusion, a deeper insight into the interaction of CaSR and RAMPs has been provided by

this study which points towards the presence ohigher oligomeric receptecomplex with

more than one RAMP molecule participating in the interaction. Furthermore, the results
indicate for the first time that RAMP1 possibly tredf the CaSR to the cealirface at
endogenous expression levels demonsingta physiological interactio®nother novel finding

from this study is that RAMPL1 plays a role in CaSR signalling in TT cells. Further confirmation of
this effect might lead to evidences regarding role of RAMPs contributing towards the
pleiotropic natue of ligand binding and signalling of the CaSR and its subsequent functioning in
Cd&" homeostasis Consequently, RAMP1 may be proven asan important target for
development of calcilytics and drugs targeting both CaSR and RAMP1 might prove to be more

efficacious than current strategies.

Furthermore, a novel interaction between GPRC6A and RAMP1 has been discovered using FRET
technique. This discovery opens areas of further research regarding the role of RAMPS in
GPRCG6A function of processingaiety of nutitional and hormonaknabolicsignals and co

ordinating the functions of multiple organs in response to changes of the signals.
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Part-1: Appendix for materials and methods:

DNA loading buffer:
23.54mM xylene or 3.73mMromophenol blue
1.16M sucrose

TagMarf’gene specific inventoried assay accession numbers

Gene

Assay accession number

Human RAMP1

Hs00195288_m1

Human RAMP2

Hs00359352_m1

Human RAMP3

Hs00234665_m1

Human CaSR

Hs01047795_m1

| dzY | -¢ctin

Hs99999903_m1

Human HPRT1

Hs01003267_m1

5X Trisborate EDTA (TBE) recipe:
0.45M TrisBorate
0.01 M EDTA; pH 8.3

Cell lysis buffer:

150mM NacCl

10mM Tris CI

2mM EDTA

100mM lodoacetamide

1% Triton XLOO

1% NP40 (Roche),

1X Protease inhibitor cocktail
pH74aH p x/ &
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Recipe for 10ml 8% SEFAGE separating gel:

Component Volume added for 10ml ge
Distilled HO 4.6ml
Tris Cl (pH 8.8) 2.5ml
SDS 10% (w/v) 100pl
A/bis A (30%:0.8%) 2.67ml
APS (10%) (made fres 100pl
TEMED 10ul

Recipe for 10ml 109 DSPAGE separating gel:

Component Volume added for 10ml gel
Distilled HO 4.0ml
Tris CI (pH 8.8) 2.5ml
SDS 10% (w/v) 100pl
A/bis A (30%:0.8%) 3.33ml
APS (10%) (made fresh) 100pl
TEMED 10ul

Recipe for 10ml 12% SHFAGE separating gel:

Component Volume added for 10ml gel
Distilled HO 3.3ml
Tris Cl (pH 8.8) 2.5ml
SDS 10% (w/v) 100pl
A/bis A (30%:0.8%) 4.0ml
APS (10%) (made fresh) 100pl
TEMED 10ul
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Recipe for 10ml 5% SEFAGE stacking gel:

Component Volume added for 10ml ge|
Distilled HO 5.67ml
Tris Cl (pH 6.8) 2.5ml
SDS 10% (w/v) 100pl
A/bis A (30%:0.8%) 1.67ml
APS (10%) 50ul
TEMED 20ul
Running buffer recipe:
0.2M Glycine,
26mM Tris base,
4% SDS
6X Laemmli buffer recipe:
375mM Tris HCI
9% SDS
50% glycerol
0.03% bromophendblue
600mM DTT
LI caody +G Hpx/ @
Transfer buffer recipe:
25mM Tris base
200mM glycine
20% (v/v) methanol
Trisbuffered saline (TBS):
0.136M NacCl
2.68mM KCI
24.7mM Tris base
LI Tdn dzaAy3a |/t 4G wHpx/ @

NEbuffer 2 composition:
50mM NacCl

10mM Tris HCI

10mM Mgdd
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ImM DTT
LI 1tdp FdG Hpx/

Antarctic phosphatase buffer composition
50mM BisTrispropane HCI

1mM MgC}

0.1mM ZnGl

LI codn G Hpx/

T4 DNA ligase reaction buffer:
50mM TrisHCI,

10mM Mgdi

1mM ATP

10mM DTT

LI t®p +d wHpx/

Electroporation buffer recipe:

20mM HEPES

135mM KClI

2mM MgCl

0.5% Ficoll 400 (Sigma Aldrich)

2mM ATP (added before use)

5mM glutathione (added before use)

LI Ttdc dzAAy3Id Yh! G Hpx/ @

Mowiol recipe

2.4g Mowiol (Sigma Aldrich), 6ml glycerol and 6ml water were mixed for 2hr and then 12ml o
200mM TrisHCI, pH 8.5 was added with a further incubation fes K NJ | 0 pnx/ ® ¢KS
was then centrifuged at 2000g for 10min at room temperature and then aliquoted in 1.5ml

tubes and stored atH n x / P

Physiological Salt Solution recipe:
100mM NacCl

5.4mM KCI

1.2mM MgSQ@

1.5mM /2mM CaGl
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5.5mM Glucose

6mM NaHC®

1.2mM NaHPQ

20mM HEPES

LJI Tdn G Hpx/ @

1x NEBuffer Ssp1.:

50mM NaCl

100mM TrisHCI

10mM Mgdi

0.025% Triton 200

LI tdp G Hpx/ @

Differentiation medium recipe:
Complete DMEMontaining:

10nM Dexamethasone (Sigma Aldrich)
H Y a -gliycerolphosphate (Sigmaldrich)
50pg/ml lascorbic acid (Sigma Aldrich)

Sodium Citrate buffer recipe:
135mM KCI

15mM Sodium citrate dehydrate
LI tdp 4G Hpx/
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Part:2. Appendix for results :

7.1 Determiningthe expression of RAMPs in C<ell line:
To check for presence of RAMPs in @Q@8lls, RIPCR was performeals described in section

2.7, chapter 2pcDNA 3.1 RAMP vectors were used as positive controls and HPRT1 was used a

an endogenous adrol. Figure 71-7.3 show the absence of RAMP1, 2 and 3 respectively in

COS&7 sampls (Lane 2,3). Lane 1 in figurd And7.2 show the correct sized amplicon for the
pcDNA3.1 RAMP 1 and 2 positive control cDNA samples. HowpelMA 3.1 RAMP3 (Lanel,

figure 73) did not give correct sized product. This was because the reverse primer was
complimentary to the region of exon 3 which was not present in the RAMP3 sequence of
LIO5b! o®m w!atod® 5FdGFolasS asSkNOK NBZSIHSR (K}
so was not present in the pcDNA3.1 RAMP3 vector. However, the absence of RAMP3 along with
other RAMPs in CGBScells was confirmed using redahe PCR where its expression remained

undetermined; whereas a Ct value of 32 was obtained for 0.5ng of hunmgcDNA sample.
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500bp
400bp

213b

100bp RAMP1 RAMP1 RAMP1 RAMP1 HPRT1 HPRT1
ladder vector RT+ RT- H,O RT+ RT-

Figure7.1: Expression of RAMP1 in C@S$ell determined by RPCR:

COS7 cDNA and pcDNA3.1 RAMP1 vector DNA were amplified using RAMP1 primergyole85n
thermocycler and the products were separated ¥ agarose gel containiragnd visualized under UV
light. (LO) 100bp DNA ladder Amplified products by lane (L1) pcDNA3.1 RAMP1 vector {LBTGOS
(L3) COS RTF (L4) HO control (L5) HPRT1 RL#6) HPRT1 RThe expected product size for RAMPL1 is
445bp and HPRTL1 is 213bp.

300bp

200bp 213

100bp RAMP2 RAMP2 RAMP2 RAMP2 HPRT1 HPRT1
ladder vector RT+ RT- H,0 RT+ RT-

Figure7.2: Expression of RAMP2 in C@8ell determined by R'PCR

COS7 cDNA and pcDNA3.1 RAMRZtor DNA were amplified using RAMP2 primers for 35 cycles in
thermocycler and the products were separdten 1% agarose gel containiagd visualized under UV
light. (LO) 100bp DNA ladder Amplified products by lane (L1) pcDNA3.1 RAMP2 vector {LBHTEOS
(L3) COS RTF (L4) HO control (L5) HPRT1 RT+ (L6) HPRTTIRT expected product size for RAMP?2 is
282bp and HPRT1 is 213bp.
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900bp
800bp

213bp

100bp RAMP3 RAMP3 RAMP3 RAMP3 HPRT1 HPRT1
ladder vector RT+ RT- H,O RT+ RT-

Figure7.3:: Expression of RAMP3 in COSell determined by R'PCR.

COS7 cDNA and pcDNA3.1 RAMP3 vector DNA were amplified using RAMP3 primers for 35 cycles in
thermocycler and the products were separated on 1% agarose gel containing ethidium bromide and
visualized nder UV light. (LO) 100bp DNA ladder Amplified products by lane (L1) pcDNA3.1 RAMP3
vector (L2) CQ% RT+ (L3) C&SRT (L4) HO control (L5) HPRT1 RT+ (L6) HPRT1TRE expected
product size for RAMP3 is 693bp and HPRTL1 is 213bp.

7.2.Donor bleachingechnique:
Donor bleaching technique was used in order to establish FRET methodology according to

[230]. Cerulean pcDNA3.1 aZkrulearcitrine fusion pcDNA3.1 were transfected in CD&ells
and their bleaching kinetics is shown in figutd (A) and (B) respectively. It cha seen that
cerulean exhibited bexponential decay. Kfast and K slow (§efor cerulean alone were 0.9
and 0.0088 and for cerulean aeruleancitrine fusion were 1.96 and 0.0188 respectively. There
was no statistical difference between the decay rdbesween (A) and (B) as shown by graph in

(C) as analysed by unpairetest.
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Donor bleaching

Cerulean alone Cerulean in Fusion
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Scan number

KFast 0.9402 KFast 1.965
KSlow 0.008827 KSlow 0.01886
Rate constant ratio 28.46 Rate constant ratio 74.44
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Figure7.4: Donor bleaching technique:

Cerulean alone orCerulearcitrine fusion construct were excited sequentially 50 times at dono
wavelength and images were collected. Whole cell intensity was calculated (A) bleaching curve of
cerulean alone (B) bleaching curve for cerulea@énulearncitrine fusion (C) comparison between decay
constants between (A) and (B). number of cells amalyfor cer alone were 9 and faeruleancitrine

fusion were 6.
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Values of FRET stoichiometric constants:

Number of cells
Constant Mean /+ SD Number of ROIs
analysed
j 0.31 - 8-10
h 0.126 - 8-10
1 0.30 £0.02 41 9
\% 0.20 +£0.03 27 6
E 32.80+29 27 6

Table7.1: Calculated mean/ £ SD values of FRET stoichiometric constants:

i FYR h gSNBE OFfOdA I 6SR o6& .tSSR GKNa&msEenly OF f O
transfected CO$ OSft f A Y I . H&dcdlculatdd using theg déguatons given in the section 3.2.6

and 3.2.7 of methods using the donor, acceptor and the FRET intensities measured by drawing ROIs on
the positive controlcitrine-ceruleanfusion images. The table shows the mean + SD valudbeof
constants calculated and the number of ROIs and cells used in analysis

7.3.Detecting the presence of {roteins in COS7 transfected membranes:
To detect the presence of specific subtypes efp®teins in COS transfected membranes

preparations, CaSR+RAMP1 membranes were subjected to western blastinigscribed in
section 2.12, chapter @sing the same antibodies used in the SPA fopiGteins. Bands were
observed for G at ~22 KDa, ~25 KD~3040 KDa, and Bands between 4&0KDa (Figure 7,5

Lane 1). For {x(Figure 75, lane 2) bands were observed at ~22 KDa, ~40KDa and ~45 KDa and
for G jbands were observed at ~22 KDa and ~42 KDa.
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Figure 75: Presence of Gproteins in membrane preprations

CaSR+RAMP1 COS7 membrane preparation were immunoblotted to check the presence of G proteins.
10ug/well CaSR+RAMP1 COS7 membranes were separatedl6®ogel by SDFAGE and transferred

on a PVDF membrane. Specifipi@teins were detected usingpscific antibodies and were revealed

using an HRP conjugated secondary antibody on a hyperfilm. Lang La@ 2 GyLane 3 shows G,

Lane 4 shows background by the secondary antibody alone.

7.4.Expression of CaSR in CaSR+RAMP1/3 membranes:
Tocheck for the expression of CaSR in CaSR+RAMP1/3 membranes, 80ug of protein sample was

separated on 8% SEFAGE gel and probed for the presence of CaSR. Empty @@3branes
were usedas a negative control. Figure BBows specific band for CaSR in CR#RAP1 and 3
membranes (Lanes 2 and 3 respectively) which is not present in empty @@8branes (Lane

1).
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Figure7.6: Presence of CaSR in membrane preparations

Empty COS (lane 1), CaSR+RAMP1 and 3 (lane 2 and 3 respectively) membranésmweneblotted

to check the presence of CaSR. 80ug/well membranes were separate@ogel®y SDFAGE and
transferred on a PVDF membrane. CaSR protein was detected using monoclonal antibodies against CaSR

and was revealed using an HRP conjugated secoiadityody on a hyperfilm.
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7.5.Validation of COg stable cell lines for mMRNA expression of receptor components:
In order to study the role of RAMPs in CaSR signalling/@ei were stably transfected with

CaSR, RAMP1, 2, and 3. mRNA expressiadheotransfected receptor components were
measured by real time PCR using Tag&anobes Expression of CaSR and RAMPs was
normalized to ActB which was used as a house keeping gene and are shown on Y axis as fold
change in %. The average Ct values for egte in all the stable C&Scells are shown in the

table (figure7.7). CaSR mRNA expression was not detectable in7@otpty cells.

COS-7 stables mRNA expression profile

50+
N E CaSR
c
o 401 Bl RAMP1
2 B3 RAMP2
8 Il RAMP3
Q
(@)]
C
©
c
[8]
S
(@]
LL
Avg Ct values
CaSR RAMP1 RAMP2 RAMP3 ActB
CaSR+R1 21.6 18.2 undetermined undetermined 23.7
CaSR+R2 21.55 undetermined 23 undetermined 23.8
CaSR+R3 21.05 undetermined undetermined 18.2 23.8

Figure 77: Validation of COS stable cell lines for mMRNA expression of receptor components

Real time PCR data showing expression of mRNA of the receptor components as fold change to
expression ActB which was used to normalize the differences in cDNA loading. The table shows the
average Ct values of different genes expressed in CaSR+RAMPg&lilScell lines. n=1 performed in
duplicates.
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7.6.Expression of CaSR and RAMPs in TT cells:
MRNA expression:

Expression of CaSR and RAMPs in TT cells was determined using real time PCR and western
blotting as described in sections 2.9 and 2.12, chagieiFigure 7 (A) shows the mRNA
expression profile of TT cells determined using Tagman probes in real time PCR. The Ct values
observed were 21.5 (CaSR), 26.1 (RAMP1) and 27.1 (RAMP2) and the expression of RAMP3 was
not determined. The graph shows the egpsion of CaSR, RAMP1 and 2 relative to the

expression of HPRT1, normalized to Actb.

Protein expression:
CaSR(Figure7.8 B) Lane 1 shows specific bands at ~60KDa-148KDa, ~16A70KDa, above
200KDa and fainter bands at ~70 and ~80 KDa for CaSR. waereo background by the

secondary antibody alone as shown in Lane 2. CaSR can exist in immature form glycosylated
with carbohydrates with high mannose content (23B@0kDa immuneeactive band) present
intracellularly, as well as in mature form glycosgthivith complex carbohydrates (18G0kDa
immunereactive band) located on the cell surfa@®, 104]. Accordingly, the band at140KDa
represents core glycosylated form whereas the -IB0kDa bands correspond to the mature
glycosyated form of the CaSRn HEK293 CaSR transfected cells, radlucing SDEAGE
showed dimeric CaSR at a size greater than 200kDa, a proportion of which got converted into a
160kDa band under reducing conditions. Also, higher oligomeric forms at 280kiaalse
observed using cell surface crosslink[ag@5]. This explains that the higher bamd >200kDa

observed in figure 7.8 corresponds to the oligomeric form of the receptor.

RAMP1{Figure 78 C). Bright bands were observed at ~14kDa and ~19KDa both of which have
been reported as monomeric bands in the literatyfe30, 335, 336]. Bands were also seen at
~40and ~50KDa whichave also been reported in literature likely to represent multimeric form
[156, 193 335 as RAMP1 is present in multimeric form inside the[d&l6, 193).

RAMP2:(Figure 78 D) Multiple bands were observed for RAMP2 with brighter bands at
~22KDa, ~40 and ~65KDa and fainter bands at ~10KDa, ~30KDa, ~50, ~60 and ~70KDa (Figure

7.8 D). Bands at ~22 kDa have been reported for monomers which are possibly glycosylated
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[21]]. Bands at ~35kDa, ~42kDa, ~50kDa, ~73kDa, have been refiitie®37, 338. Based

on the reported observations and their inferences by other researchers, it can be suggested
that these bands represent unglycosylated/glycassti dimeric form (3%0kDa) and GPCR
complexed forms (~73kD§}37].

However, it has also been shown that commercially available RAMP antibodies raised against
same epitope as the antibodies used in this study but in rabbit instead, are not very specific to
RAMPs exclusively and they can detect-specific targets at ~40ki) ~50ka and ~35k0336|.

So, it cannot be disregardedahthe bands observed at higher molecular weight could be-non
specific targets. However, a study using antibody adsorption method has shown that bands at
~35kDa, ~50kDa and ~73KDa for RAMP2 were specific for RB3MPSince, a control peptide

to pre-adsorb antibody was not used, a definitive answer forhigher molecular weight bands

cannot be given.

RAMP3(Figure7.8 E,F) Multiple bands are observed for RAMP3. Brighter bands were seen at
~40, ~42, ~50 and ~60 KDa and three faint bands between 20 and 30 KDa, a faint bands at ~30
and ~35 KDa (Figure 7. As a positive control for RAMP3, rat brain sample was used (Figure
7.8 F) which shows specific bands at ~18KDa, ~28KDa ad ~33 KDa resp&itice \RAMP3
MRNA was not detected using réahe PCR, the presence of multiple bands on western blot is
both surprising and inconclusive. As described earlier in detail in chapter 5, the observation that
RAMP3 mRNA was undetectable is convincing, as regression analysis using pcDNA3.1 RAMP3
cDNA construct has shown a linear relationship witHf @alRie of 0.95figure 5.3.1, chapter 5).

Also transfected COBcells stably expressing CaSR and RAMP3 also show a Ct value of 18.2 for
RAMP3, which was not observed for CO&ontransfected cells (appendix, figuig7). So, rat

brain sample was used as a positive cohfor RAMP3, since it is shown to express RAMP3 at
both mMRNA and protein leve[837]. Band observed at ~18kDa represents RAMP3 monomer
[337], whereas ~28KDa band has been reported to represent fully glycosylated 3ABIP

and ~33KDa couldepresent a RAMP3 dimer (figure /3. Taken together it suggests that
bands observed for RAMP3 are rgpecific.
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In order to check whether the RAMMPb could bind to RAMPL1 in its native conformation in
contrast to linearized protein in western blots, immungtochemistry was performed on the

TT cellsas described in section 2.13, chapterRgure7.8 (G) shows the staining for RAMP1 in
non-permeabilizd (top panel) and permeabilized (bottom panel) TT cells. The pattern of
staining on the cell membrane can be seen in the -permeabilized cells, whereas in
permeabilized cells, the staining intensity is stronger and staining for RAMP1 protein is seen in
the cytoplasm as well. Negligible background staining was observed with control 1gG, as a
negative control. This result shows that RAMP1 antibody gave specific binding pattern in TT

cells, corresponding to RAMP1 expression.

TT cells mMRNA expression profile

§ Ctvalues:
= 300 CaSR= 215
e RAMP1 = 26.1
O m 2004 RAMP2 = 27.1
o <& RAMP3 = Undetermindd
o
s= U1
% 3 20-.
O =
s £
S 5
g 19
g
T NA
@ 0-
N & N 12 >
& & & F® ¥
A Q& Q& Q&

(A)
Figure 78: Expression of CaSR and RAMPs in TT cells:
(A) mRNA expression of CaSR and RAMPs in TT cells was determined using Tagman proftesein real
PCR. The expression of the genes was normalized to ActB and the expression of CaSR, RAMP1 and 2 is

shown as relative to the expression of HPRT1 usingntlfet method. The Ct values are shown in the
box. Expression of RAMP3 was undetermined.
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Figure7.8: Expression of CaSR and RAMPs in TT cells:

Representative western blots for the expression of CEHRRAMP1 (C), RAMP2 (D) and RAMP3 (E)
proteins in TT cells and (F) shows the expression of RAMP3 in rat brain as a positive control. 8%
polyacrylamide gel for (B) and 12% for (C), (D), (E) and (F) were used to separate 30ug of TT protein by
SDSPAGE andhen transferred to PVDF and probed for CaSR and RAMPs using specific antibodies as
described in detail in section 2.12 of chapter 2.

253



1 2 3
Non-permeabilized

Permeabilized

(G)

Figure 78: Expression of CaSR and RAMPs in TT cells:

(G) Two representative images (1) and (2) for expressi®AMP1 in noipermeabilized (top panel) and
permeabilized (bottom panel) TT cells, shown using immunocytochemistry. Column 3 in both panels
show background staining by control IgG. In all the images, the nuclei are cataitexd in blue.

7.7.Effect ofDMSO on RAMP1 Ab in experiments to study the effects of combined treatment
of RAMP1 Ab and NPS 2390 on CaSR signalling:
In order to test whether combined treatment with 10ug RAMP1 Gt poly Ab and CaSR antagonist

NPS 2390 would create a greater effect than the individual treatments;4-loaded cells were
treated with either 10pg RAMP1 Gt poly Ab/ goat 1gG, 10uM or 50 uMR$ 2390 or both
10pg RAMP1 Gt poly Ab and 10uM NPS 2390 for 45min at 37°C. The effect of CaSR agonist

100uM Neomycin was tested on these cells using live cell imaging system. As shown in figure
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7.9(A) it seemed that the combinatorial treatment was mafective than either 10 or 50uM

NPS 2390 or 10pg RAMP1 Gt poly Ab.

However, when the effect of DMSO, which was the solvent for NPS 2390 was tested (vehicle
control), shown in figure7.9 B, similar effect as (A) was seen. This shows that the results
observed for combined treatment was due to the ngpecific effect of DMSO; giving false
positive result. The concentrations of DMSO used: 0.1% and 0.5% corresponded to the v/v
addition of NPS2390 stock into buffer to prepare the desired concentrations used in the

experiment.

Combined treatment of NPS 2390 and

RAMP1 Ab .
Effect of DMSO on RAMP1 Ab activity
. A
g 400 ® o 600-
5 £
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2 3001 8 —=
g g 4004
"qw') 2004 u;
s @
(o]
<4 o 2004
S 1005 5
S <
0- T o
' © w© >
& & @\Q > o>
@ O N N N
& T S
S Q N X X
~ S > < o o
of 2 O
& © N S
Y Q Q° <’)°\°
Q Q-

Figure7.9: Effect of DMSO on RAMP1 Ab in combined treatment of NPS 2390 and RAMP1 Ab

TT cells were prreated with either 10ug of RAMP1 goat Poly Ab, 10uM or 50uM NPS 2390 alone or in
combination with 10pg RAMP1 Ab or control 1gG (A) or 0.1% or 0.5% DMSO with 10pg RAMP1 Ab or
control 1gG for 45 min at 37°C, before measuring intracell@df activation by 100uM neomycin
Representative graph for three experiments performed separately.
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7.8.Expression of hous&eeping genes in cell lines

Comparison between expression of
ActB and HPRT1 in TT cells
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Figure 710: Expression levels of ActB and HPRT1 in TT cells and osteosarcell lines:

MRNA expression of ActB and HPRT1 h&asping genes weranalysedn TT cells and osteosarcoma

cell lines MG63, SAO3 and TES85 to check the variation in their expression levels using TagMan®
probes in real time PCR. (A) Pooled Ct values for ActB and HPRT1 from all the experiments on TT cells
and it appears that ActB less variable than HPRTL1. (B) Pooled Ct values for ActB and HPRT1 from all the
experiments on MG63, SAQSnd TES85 cells and ActB was found to be less variable in expression than
HPRT1.
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