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Abstract

Adrenomedullin (AM) is a potent vasodilatory peptide hormone implicated in many
physiological processes, as wellpashophysiological processes such as septic shock. The
Adrenomedullin 1 (AN) receptor is a heteromeric receptor comprising of a calcitdike
receptor (CLR), a class B GPCR, and Receptor Activity Modifying Protein 2 (RAMP2).
Association of the CLR witAMP1 and RAMP3 forms the CGRP anglrédé¢ptors

respectively. It has previously been revealed that AM exerts is vasodilatory properties
through signalling from the AMeceptor. Therefore, antagonizing this receptor with small
molecules can arrest and refse the dangerously low blood pressure levels observed in
septic shock patients. Therefore the aim was to develop the first potent small molecule AM

antagonist

The initial strategy involved designing compounds based on antagonists previously
discoveredor AM> and CGRP, by keeping the CLR binding motif but modifying the RAMP
binding motif to target RAMP2 residues. None of the compounds produced using this

strategy showed any significant Alslctivity.

A high throughput screening generated a series o€bimhpounds, from which a promising,
potent lead compound, SHF1556, was discovered (IC50 = 100 nM). The more active
enantiomer of this compound has been successfully isolated and identified. The compound
displays modest selectivity over the CGRP and rébptors. SAR studies on the

compound identified the sulfoxide and nitro groups to be crucial to the activity of the

compound, enabling room for further optimisation of the structure.

Studies have also revealed a lower molecular weight fragment of the tmagaund,

SHF1572 which retains the majority of the potency. SAR on this compound has revealed the
nitrile group to be important to potency, whilst the selectivity over CGRP anchas

improved compared to SHF1556.

In conclusion, a promising lead Alhtagonist has been discovered displaying sub
micromolar potency, with plenty of opportunity to optimise the structure and to increase

the potency. Then vivoefficacy of this compound will be evaluated.
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Chapter 1 General Introduction

1.1Introduction to Sepsis

Sepsis, or systemic inflammatory response syndrome, is-tnfiéatening inflammatory
syndrome caused by a dysregulated host immune response to a bacterial, fungal or viral
infection (Singer, Deutschman at., 2016) Septic shock is an extreme case of this, defined
by increased lactate levels and vasopressor requirement to maintain sufficient blood
pressure levels. The pathogenesis of sepsis is complex, but one of the hallmarks is the
dysfunction of the vacular endothelium, a protective barrier involved in the maintenance of
vascular integritfInce, Mayeux et al., 2018he extreme inflammatory response causes the
dysfunction of the vascular endothelium, which leads to endothelial cell death and loss of
vascular resistancéAngus and van der Poll, 2018his result is an edema, a dramatic
decrease in blood pressure and subsequent organ failure, leading to a high mortality rate
(Gotts and Matthay, 2016Despite the pathogenesis of sepsis being relativnedi

understood, there is currently a lack of a single, effective the(&@wsven, Kox et al., 2018)

Therefore there is a great need for new therapeutic options to treat this syndrome.

1.2 General introduction to Adrenomedullin and CLR/RAMP Receptors

1.2.1 Adrenomedullin and Calcitonin Peptide Family

Adrenomedullin (AM) is a 52 amino acid residue containing peptide. It is a potent
vasodilator and is expressed in the human body as a paracrine hormone, mainly in
endothelial cells and vascular smooth rolescells, meaning high concentrations are found

in the placenta, lungs, heart and kidndy®nhart and Caron, 2012M was first discovered

in 1993 by Kitamura et al. in human pheochromocytqikigamura, 1993 Upon its

discovery it was suggested that this new peptide was involved in blood pressure control and
indicated a novel system for circulation control. It has since been found that AM is also

linked to a variety of biological processes.



AM is encoded in humans by a gene in chromosome 11, consisting of 4 exons and 3 introns
(Ishimistsu, 1994)Translation of AM mRNA initially leads to the synthesis of an 185 amino
acid peptide known as preprolnmoneAM (preproAM)Beltowski, 2004)Cleavage of a 21
amino acid Nerminal signalling peptide from this structure leads to an 164 amino acid
peptide known as proANKitaruma, 1994)ProAM is then converted to mature AM by
conversion of proAM to a glycirextended 53 amino aciiNagatomo, 1996)efore

enzymatic amidation converts to the mature 52 amino acid peptide.

AM is a member of the calcitonin peptide family, which afsdudes peptides such as

Calcitonin Gene Related Peptide (CGRP) (alpha and beta), Amylin (AMY) Calcitonin (CT) and
Adrenomedullin 2fhtermedin (IMD (Hay and Pioszak, 201@he CGRP family of peptides

are grouped together despite showing limited sequehoenology. As they cannot be

grouped by amino acid sequence, they are instead grouped by stredan secondary

structure (kgure 1.1). These structural similarities includes a cyclic peptide formed by a

single intramolecular disulphide bond at thet&minus of each member of the CGRP

T I YA f &elicallcofiformation with a@ SNXY A y dzd & 0 NHz@indedB® | NP dzy R
terminal amide(Hay, Garelja et al., 2018)he peptides in this family are between-32

amino acids long, with AM and AM2 being taegest members.

Adrenomedullin H,N-YRQSMNNFQGLRSFGCRFGTCTVQKLAHQIY QFTDKDKDNV- APRSKISPQGY-CONH,
CGRP H,N-ACDTATCVTHRLAGLLSRSGGVVKNNF-VPTNVGSKA-F-CONH2
Amylin H,N-KCNTA TCAT QRLANFLVHSSNNFGAIL-SSTNVG SNT-Y-CONH2
Adrenomedullin.2/ H,N-TQAQLLRV GCVLGTCQVQNLSHRLW QLMGPAGRQDS APVDPSSPHSY-CONH2
Intermedin

Figure 11 ¢ Amino acid sequences of Adrenomedullin (AM), Calcitonin geakted peptide (CGRP), Amylin
and Adrenomedullin2/intermedin. Residues highlighted in red indieatommon amino acid residues within

two or more of the peptides

1.2.2 Physiological propeiies of AM

a4 YSYGA2YySR +102@S3s 2yS 2F (KS FTANRG RA&A020S
control. AM is a potent vasodilator, with these effects predominantly as a result of AM

binding to its receptors on endothelial cells avascular smooth muscle cells (Kitaruma,

1993). AMsole in decreasing blood pressubave been showin vitro, demonstrating



vasodilation of blood vessels and orgdRaissaglia, Gonzaga et al., 20Bdin vivoin

which direct AM infusion saw a decreaseblood pressure and a compensatory increase in

OF NRAII O 2dziLizi Ay @FNAR2dza YIFIYYIfAlLY aLISOASa
either directly on vascular smooth muscle cells by reducing intracellular calcium levels via a
cAMP/Protein Kinase pathway(Yoshimoto, MitsuSaito et al., 1998)r via the

endothelium from the release of nitric oxide (NO) from the phosphatidylincdits!

biphosphate 3 protein kinase B (PI3K/Akt) pathway (Shimikake, 1995).

AM also plays a key role in endothelial barprotection, which is a single cell vascular

barrier that makes up the inner layer of all blood vessels. AM is crucial for endothelial
barrier stability and integrity, with knockout studies deleting parts of the AM signalling
pathway showing the develapent of lethal hydops fetalis(Dackor, Frit5Six et al., 2006)
Further studies in which AM production from endothelial cells was deleted, increased
vascular permeability was observed, resulting in edema formation. The CAMP/PKA pathway
has been shown tolpy a huge role in ANhduced endothelial protection, resulting in the
inhibition of RhoA GTPag¢Eguchi, Hirata et al., 1994)

Other physiological roles of AM include thatthe cardiovascular system. From modgfs
hypertension and myocardial infarctipit was shown that AM production from cardiac
ventricles and atria is induced during these conditions, and fuiitheitro studies have

shown that AM release from these cells can act in a paracrine or autocrine manner to
supress fibroblast proliferatiorfTsuruda et al., 1999%tudies using rat models for

conditions such as myocardial infarction showed that AM can decrease the mortality rate of
these diseases asal as inhibit deterioration of cardiac function, implying a role for AM in

protection of the heart studies.

1.2.3 Role of AM in Pathophysiology

AM levels in plasma are shown to increase during the onset of tumours, and is strongly
upregulated in several different tumour types, especially in hypoxic condi{ldayg et al.,

2011; Ishikawa et al., 2003hcreased levels of AM do not lestmlcancer lt can lead to its
pathogenesis. It can do this by stimulating cell growth and inhibiting apoptosis in tumour
cells. AM can also alter the phenotype of some cells, causing them to exhibit tumourigenic
behaviour. In addition, AM promotes blood and lymphaiigiogenesis of tumours,

providing materials to allow tumours to spread such as oxygen and nutrients, and can even

3



reduce the ability of the immune system to destroy tumohbysprotecting them from
immune surveillancéGarayoa et al., 2000ptudies have shown that AM antagonists can
significantly reduce the in vivo growth of pancreatic c@ihikawa et al., 2003)ndicating

that lowering AMlevels can lead to a reduction in the size and mass of tumours.

In addition to the role of AM in tumour progression, large increases of AM are observed in
patients with sepsis. A sepsis response is triggered by circulating bacteria in the bloodstream
by triggeringa systematic inflammatory response syndrome (SIRS) in blood vessels. The
highest increases of plasma AM levels in the body occur during sepsis, with AM levels up to
40-fold higher than normal valug$&ibbons et al., 2007AM is linked to the immune

response observed in sepsis and has been found to be beneficial in the early hyperdynamic
stage. Experiments involving AdWerexpressing mice have shio that AM can provide anti
AYFELYYLFGO2NE YR oFOGSNROARFE STFSOGa RdzS
hypoxic injury of tissue@llaker et al., 1999; Isumi et al., 199®has also been shown that

AM even displays antimicrobial properties, with studies displaying AMs ability to inhibit
bacterial growthin vitro. However, due to the hemodynamic properties of AMsialso

involved in decreased peripheral vascular resistance in the hypodynamic phase of sepsis,
causing increased vascular permeability and vasodilation, leading to organ {sllarg et

al., 1998) Therefore care must be taken when using antagonists such as A§22
therapeutically, as the pharmacological effects might not always be beneficial depending on

the phase of sepsigiyvelin et al., 2001)

1.2.4 G Protein Coupled Receptors

G proteircoupled receptors (GPCRs) are a family of membrane proteins that are the largest
in the human genome and havenerged as one of the primary classes of drug targets
(Alexander et al., 2017The GPCR family all share a common structure, consistingof a 7
transmembranepolypeptide helix containing an extracellulast®&minus and an

intracellular &@erminus. The transmembrane domains are linked by three intracellular loops

and three extracellular loop@auser et al., 201{Figurel.?2).
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Figure 1.2 General Structural Features of GPJRe extracellular, transmembrane and intracellular domains
are outlined. The Merminus, Gterminus and Gprotein are annotated. Image createssing Sevier Medical Art

under the creative commons licence.

There are six different classes of GPCR, and they are categorised on the basis of their
sequence homologgFrderiksson, 2003Class A GPCRs are known as the rhodopsin family.
Receptors in thisaimily are also divided into various sub groups but all rhodopsin GPCRs
contain relatively short Merminal domains and respond to agonist ligands such as small
molecules, peptides and glycoproteifituteja, 2009)Class B GPCRs are known as the
secretin family. These receptors are activated by mediength peptide ligands (between
27-141 amino acid residueg)uteja, 2009)Class C GPCRs are known as the glutamate
family. The glutamate family contains a large orthosteri@idninal binding domain, with
some receptors in this family additionally containing an allosteric binding site withinthe 7
transmembrane domain. Other GPCR families include the adhesion family, which are often
involved in controlling processes such as cell migrati@gerstorm, 2008)and the Fzd

family, which are crucial to cell proliferation and embryonic developni&ateja, 2009)



GPCRs are activated by external peptides such as peptide hormones or nerotransmitters.

Agonist binding to a GPCR results in a conformational changd) attivates the G protein

and enables the GDP molecule to be exchanged for guanine triphosphate (GTP). This causes

GKS D LINRPGSAY G2 aLXAlG AyGz2 (62 adodzyyiAday

then initiate various signalling pathwagsigire 1.3).

One of the key mechanisms of the activation of GPCRs is the increase in concentrations of

intracellular cyclic adenosine monophosphate (CAMP) from.gp&hway, during which the

Gsunit allosterically activates the enzyme adenylyl cyclase which catalyses the conversion

of adenosine triphosphate (ATP) into cAMRMP can then go on to activate protein kinase
A (PKA) which can result in the activation of transcription factors, leaditige expression

of particular gene$Wu, Yeerna et al., 2019yigurel.3). Detection of cAMP in biochemical
assays is a commonly used method to study class B GPCRs in mor@dgsalogical
functions resulting from the G protein include the syritesis of estrogen and progesterone,

as well as contractility in the cardiovascular sys{&yrovatkina, Alegre et al., 2016)

Alternatively, if the @ pathway is activated the production of cCAMP is hindered, inhibiting
the signalling pathwayfigurel.3). G control the opening of ion channels, as well as
activate phospholipases and phosphodiestera®s, Yeerna et al., 2019physiological
functions of this pathway also include cardiac activation, as well as regulation of immune

cells and renal funatn (Syrovatkina, Alegre et al., 2016)

Another majorsignalling pathwayor GPCR#iclude the G4 pathway, which leads to
activationor inactivationof phospholipase @epending on the &, subtype When
activated, phospholipase C catalyses the hydrslggphosphatidylinsositol diphosphate
(PIR) into diclycerol (DG) and inositol triphosphates)JBoth of which act as secondary
messengers. DG can then go on to activate protein kinase C, whitstnli®pen calcium ion

channels to increase intracellul&€&* (Wu, Yeerna et al., 201@9Figurel.3). Physiological

Fdzy OlA2ya 2F GKAa LI GKgl& AyOf dzR-GellsLI | St S

(Syrovatkina, Alegre et al., 2016)
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The Gterminal tail of an active GPCR can be phosphorylated by GPCR kinases (GRKSs). This
phosphorylated @erminal region can then be bound by adapter/signalling molecules

1Yy26y-t NBB&IAYyaaNNByRAWEA RF Dt/ wa-praidh YIF NAf & &
signalling, and thus can be involved in mediating signalling cascades resulting from GPCR
activation. Arrestins can additionally promote GPCR trafficking and internalisation pathways,

as well as initiate [gernative signalling pathway&urevich and Gurevich, 2019)

1.2.5 Introduction to CLR/RAMP receptors

Receptor activity modifying proteins (RAMPS) are single transmembrane spanning proteins.
They were first identified by McLatchie et al in 1998, resulfingh an expression cloning

strategy when identifying the receptor which is activéitey the CGRP peptide. (Mdthie,

1998). There are three known RAMPs in existence, RAMP1, RAMP2 and RAMP3, and are
characterised by structured extracellulast®rmini andshort intracellular @erminal tails.

There are currently 46 GPCRs which are known to couple to a RAMP, and coupling of GPCRs

to RAMPs can have profound effects on their pharmacology, including ligand selectivity,



GPCR trafficking and G protein signalliflge effects of RAMP coupling to selective GPCRs

are summarised in Tablel.

Table 1.1¢ Selected GPCRs known to interact with RAMPs and the effects of these interactions

CLR (CGRP, AMMy) RAMP13

Receptor trafftking

and modulation of

ligand pharmacology

(McLachtlie, 1999

CTR (AMY AMY;, RAMP13 Modulation of ligand  (Poyner, 2002

AMY;) pharmacology

VIPR1 RAMP13 Modulation of (Christopoulos,
receptor signalling Christopoulos et al.,

2003)

VIPR2 RAMP13 Modulation of (Wootten, Lindmark et
receptor signalling al., 2013)

GCGR RAMP2 Modulation of ligand  (Weston, Lu et al.,
pharmacology 2015)

CRHR1 RAMP2 Receptor trafficking  (Wootten, Lindmark et
and modulation of al., 2013)
receptor signalling

Secretin RAMP3 Receptor trafficking  (Harikumar, Simms et

al., 2009)

As mentioned above, the calcitonliike receptor (CLR) is a class B GPCR. The 7
transmembrane CLR domains can form a heteromeric receptor by coupling to a single
receptor activity modifying protein (RAMBJay & Pioszak, 2016)he ceexpression of the

CLR with RAMP1 gives the CGRP recébigurel.4). The CGRP receptor is stimulated by

the CGRP peptide, although other Calcitonin family peptides have also been shown to bind
to this receptor(Weston, Winfield et al., 201§Yablel.2). CGRP binding to the CGRP
receptor has been implicated lood flow regulation and pain modulation, whilst research
has shown that CGRP receptor stimulation has a primary role in migraine stimulation

(Hansen, Hauge et al., 2010)



Coexpression of CLR with RAMP2 and RAMP3 give the adrenomedullin recepi@asdAM
AM;y, respectively (Figurg.4). The AMreceptor is primarily stimulated by the AM peptide,
although other Calcitonin family peptides including CGRP, AMY, and CT can also bind here
with relatively strong affinitfTablel.2). The AMreceptor is also pmarily stimulated by

AM, although IMD has been shown to bind with almost equal affinity for this recépadile

1.2). AM signalling through AMand AM has shown to be implicated in promoting vascular
integrity, angiogenesis and many other physiologicatpsses mentioned above. The AM

receptors, however, have been implicated in tumour development.

It has been shown that receptor coupling to the RAMPs is crucial for cell surface expression

2T GKS /[ wX FyYR (§KSNBT2NBWOTFhg RAMPsTcday OG A2y | &
additionally be linked to the calcitonin receptor (CT), to form amylin receptors; AMYY

and AM¥when the CT is linked to RAMP1, RAMP2 and RAMP3, respe(kietyreaves &

Olesen, 2018 LG Aa |faz2z @g2NIK y2iAy3 GKFG GKS /¢
surface expression and can function independently as a GPCHRylhtiglgl the complexity of

the effects RAMP coupling has on GPCR pharmacology.

AM, receptor

RAMP mediated effects
L + Enable receptor cell surface trafficking

Ox at * Alter GPCR pharmacology (ligand selectivity/specificity) 7 {
P o * Influence coupling to GPCR downstream signaling pathways T ’
‘ * Mediate receptor recycling/degradation (T

Figurel.4 ¢ Composition and classification of CLR/RAMP recept@smbination of CLR with RAMP1 (blue)
forms the CGRP receptor, CLR and RANERW) forms the AM receptor and CLR/RAMP@¢en) forms the
AM: receptor. The three different RAMPs forms three pharmacologically different receptatRAMP

mediated effects are sumarised Imagetaken from Avgoustou, 2020



Table 1.2¢ Rank order ofpotency ofCalcitonin family peptides on CLR/RAMP receptdbata from Hay et al,
2018 Weston et al, 2016 and Moore and Salvatore, 2012.

CGRP CLRRAMP1 hCGRP > AM, AM2 > AMY
CT

AM; CLRRAMP2 AM > AM2 3 CGRP > AMY
>CT

AM; CLRRAMP3 AM, AM2 > CGRP > AMY :
CT

1.3 Structural Characteristics of CLR/RAMP receptors

1.3.1 Structural Characteristics of RAMPs

The crystal structure of the RAMB%tracellular domain (ECRJas resolved by Kusano et al

AY HAany® ¢KS LINGSIf NG, dbieayBam SGRE 26FSbs 3Sy hm |y
(Figurel5)d ¢ KS KSf AO0S& I NB I NNJ y 3S Relixaligndd inarKk NB S K
FYGALI N €St YFIYYSNI NBtEFGAGS G2 hm yR hoo
&0NHzOGdzNBE O2y i Aya I (Kdsinb, Kikinotdliiio etiak, 8008/ dzo ¢ LJ2 &
result, there is an absence of an expected hygno bond between the carbonyl group of

Leu39 and the GIn43 amino group. Further abnormal hydrogen bonds around Leu39 include

those between the Leu36 carbonyl and Leu4l amino, Arg37 carbonyl and Thr42 amino, and

Glu38 carbonyl and Thr42 sidechain.

A

Therek NE GKNBS RA&dzZ FARS 02YRA& 4AGKAY GKS & NIz
FYR huHX /@&apt YR [esa Mmn2 LdRiyRyisSatidSys2aysa2 K S h m
connecting the NI S NJY A y dza-h a 2 {(FigRr&.5)h The Cys4Cys72 and Cys57

Cy4.04 disulfide bonds have been shown to be crucial for stabilisation of the RAMP1

structure, with individual Eninemutations of these residues impairing expression of the
CLR:RAMP1 dimer at the cell surféi€awasako, Kitamura et al., 20q8mms, Hay «l.,

2006) It is thought that the Cys4Qys72 distide bond also stabilises the kink at Leu39 in

GKS hm KStAEDP ! RRAGAZ2ylItftées GKSNB | NB KeRNERL
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Phel01. It is likely that these interactions also play a role in structure stabilisation.

The electrostatic potential of the RAMP1 ECD revealed a hydrophobic patch in the concave
area0 S 6SSY "unw YR hox O2yaraidAiyda 2F (GKS NBaAFR
patch is highly conserved across all three RAMPs. Mutagenesis studies on these residues

have shown that aniline substitution has lead to a significant loss of cell s@facession

and CGRP bindirfguwasako, Kitamura et al., 2008uggesting that these residues form a

binding interface with the CLR ECD. This is backed up by previous modelling(Sunies,

Hay et al., 2006)

C2%C82

/ ninT H

[ pifr mnn

Figure 1.5 Structure of the RAMR ECD. (MRAMP1ECDIBY H , - y 0 0O Y| 3Sy (i lhalices,a O2 Y LINR
GAGK huw FEATIYSR Ay Fy I yiA LKBNRedefseSiew. ¥ tystains disul@e bohds NB R 2
are highlighted in yellownd labelledimage was generated using PyMol Molecular Graphics System, Version

1.7.4.5 Educational Product, Schrodinger.

1.3.2Structural Characteristics of RAMP2

The RAMP2 ECD wastfresolved by Kusano et al 2012. Despite there being only 30%

sequence homology between RAMP1 and RAMP2, they exhibit a very similar structure. As
GAGK w!atmZ w! atKStIORYSE A y&AA GiIK NBSS "h v KSEAE |
manor with resped (0 2 " (Figwrel.6. Thedkey difference between the RAMP1 and
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the two proteins easily distinguishabl{Eusano, Kukimotdliino et al., 2012)

Additionally, RAMP2 contains two disulfide bonds. These include the -Cys®® bond

0SG6SSyYy (GKS "wm | YR -Cysl131KbSrid, wWhih sinkstlofRl withkite C/ & &y n
terminal tail(Figurel.6). As in RAMP1, these bonds are crucial to the structtahllgy of

the ECD, with mutagenesis of these four cysteine residues leading to a reduction of AM
affinity for AMi. TheCys27 @ ayH 02y R Ay w!atm GKIFIG O02yySOi:
h o | y Rermif@Qail Is absent in RAMRRusano, Kukimotdliinoet al., 2012)

Cdzi KSNXY2NB UGUKSNBE A& || KERNRLK26AO LI GOK 0Sis
RAMP1, this time including Tyr93, His124 and Phel28. As with the equivalent residues in the
hydrophobic patch of RAMPL1, these RAMP2 residues form interactions vidtheSidues

contribute to CLR binding, and therefore cell surface traffickifagsano, Kukimotdliino et

al., 2012)ter Haar, Koth et al., 2010)

C68-C99

Figure 1.6 Structure of RAMP2 ECPA) The RAMP2ECDOBY o! vCO 62N} y-ES6AO0Sgarpaia ?
FftAIYSR AY Fy | yiAiLIBEYstdin® disuliide joydS alé higRlightedin ye§owr and ared
labelled.Image was generated using PyMol Molecular Graphics System, Version-EddcationhProduct,

Schrodinger.
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1.3.3Predicted Structural Features of RAMP3 ECD

¢KS a0NH2OUGdzZNBE 2F w! ato KI & &BMstudieaondhAMNE a2t @S
receptor have resolved it in complexation with the GLRang, Belousoff et al., 2023

later). There was a low resolution around this structure at thehhinus, however, making

the specific structure of the RAMP3 ECD unclear. However, the general structure indicates
GKFGZ tA1S wl!atm YR -iwSfakt @Sa wd oo amip@raflel i A F\EAS R
manner compared to RAMP1 and RAMP2.

Structural predictions about the RAMP3 ECD can also be made by aligning the sequences of
RAMP1, RAMP2 and RAMP3 (Figurg The Leu39 residue, which forms a kinked structure

in RAMPL1, is also presentRAMP3. This could suggest that the kinked structure in the

wlatm hm KSEAE A& |faz2 LINBaASyid Ay w!atod ¢KS
FoaSyO0S 2F (GKA& | Ay | equentdiahginizit dbaBhowsythe i KS h m K
conservation of csteine residues in RAMP3 compared with RAMPL. It is therefore likely that

0KS w!atm RA&dzZ FARS 02yRa&a o0FaaSByFThARERUMI YR
and the Germinal tail (Cys57 @ amn n 0 = -hloy R 22K $-tenyiiius arekaBo b

present n RAMP3.
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Figurel.7 ¢ Amino acid sequences of the ECDs in RAMP1, RAMP2 and RARdB8ues highlighted in red
indicate common residues found in all three RAMPSs, and residues highlighted in blue indicate similar residues.

Curly lines indicate regions of secondary structure.

1.3.4 Structural Characteristics of CLR and Receptor BinditesSi

Ter Haar et al have published the crystal structure of the unligandedRBMP1 ECD

O2YLX SEd ¢KS /[ w FT2NXYPwm KA OKS (LA O BNE A I M &BAIR
I YR h nH (Flg8dl.8 A $he RAMP1 3 helix bundle sits perpendicular te stiucture.
There is then a long, fingdike irregular secondary structure from residues&bin the CLR,
with the Trp72 residue at the tip of the finger, forming the so called Trp shelf, which forms a
key part of the binding sitéer Haar, Koth et al2010) This structure is stabilised by

disulfide bonds between Cys48ys74, and Cys@Bys105. Mutation of Cys48 has shown to
significantly reduce CGRP potency and receptor cell surface expression, highlighting the
importance of this interaction in struatal stability of the proteir{ter Haar, Koth et al.,
2010)(Barwell, Miller et al., 2010)

There are numerous interactions between CLR and RAMPL1 that help stabilize the dimer,

GAOGK (KSasS AYyGSNIOUOA2ya Yzalte 20@dNNAyYy3I oS
RAMP1 @erminal region(Figurel.8 B (Tablel.3). There are several hydrogen bonds

involving CLR glutamic acid residues, including GIn54 with the backbone amide of RAMP1

14



Argl102 and Cys104, and GIn 50 with His97 and Phel01 sidechains and Pro105 amide
backbong(Ter Haar, 2010) (Table3). RAMP1 His97 arRhel01 interactions are consistent
with predictions reported previousliKusano, Kukimotdliino et al., 2008and from

mutagenesis studieuwasako, Kitamura et al., 20q3pblel.4). Additional hydrogen

bonds include those between the sidechains of TWR9 and RAMP1 Asp90, and between
CLR GIn45 and RAMPr60. CLR Tyr49 and GIn45 have previously been shown to be crucial
for receptor cell surface expressifnom mutagenesis studig®arwell, Miller et al., 2010)

There are also further hydrophobic aractions between CLR Tyr46 and RAMP1 Trp59 and
Phel01.

Table 1.3¢ Key amino acid residue interactions between CLR and RAMP1 proteins in the CGRP receptor

Met42 Tyr66, Arg67, Ala70, Hydrophobic
GIn45 Tyr60 Hydrogen Bond
Tyr46 Trp59, Phel01 Hydrophobic
Tyrd9 Asp90 Hydrogen Bond
GIn50 His97, Phel01, Prol105 Hydrogen Bond
GIn54 Argl02, Cys104 Hydrogen Bond

Table 1.4¢ Effect of mutating key CLR amino acid residues in the CGRP receptor

CLR GIn5¢ RAMP1 Arg102, Cys104 Reduced cell surface expression of CLF
RAMP1 dimer

CLR GIn5§ RAMP1 His97, Phel01, Pro105 Reduced cell surface expression, impair
CGRP binding

The CGRReceptor binding site consist of a pocket and a hydrophobic patch separated by
the Trp72 shelf. The patch extends from the base of CLR loop4 to lodp®atains CLR
residues Trp72, Phe92, Phe95 andlPA4(Booe, Walker et al., 2015)he pocket is much

larger and extends from the base of CLR loop4 to loop2 and RAMP1, containing CLR residues

15



Trp72, Asp0, Gy71, Tra21, hrl22, Tyr124 and RAMP1 8pand Re85 (Booe, Walker et
al., 2015)CLR and RAMP1 binding pocket residues are summarised inlTable

Table 1.5¢ Amino acid residues in CGRP receptor binding pocket

CLR Asp70, Gly71, Trp72, Phe92, Phe95, Trp:
Thrl22, Tyrl24
RAMP1 Trp74, Trp84, Pro85

Despite there being very limited sequence homology betwe&MP1 and RAMP2, the CLR
RAMP2 ECD complex in the Afglceptor is very similar to the CIHARMP1 complex in the

CGRP receptqKusano, Kukimotdliino et al., 2012)As with the CLLRAMP1 ECD, there are
KERNRBLK2O6AO YR KE@RNRBLKARKZOAR YINVBRI Wiiaey ah w Sl
helices(Figurel.9 A). The hydrophobic interactions include CLR Met42 with RAMP2 Tyr93,
Arg97 and Ser94, CLR Tyr46 with RAMP2 Trp86, Tyr93, His124 and Phel28, CLR Tyr49 with
RAMP?2 lle120, Phel21 and His124, and CLR Met53 wiRRRhel21, GIn125 and Alal29
(Kusano, Kukimotdliino et al., 2012{Figurel.9 B (Tablel.6) . Hydrophilic interactions

include GIn45Tyr93 and Tyr4%lull7 CLIRAMP2 hydrogen bondEigurel.9 G (Table

1.6). Additionally, CLR GIn50 forms hydrogen bonik the sidechains of RAMP2 His124,
Phel28 and Serl132, whilst CLR GIn54 forms hydrogen bonds with RAMP2 Alal129 and
Cys13XKusano, Kukimotdliino et al., 2012)

16



Figurel.8¢ Structure of the CGRP receptor ECD.Q4grview of the structure of the CLR (cyan) and RAMP1
(magenta) interface BB 3N7P)(B)/ f 2 4 S dzLd 2F (G KS AK/SItSINGF | IOSR ovB!GiastSs yh H [ lwy

revealing hydrophilic and hydrophobic interactions between the two proteins. Hydrogen bonds are indicated

by dashed linedmage was generated using PyMol Molecular Graphics System, V&rgidrs Educational

Product, Schrodinger.

Additionally, CLR GIn50 forms hydrogen bonds with the sidechains of RAMP2 His124,
Phel28 and Serl132, whilst CLR GIn54 forms hydrogen bonds with RAMP2 Alal129 and
Cysl131Kusano, Kukimotdiino et al., 2012)

17



Table 1.6c Amino acid residue interactions between CLR and RAMP?2 in the Réteptor

Met42 Tyr93, Ser94, Arg97 Hydrophobic
GIn45 Tyr93 Hydrogen Bond
Tyr46 Trp86, Tyr93, His124, Hydrophobic
Phel28
Tyr49 lle120, Phel21, His124 Hydrophobic
Tyr49 Glul17 Hydrogen Bond
GIn50 His124 Hydrogen Bond
Met53 Phel21, GIn125, Alal29  Hydrophobic
GIn54 Alal29, Cys131 Hydrogen Bond

The importance of many of the interactions between CLRRAMP2 have been confirmed
by mutagenesi¢Tablel.7). The His124Ala mutant significantly reduces cell surface
expression of the AMreceptor, highlighting the importance of the interaction with CLR
GIn50 (Kuwasako, 2008). Alanine substitution of CLR Ta=lflso been shown to have a
similar effect, whilst CLR Met42 and GIn45 substitution both lowered potency of AM
(Watkins, 2014). Furthermore, deletion of RAMP2 T¥p8692 also reduces cell surface
expression despite not appearing to make any significantact with RAMP2Kuwasako,
Kitamura et al., 2001(Kusano, Kukimotdliino et al., 2012)implying that these residues
may be important in altering the conformation of RAMP2 so that it forms an interface with
the CLR.

Table 1.7¢ The effects of mutatindkey amino acid residues in the CLR/RAMP?2 interface in they Addeptor

CLR Met42 Reduced AM Potency

CLR GIn45 Reduced AM Potency

CLR Tyr49 Reduced Surface Expression
RAMP2 His124 Reduced Surfadexpression
RAMP2 His127 Reduced Surface Expression
RAMP2 Trp8®ro92 Reduced Surface Expression
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The binding pocket of the AMeceptor is like that of the CGRP in that it contains a pocket
and a hydrophobic patch separated by the Trp72 shelf. The @atdipocket contain the

same CLR residuegceptthe RAMP2 residues R97, E101, E105 and @dde, Walker et

al., 2015)Tablel.8). There are also differences in the shape of the CGRP andiAiing
pockets. RAMP2 in ANk shifted relative to RAMPLinDwt = gA 0K hu Of 24 SN {
ho 06SAYy3 TdzNI K §Klibahas KuRimotNd® ¥t al/, Z012)A$ awesult, the

ligand binding pocket of AMs shorter than that of CGRP, with RAMP2 residues Arg97,
Glul01, Leul09, Phelll and Pro112 closer to the su¢fagerel.10). Another key feature

of the AM. receptor is the occlusion of the binding pocket by the large Arg97 sidechain. The
equivalent regue in the CGRP receptor is RAMP1 Ala70, which is much smaller and hence
this occlusion is not observd#igurel.10). RAMP2 Arg97 additionally forms an
intramolecular salt bridge with RAMP2 Glul101, which cannot be observed between

equivalent RAMPL1 resigs Ala70 and Trp7d&usano, Kukimotdiino et al., 2012)

Another key difference between the ligand free CGRP andbAMing pockets are the

positioning of CLR residues. A notable example is Arg119 on CLR loop 4. The sidechain of this
residue points awyafrom the binding pocket in AMwhereas in CGRP this residue is

positioned towards the binding pocket, pointing towards CLR Trp72 (FiglOe

Additionally the position of Trp72 also differs between the two binding pockets, with the
sidechain of thisesidue orientated further towards the binding pocket in CGRP than in AM
These differences imply that the presence of a different RAMP in the two receptors may
allosterically alter the conformation of the CLR, which could be a factor in ligand selectivity
between the CGRP and Akéceptors(Booe, Warner et al., 2018)

Table 1.8¢ Amino acid residues in the Abbinding pocket

CLR Pocket: Asp70, Gly71, Trp72, Trpl21,
Thrl22, Tyrl24
Patch: Phe92Phe95, Tyr124

RAMP2 Arg97, Glul101, Glul05, Prol112
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Figure 1. Structure of the AM receptor ECD. (Apverview of the structure of CLR (green) and RAMP2

(orange) interface (PB 3AQF).B) Close up of the CERAMP2 interface depicting hydrophilic interactions
between the CLR and RAMP2. Hydrogen bonds are indicated by dashe@)@#sse upf the CLFRAMP2
interface depicting hydrophobic interactions between CLR and RAMIRBe was gerated using PyMol

Molecular Graphics System, Version 1.7-&E&8ucational Product, Schrodinger.
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Figure 1.1@ Structure of the ligand free CGRP receptor ECDRRBN7P) superimposed onto the ligand free
AM: receptor ECD (BB 3AQF). (Apuperimposition of the CGRP CLR (cyan) onGlRR (green), and RAMP1
(magenta) on RAMP2 (orangéB) Close up view of the binding pocket showing RAMP residue differences and
the relative positions of key CLR binding pocksidues. Key residues are labelled and highlighedtein
structures were superimposeasing PyMol Molecular Graphics System, Version 1-/Eé&cational Product,

Schrodinger.
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There is currently no resolved crystal structure of the,ANID but previgss mutagenesis
studies can allow predictions of some of the key interactions between CLR and RAMP3.
Mutation of RAMP2 residues & have previously shown to reduce cell surface expression
of the AM. receptor. Mutation of the equivalent residues of RAMP3.926 showed a
significant decrease in AM affinity at AMand although it was not clear in this case if this
was due to a reduction in cell surface expression, these residues are unlikely tdydirect
contact the AM peptidéKuwasako, Kitamura et al., 200Eurther studies have shown that
mutating RAMP3 residues His97 and His110 did reduce cell surface expression of AM
(Kuwasako, Kitamura et al., 2008)has been confirmed that RAMP1 His97, thaiealent
residue, forms key interactions with C{tB Haar, Koth et al., 2010possibly implying that

these same interactions are observed in RAMP3.

1.3.5CrycEM Analysis of CLR/RAMP Transmembrane Domains

The transmembrane CERAMPL1 interface has beeesolved by Liang et al using Cryo

Electron Microscopy (CryeM). It was revealed that RAMPL1 is positioned at an interface

formed by CLR TM3, TM4 and T#gurel.11), with hydrophobic interactions occurring

between CLR TM5 and the upper half of RAMPD Téhd between CLR TM3 and the base

of the RAMP1 TMILiang, Khoshouei et al., 2018he key interactions between the CLR

and RAMP1 TMDs are hydrogen bonds between RAMP1 Glul113 and CLR ECL2 Tyr278, TM5
Thr288, and TM5 His289, with mutagenesis of theselves leading to a deease in CGRP
potency(Liang, Khoshouei et al., 2018)
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Figure 1.11¢ Structure of the CLIRAMP1 interface in the CGRP receptor TMDBPGE3Y)(A) Orientation of
RAMP1 TMD in relation to the CLR TKBYKey interaction between RAMP1 and CLR TMDs. CLR is coloured in
cyan and RAMP1 is coloured in magenta. Key residues and regions are lalmeltggiwas generated using

PyMol Molecular Graphics SysteWersion 1.7.4 8ducational ProducGchrodinger.
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More recently, Liang and emorkers have resolved the structures of both the Adhd AM
receptors using Cyr&M. The CLR/RAMP interface was again studied, with focus on the
interface between RAMP2 and RAMP3 and the CLR on tha®dVAM respectively (Figure
1.12) (Figurel.13). Comparisons were made with the CGRP receptor from previous Wsrk
with RAMP1, RAMP2 and RAMP3 form an interface with TM3, TM4 and TM5 of the CLR and
loop over the ECL2 of the CLR before forming a disordered linker that connects the TMD to
the RAMP ECQiang, Belousoff et al., 2020)he key differences between tiidi R/RAMP
interface at the AM receptors includes RAMP3 exhibiting tighter packing with the CLR TMD
when compared with RAMP2, and the interactions between the RAMP linker and the ECL2
of the CLR. RAMP3, and RAV@rm hydrogen bonds between A3 of both RMP1 and
RAMP3, and bothhr288 and k289 of the ECL2 in the C{FRgurel.13). This was not the

case for RAMP2, but there was a potential hydrogen bond occurring betwes®8%of

RAMP2 andfir288 of the ECL2, which may limit productive engagement with2# iang,
Belousoff et al., 202QFigurel.12). Key residug involved are listed in Table9.

Figure 1.12; Structure of the CLIRRAMP?2 interface in the AMreceptor TMD (PB 6UUN).CLR is coloured in
green and RAMP?2 is coloured in orange. Key regions are lalellege was generated using PyMol Molecular

Graphics System, Version 1.7 -4%lucational ProducGchrodinger.
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v ‘\
A
Figure 1.13; Structure of the CLIRRAMP3 interface in the Alreceptor TMD.(A) Orientation of RAMP3 TMD

in relation to the CLR TMIB) Key interaction between RAMP3 and CLR TMDs. CLR is coloured in blue and

RAMP3 is coloured in red. Key residues and regions are labetiegle was generated using PyMol Molecular

Graphics System, Version 1.7 -4%lucational ProducGchrodinger.
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Tabk 1.9¢ Some key residues involved in the interaction of CLR with the RAMPs at the CLR/RAMP
interface of the CGRP, AMind AM: receptors

CGRP Y278&CL2 D113, R112 Liang, 2018
T288’M5/ECL’2
W254™M4

AMy T28gM5/ECL2 S39 Liang, 2020
H2ggeL2

AM; IpZBELEE=Es D113 Liang, 2020
H28gFcL2

1.4 Peptide binding in CGRP, AMind AM: Receptors

1.4.1 Mechanism of Binding

The binding of a peptide to a class B GPCR is thought to occur via a two domain model
(Hoae, 2005)Moore and Salvatore, 201.2)he @erminus of CGRP and AM firstly binds to

the extracellular Nerminus of the receptorholding the peptide in placé\ peptide
conformational changes then inducecnabling the Nerminus to bind to the

juxtamembrane of the CLR¢tvating the receptor (Figurg.14). This is demonstrated by

the fact that a CGRP peptide missing its first seven amino acids can bind to the receptor but
not activate it, behaving as a functional antagorfidbore and Salvatore, 2012)lon

peptide antagonists such as small molecules can inhibit this mechanism via competitive
antagonism of the receptor binding si(Bell, 2014, Hoare, 20050)his is achieved either by
blocking the receptor Nerminus and preventing the peptidet€rminal region from
GANRLIIAYTE GKS NBOSLII2NE 2NJ oeée of201Ay3a GKS

terminal region from binding there, preventing receptor activation.
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Figurel.14¢ Structure of the CLIRAMP3 interface in the Aklreceptor TMD (A) Approach of peptide to
GPCR(B) Interaction betweerpeptide Gterminus and receptor Nerminus (C) Interaction of peptide N
terminus with receptor juxtamembraneesulting inactivation of the receptor. Image was generated using

Biorender.

1.4.2 CGRP Binding to CGRP Receptor

There have been many attempts made to understand binding of CGRP and AM to their
respective receptors by resolving the structure of CGRP and AM bound receptors. The
Crystal structure of the-@rminus of CGR to the CLIRAMP1 ECD complex has been
resolved by Booe et al, with the binding of theg@minus of the peptide to the Nerminal

ECD of the receptor suggesting that the peptide follows the-dwmain binding model
mentioned above. The crystal structuresthe ECDs of the CGRP and:Aé¢eptors have
revealed that CGRP and AM both occupy positions near CLR loops 2, Baae 4AWalker

et al., 2015)Figurel.15. CGRP primarily contacts the CLR, but key RAMP contacts are also
formed, despite only the -@rmini of the peptides being in close proximity to the RAMPs.
CGRP is completely devoid of secondary structure when bound to the receptor, and Gly33
loc 2y [ Dwt F20NdyNdy @  ¢cORRBUISIIBnphanRaS it allows the

contact to the CLR ¢p via hydrogen bonds between the main chain of the turn and CLR
Ser117, Arg119 and Trp121 side chgBwsoe, Walker et al., 201®) ¢ -ku® also allows

the peptide Germini to occupy to respective pockets.
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The CGRP peptide extends along the CLR pattipocket and makes key contacts with CLR
loop 3 Trp72, Phe92, Asp94, and Phe95, and CLR loop 4 His114, Arg119, Trp121, Thr122 and
Tyrl24 (Figuré.15. Mutations of all of these residues reduces CGRP potency at the full
length receptor by >20 fold, higghting the significance of the interactions between CGRP

and these residue@ooe, Walker etal., 201®) L & A & -iurk Bat alSvslielpR S |
position the CGRP-t€rminal amide groups to hydrogen bond to CLR Thr122, whilst also
allowing the CGRPt€rminal residues to stack against GIn71, Trp72, and RAMP1 Trp84.
CGRP Thr30 forms further main chain and side chain hydrogen bonds with CLR Glu94, whilst
an additional interaction is formed between CGRP Val32 and CLR Trp72. RAMP1 W84 is the
only RAMP1 redue which makes contact with CGRP, forming a hydrophobic interaction

with CGRP Phe37. Mutation of this residue has also shown to reduce CGRP (idtzorey

Gingell et al., 2010Mutagenesis studies on the CGRP peptide are also in agreement with

the crysal structure, with Thr30, Val32 and Phe37 mutations resulting in complete losses of
CGRP binding affinifload and Pioszak, 201Bey CLR and RAMP1 residues for CGRP

peptide binding are summarised in Talld0.
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Figure 1.1%; Binding of CGRP peptidet€rminus to the CGRP receptor EGB) Ribbon representation of
CGRP peptide (yellow) binding to the CGRP recepiiit #4RWG). CLR is coloured cyan and RAMP1 is
coloured magentalmage was generated using PyMol Molecular Graphics System, Version-Edudcational
Product, Schrodingen(B) Outline of contacts between the-terminus of the CGRP peptide and the CLR and
RAMP1 ECDknage was generated using PyMol Molecular GrapBicgem, Version 1.7.4.Educational
Product, Schrodinger.
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CyrcEM studies on the CGRé&ceptor TMDhave further provided an insight into how the

native peptide binding occurs between the peptideéédminus and the C-RAMP1 TMD
complex.(Figurel.16) Analysis of the receptor bound CGRP structure confirmed that the C
terminus is the only point of direct contact between the peptide and RAMP1, and that the
CGRPN SNXYAYIFf LISLWGARS 221 A& 0dzNR-BelRx, RSSLJX &
forming severaVan der Waals interactions with the DR L. Liang et al., 2018here are

also a small number of hydrogen bonds formed between the peptideridinusand the

CLR core, including betwedyr292 and CGRRsB, Hs295 and CGRMib and $r286 and

CGRP HL0. There are extensive interactions between CGRP and TM3, TM5 and ECL2 of the
CLR, whilst there are very limited interactions with ECL2 or ECL3. Bek9b,th series of

amino acids includingeR98, leu302, Met223 andTyr227 forms the bottom of the peptide
binding pockef{Liang, Belousoff et al., 2020)

Figure 1.1&; Binding of CGRP-Mrminus to the CGRP receptor TMD. @yerview of CGRP-tdrminus
bound in CLIRAMP1 TMB)Focus on interactions between CGRP faefshinus and CLR TM5 and ECL2. CLR

is coloured in cyan, RAMPL1 is coloured in magentath@CGRP peptide is coloured in yell&igy residues
and regions are labelletimage was generated using PyMol Molecular Graphics System, Version-1.7.4.5

Educational Produc&chrodinger.
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1.4.3AM Binding to AM Receptor

As with CGRP to the CGRRPeptor, AM binding to the AMreceptor follows the twe

domain model. The crystal structure of the&minal end of AM bound to the CIERAMP2
ECD has also been resolved by Booe et al. Similar to CGRP, réogitdrAM is also
devoid of secondary structa. Thel -turn in the peptide, this time from AM residues Ser48
Gly51 allows hydrogen bonds with CLR loop 4 Serl17, Arg119 and Trp121, as well as
allowing the @ermini to occupy their respective positions in the pockboe, Walker et

al., 2015)

The AMpeptide extends along the Ajybocket in a similar way to way to CGRP at the CGRP
receptor, forming contacts with the same residues as stated alBoee, Walker et al.,
2015)(Figurel.17). However, despite mutation of CLR residues Trp72, Phe92, Phe95,
Trpl21 and Tyrl24 reducing AM potency by stdldl, CLR Asp94, His114, Arg119 and
Thr122 only exhibited a-#bld to 9-fold reduction in AM potency. This is in contrast to the
CGRP receptor, in which deletion of all these residues resulted in a dramatic CQRIRA

potency, particularly with the Asp94 mutatigBooe, Walker et al., 2015)

There are also more contacts with RAMP2 for the AM bound rébkptor than for RAMP1

in the CGRP bound CGRP receptor. The points of contact were between RAMP2 Arg97,
GlulolaR Dfdzvanp YR !a [@&anc | Yy RturtEitlperD). Syl 6t SF
Mutagenesis data has shown a dramatic decrease in AM potency with deletion of RAMP2
Glul01 and Phell(Watkins, Walker et al., 2014Booe, Walker et al., 2018Yoore,

Gingell ¢ al., 2010) whilst interestingly deletion of Arg97 and Glu105 had no effect on AM
potency, implying that contacts with these residues are not as crucial. Mutations of AM
Lys46 and Tyr52 abrogates AM binding, confirming the importance of these AMegsid

AM Tyr52 also contacts the Trp72 shelf, which is enabled by interaction of AM Lys46 with
the Trp72 shelf via a helical turn in this region. This further enables AM Ala42 and Phe43 to
contact the hydrophobic patciKey CLR and RAMP2 residues forp&lgtide binding to AM

are summarised in Tablke10
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Figurel.17¢ Binding of AM @erminus to the AM receptor ECD(A) Ribbon representation of the AM
peptide (magenta) binding to the Alleceptor (FDB 4RWF). The CLR is coloured in green and RAMP2 is

coloured in orange. Key residues are highlighted and labdheaje was generated using PyMol Molecular
Graphics Systenviersion 1.7.4.5Edwcational Product, SchrodingdB) Interactions of AM (Asp3¥Yal41) with
CLR amino acid residues. Key residues are highlighted and labeke was generated using PyMol
Molecular Graphics System, Version 1.7&®&ucational Pragct, Schrodinger(Q Interactions of AM Lys46
Tyr52 with CLR and RAMP2 amino acid residues. Key residues are highlighted and lisiagjéedias

generated using PyMol Molecular Graphics System, Version L.Edugational Product, Schrodinger.

32



CyreEM sudies have also provided an insight into how the ANENMinal region binds to
AM: and AM receptors(Liang, Belousoff et al., 202@s observed with CGRP, there are no
direct interactions between the peptide-términi and the RAMPs for AM bound to eithe
receptor. AM adopted a conformation that consisted of atelninal loop formed by a
RA&dzZ FARS ONARRISST T 2f-helix¢Fyirel .G The dedpkse AL | Y LIKA L
residue in tke receptor core is Gly19 (Figutel8). AM binds into an open cavity that is
splayed by the outward movement of TM6/TM7/ECL3, and there are limited interactions
between the peptides and these receptor segmerthl forms extensive interactions with
CLRTM3, TM5 and ECL2, as well as additiornteractions with TM1 and the top of TM2.
This included interactions commonly observed with other class B GPCRs, including CLR
His295, which likely forms hydrogen bonds terZ0 in AM(Figurel.18). It has also been
indicated that the 1295 residue playa key role in driving G protein coupling. The
interactions between AM and the ANECL2 seem to be more selective at the distal
segment, whilst the interactions are more selective with the middle region of ECL2 in the

AM; receptor.
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Figure 1.18; Binding of AM Nterminus to the AM receptor TMD. (ADverview of AM Nerminus bound in

CLRRAMP1 TMDB)Focus on interaction between CLR His295 and AM Thr20 and on Gly19, the deepest
residue in the receptor core. CLR is coloured in green, RAMP?2 is coloured in orange and the AM peptide is
coloured in yellowKey residues and regions are labelledage was gnerated using PyMol Molecular

Graphics System, Version 1.7 -4%lucational ProducGchrodinger.
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1.4.4Differences Between Ligandound and Ligandree Receptors

CGRMbound CLARRAMPL1 reveals a clantige movement of CLR loops 3 antak taken
placecompared to ligandree CLRRAMP1(Figurel.19). This is likely due the interaction
between CGRP Thr30 and @isgbn = | & ¢-fufn Eonthcts beliviéed CLR loop 4,
including CGRP Phe35 and CLR S€Bdae, Walker et al., 2015)dditonally, there is a
slight shift in Arg119 residue in the ligabdund structure, which helps accommodate the

peptide, whilst RAMP1 Phe83 also rotates away from CLR I{feigutel.19).

There are only minor conformational changes in ligandbound AM receptor compared

with the ligandfree receptor(Figurel.20). The AM Thr3TCLR contact moves thetsirminal
NEIA2Y 2F hm (261 NRa !ax gKAfad GKSNB Aa
significant side chain conformational differend@ooe, Walker et al., 2019nterestingly,
RAMP2 His102 appears to rotate 180 the AM bound structure compared to the unbound
structure (Figurel.20), although mutation of this residue does not decrease AM potency or
AM; cell surface expressigKusao, KukimoteNiino et al., 2012jBooe, Walker et al.,

2015) so it is unclear why this happens.
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Figurel.19¢ Superimposition of ligand bound and ligand unbound CGRP receptorR{Bhon representation

of alignment of CGRP bounddB 4RWG) and unbound [fi& 3N7P) CGRP receptors. Arrows indicate a shift in
the helices after the peptide has boun@) The dfferences in residue positions for amino acids in the CGRP
receptor binding site between ligand bound and ligand unbound structures. Structures aligned using PyMOL

Molecular Graphics System, Version 1.7-&8ucational Product, Schrodinger, LLC.
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Figure 1.2Q; Superimposition of ligand bound and unbound ANeceptor. (A)Differences between binding
pocket RAMP2 amino acid residue positions in ligand bound and ligand unbourédeytor ECDEB)
Differences between binding pocket CLR residue positions in ligand bound and ligand unbowned&dtbr.
Structures aligned using PyMol Molecular Graphics System, Version &, Edugational Product,
Schrodinger, LLC
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1.4.5Peptide Selectivity Detaninants

One of the determinants of peptide selectivity between @AMP receptors is thought to

be due to the differences in RAMP residues in the peptide binding pocket. CGRP Phe32
forms a hydrophobic interaction with CLR Trp84 in the CGRP receptor bpubket. The
equivalent RAMP2 residue in the same position is Phell1l, which cannot contact CGRP
Phe32. Additionally, in RAMP2 Glu101 forms hydrogen bonds with AM Lys46 and Tyr52,
whilst the equivalent RAMP1 residue cannot form this interac(®ooe Walker et al.,

2015)(Booe, Warner et al., 2018)

Despite the RAMP residue differences in the binding pockets of the CGRP and AM

receptors, the limited peptide contacts with the RAMPs imply that this is not the only

determinant of peptide selectivity abese receptors. Another reason for this is due to the

way RAMPs allosterically modulate CLR conformation. Differences between CLR protein

when coupled to RAMP1 or RAMP2 include different conformation of CLR Arg119, an

unwound NG SNXYAydza 2F VU {WwXhamdzo b iyRI &KAFER LIY . B2 S/ [Sw
AYyOSaGAIFGSR S aKRASOD 2 Fr2yKRI 2iINky 3 G KS O0A Y
Lys46Leu mutant, which in theory would push AM Tyr52 to adopt a similar position to CGRP
Phe37, sterically disfavoudnCLRv! at H O0AYRAY3d RdzS G2 # HOfl akK ¢
loop. All AM Lys46Leu mutants saw a decrease inlAndling affinity and an enhancement

in CGRP receptor binding affinity, thus confirming the importance of this allosteric effect

(Booe, Warner eal., 2018)

Peptide interactions with the CGRP, A&hd AM receptors at the transmembrane level are
also very similar, further suggesting that allosteric effects of the RAMPs on CLR
conformation play a key role in peptide binding. From the &jbmays, the biggest
difference between each receptor is the location of the ECD relative to the receptor core,
suggesting that conformational dynamics may be the key determinant of receptor
phenotype(Liang, Belousoff et al., 2020)his is highlighted by thadt that CGRP ECD
location is much more distinct compared to the AM receptors. The lower resolution of the
AM; ECD compared to AMECD suggests that there is greater dynamic motion of this region
in AM, with this observation being backed up by molecublanamics simulations. This is

consistent with tighter packing interactions by RAMP3 to CLR icAiMpared with RAMP2

38



to CLR in AM and stronger interactions between the proximal linker and ECD in(Aikhg,
Belousoff et al., 2020)

1.4.6 AM Bound toAM Receptor

AM bound to the full length Alvreceptor has been visualised by GigM studiegLiang,
Belousoff et al., 2020As with the CLRAMP interface, the resolution on the receptor ECD
was poor, meaning the specifics of theeg@minal end of the pptide binding to the ECD is
unclear. However, thé&M peptide appeared to bind tosimilar position in the binding

pocket to AM, so speculations can be made about the possible prdtgand interactions.

RAMP3 Glu74 is predicted to be the equivalentdesito RAMP2 Glul01. This implies that

there could be a possible hydrogen bond between RAMP3 Glu74 and AM Tyr52, similar to
that seen between Tyr52 RAMP2 Glul101 inpAMutating this residue has previously seen a
decrease in AM potency at AlVproviding futher evidence for thigQi and Hay, 2010)
Additionally, RAMP3 Trp84 is equivalent to RAMP1 Trp84, meaning that this residue could
stack against AM Tyr52 and make contact with CGRP Phe37. Mutating this residue has led to
a reduction of both CGRP and AMguacy at this recepto(Watkins, Walker et al., 2014)

which could explain why CGRP peptide has a higher affinity fothev for AM.

Binding of the AM Merminal region to the AMreceptor has been elucidated using Gryo
EM. There were several sianiities observed compared with AM binding at AM, including
the fact that there were no direct interaction with RAMP3 and that most interactions of the
peptide occur with CLR TM3, TM5 and EQli2ng, Belousoff et al., 202®igurel.21). The
conformation of bound AM in the TM region of AM also very similar, mirroring the-N
GSNYAYLFE f22L) I-hElRobaeikved\hen bourfd o IAIMThelinte@actibns
between AM and the AMECL2 seem to be more selective at the distal segmentsiwthé

interactions are more selective with the middle region of ECL2 in therédéptor.
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Figurel.21- Structure of AM Nterminal domain bound to AM TMD. (A)General structure oAM Nterminus

bound to CLRRAMP3 TMD. CLR is coloured in yellow, RAMP3 is coloured in red and AM peptide is coloured in
yellow.Image was generated using PyMol Molecular Graphics System, Version-Eddcational Product,
Schrodinger(B) Comparison ointeractions between AM and AMMD (left panel) and AM and AMMD

(right panel). For AMthe CLR is coloured in grey and for ANe CLR is coloured in blue. AM peptide is

coloured in red in both cases. Image taken form Liang et al, 2020.
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Tablel.10¢ Key CLR and RAMP residues involved in peptide binding at CGRRNMINMAM:

receptors
[RecehorT | [CeRReses | RAMP Reiiies | [Retetenc=s
CGRP W72, F92, D94, F95 W84 (Booe, Walker et al.,
H114, R119 W121, 2015)
Y124 (Barwell et al., 2010
AMy W72, F92, F95, E101, F111 (Booe, Walker et al.,
W121, Y124 2015)
(Watkins, Walker et
al., 2014)
AM: No data E74, W84 (Watkins, Walker et
al., 2014)

1.5Development of Small molecule Antagonists for CGRP and RBteptors

1.5.1 Olcegepant and Telcagepant

Olcegepant (BIBN4096BE)gurel.22) was the first small molecule developed as an
antagonist for the CGRP receptor. The compound was discovered by Boehringer Ingelheim
Pharmaceuticals from high throughput screening lég&igurel.23), containing andys-D-
di-Br-Tyr dipeptidelike structue. This core structure is maintained in Olcegepant, with the
SAR mainly focusing on the evolution of the terminal, pipedidited dihydroquinazolinone

in compound2, eventually leading to Olcegepaffitigurel.23). In vitrobinding studies have
revealeda greatr affinity towards the CGRP receptor £{K14.4 pM) than CGRP itself£K

31.7 pM)(Doods, 2000). Kinetic studies, however, have showed that equilibration of
Olcegepant to the receptor was achieved at 120 minaties uM,with a ks value of 0.0Q8

mint, demonstrating slow binding kinetics (Schindler and Doods, 2002).

The structure of Olcegepant bound to the CLR/RAMP1 complex wdsegdxy ter Haar et
al (Figurel.24) Olcegepant stretches across the interface of RAMP1 and deep into a

hydrophobt binding pocket. There is a hydrogen bond formed between the quinazoline
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moiety and the backbone NH and carbonyl of CLR residue Thr122, whilst the piperidine ring
stacks on the Trp shelf of the receptor (Fgl.24). A branch formed by an amide linkage
contains a dibromotyrosyl group, in which the hydroxyl group interacts via a water
YSRAIFIGSR K@RNRBISY o062yR 6AGK /[w h/m FyR w!at
between the carbonyl group on the second amide lirkagd the indole NH of CLR Trp72. A
salt bridge is formed between side chain carboxyl group of RAMP1 and Asp72 and lysine of
Olcegepant, and finally there is a stacking interaction between the terminal pyridyl group
and the aromatic ring of CLR Phe92, wfite pyridyl group also forming a hydrogen bond

with the CLR side chain Asp94 carbonyl grgepHaar et al., 2010Key CLR and RAMP1
residues involved for Olcegepant binding to the CGRP receptor are highlighted in (Table
1.12)

Olcegepant previously underwent clinical trials as a potential migrane treatment. The drug
was found to be very effectivat reducing migrane symptoms in the double blind trial
compared with the placebo, and also exhibited very few adverse side effects in the patients
(Olsen, 2004)However, due to the fact that the compound wakigh molecular weight,

polar, peptidelike @mpound containing more than 10 hydrogen bonding groups, the drugs
oral bioavailability was very poor. This meant that the only real feasible method of
administration was intravenous administratigRudolph, 2005), (Doods, 200Tjherefore

itQa | Ligisia@iugimoraglle for the treatment of migrane was limited.

HO Br

Olcegepant
Figurel.22¢ Chemical structure of Olcegepant
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Figure 1.23; Evolution of Boehringer Ingelheim lead compound 1 to Olcegepdhand IC50 values are for

CGRP
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Figurel.24¢ Olcegepant bound to the CLR/RAMP1 complék) Overview of Olcegepant binding to CLR

(cyan) and RAMP2 (magenta) EE)Close up view of olcegepant binding to the CGRP receptor ECD. Key CLR
and RAMP2 amino acid residues are outlined. Hydrogen bonds are indicated with dashdchbigeswas
recreatedfrom Ter Haar et al, 2010 angtnerated using PyMol Molecular Graphics System, Version 1.7.4.5

Educational Product, Schrodinger.
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Encouraged by the potency of olcegepant, companies such as Merck set out to find a potent
CGRP antagonist with good orabdvailability This led to the discovery oéltagepant
(Figurel.25) from screening lea® (Figurel.26). Initial SAR studies showed that replacing

the spirohydantoin moiety with a piperidylid/droquinolinedramatically improved CGRP
affinity (Williams,Stump et al., 2006)This group was later replaced with a
azabenzimidazalone fragmeséen in compoun®, as compound was prone to benzylic
oxidation(Burgey, Stump et al., 2006)he benzodiazepinone ring was also investigated,

with simplification to the caprolactanm Compound greatly improving oral bioavailability
(Shaw,2007)whilst the (3R,6S) stereochemistry of tharyl ring proved to be optimal for
binding affinity (Panone, 2007) (Figufe26). Optimization of the substitugs on the

caprolactam ring eventually led to TelcagepéPanone, 2007)

Although Telcagepafta L2 G Sy O0& (26 NRA0.78 KMy was Dwer thaNB O S LJi 2
GKFG 2F 2t 0S3aSLIyaGs AGQa t26SNI Y2 SOdzf I NJ 6SA
improved and was therefore more clinically applicable (Salvatore, 2008). Telcagepant also
displayed fast binding kinetics, with association rate constandkl.01 x 16 M-* min* and

a ko of 0.51 mirr! (Moore, Burgey et al., 2009)

F
F
F/%

N OO
S PW
F 'y
N
H \D\N NH
F @
Telcagepant

Figurel.25¢ Chemical structure of telcagepant
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Figure 1.26; Evolution of Merck lead compound 3 to TelcagepaHtvalues are for CGRP

Telcegapant contains subtle differences in structure but maintains similar bitapotpgy
to Olcegepan(ter Haar, Koth et al., 201Qfrigurel.27). As with Olcegepant, the piperidyl
moiety forms stacking interactions with CLR Trp72, whilst the carbonyl group of the amide,

this time on a sevemembered caprolactam ring forms hydrogen bonds with indole NH of
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the Trp72 residue. However, there is slighdifferent topology at the hydrogen bond
donor-acceptor site on CLR to hydrophobic pocket on RAMPladdieenzimidazole ring
system of Telcegapant forms additional hydrogen bonds at backbone carbonyl of CLR
Thr122 (Figurd.27). The binding of the diflerophenyl group appears hydrophobic, and
additional contacts arise between ligand wifkoethyl group and side chain of CLR &t
Haar, Koth et al., 2010Key CLR and RAMP1 residues involved in Telcagepant binding are

summarised in Tablg.11)

As Técagepant is significantly smaller and more lipophilic than Olcegepant, the
pharmacokinetic properties of this compound were significantly improved. Telcagepant
showed good oral bioavailability in rats (F = 22%) and dogs (F £RB3&1éj, 2009)Oral
bioavailability in monkeys, however, was lower (F = 6%) and not-gdaxeortional,
indicative of intestinal firspass metabolisnjRoller, 2009)Telcagepant is also highly
protein bound compared to Olcegepant. As a result of good bioavailability, affinity and
potency, Telcagepant became the first CGRP antagonist to reach clinicgRakds, 2009)
Despite promising results in phase Il and phase lll trials, however, there were several
reports of patients experiencing elevated liver transaminase, resulighepatoxicity risk.

This resulted in the drug being discontinued in 2011

The resolved crystal structures of Olcegepant and Telcagepant bound to the CGRP receptor
provided explanations for the observed SAR properties during the development of the tw
antagonists. The SAR studies during development of OlcegéRadblf et al., 2005)

showed that the piperidyl amide group is crucial to antagonist binding to the CGRP receptor,
as this forms extensive hydrogen bonds with CLR Thr122. In addition this unit caa form
stacking interaction with CLR Trp72. In telcagepant, there is a tight SAR around the
stereochemistry of the sevemembered caprolactam ringPaone et al., 2007Yhe 6

phenyl caprolactam is more active than thgfeny caprolactam as the latter cannot

access the hydrophobic pocket. Furthermore, the stereochemistry at this benzylic position is
also important, with the 3S compound resulting in a highly strained caprolactam ring that is

unable to adopt the confirmation riired for the phenyl to enter the hydrophobic pocket.

The binding modes of olcegepant and telcagepant are also consistent with previous
mutagenesis studies. Data frof#fl-CGRP radioligand binding assays on human and rat

CGRP receptors indicated that hatlcegepant and telcagepant were more potent on the
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human CGRP recept(¥iallee, Salvatore et al., 2002)he key residue was shown to be the

74 position on RAMP1, which forms the stacking interaction with the difluoroethyl group.

The corresponding resi@un rodent CGRP is a lysine unit, displaying the implications

RAMP1 has on the binding of CGRP antagonists. Additionally, mutagenesis has also revealed
a drop in potency when the CLR Met42 residue is substituted for an a(Mitier, Barwell

et al., 20D). This residue contacts the difluorophenyl group of telcagepant via hydrophobic

interactions according to the published crystal structure.

Tablel.11¢ Key residues involved in binding of Olcegepant and Telcagapent to CGRP Receptor

Olcegepant R38, M42, W72, F9: D72, W74 (ter Haar, Koth et
D94, T122 al., 2010)
(Miller et al., 2010)
Telcagepant 141, M42, W72, T12: W74, W84 (ter Haar, Koth et
al., 2010)

(Miller, Barwell et

al., 2010)
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Figure 127 ¢ Telcagepant bound to CLR/RAMPL1 interfad@) Overview of Telcagepant binding to CLR (cyan)
and RAMP1 (magenta) ECD comp{B)Close up view of Telcagepant binding to the CGRP receptor ECD. Key
amino acid residues are outlined. Hydrogen bonds are indicated with dashedltiraege wagsecreated from

Ter Haar et al, 2010 and wgsenerated using PyMol Molecular Graphics System, Version 1.EduBational

Product, Schrodinger.
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1.5.2 Further CGRP Receptor Antagonists

Further development of Telcagepant by Merck led to the discovery o8B (Figure

1.28). The aim was to improve the bioavailability and the pharmacokinetic properties of this
compound. The idea was to fuse a triazole ring to the caprolactam group of Telcagepant in
order to improve the aqueous solubility of the compound and m@&plasma protein
binding(Paone, Nguyen et al., 201Qompoud 7 showed similar in vitro affinity (K 1 nM)

and potency (IC50 = 1.6 nM), and improved aqueous solubility, but displayed poor
pharmacokinetics (F = 2%) which was thought to be due to lomimngne permeability

(Panone, 2011)Changing the triazole ring to an imidazole ring led to comp@,ndth

significantly improved membrane permeability and therefamproved bioavailability (F =
35%) whilst maintaining affinity and potency £<0.14 M, IC50 = 0.37 nMJPaone, Nguyen
et al., 2011)Figurel.28). Further optimization by varying substituents on the imidazole ring

gled to the discovery of

|3C
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F
F MK-2918
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Figure 1.28; SAR studies on Telcagepant leading to the discovery of29K Ki values are for CGRP.
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MK-2918, with much improved affinity and potency for the CGRP recepterK5 nM,
IC50 = 0.24 nMPaone, Nguyen et al., 201(E)igurel.28).

As well as Telcagepant and subsequently20K8, a 29 generation of CGRP antagonists

was developed by Merck from compouBdFigurel.29). Replacement of the
benzodiazepinone group with a benzimidazolinone group led to the discovery of compound
10 (K =21 nM, IC50 = 78 n\NBell, Bednar et al., 2006yigurel.29). It was also notethat

the stereochemistry of the spirohydantoin group was important for activity, with Be (
enantiomer proving to be significantly more active than tBegnantiomer. Further
modification of the spirohydantoin group to azaoxindole to improve receptodibg, as

well as the benzodiazepinone group led to the tricyclic compalbadvith significantly
improved affinity and potency on CGRP<R.23 nM, IC50 = 0.88 n¥Btump, Bell et al.,
2009)(Figurel.29).

—
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> O\:N(\@ 0 wNH
11 @N

Figure 1.2 SAR Studies on compoursdleadng to the discovery of Compound 1k values are for CGRP

K = 0.23 nM

Despite the sulmanomolar potencyn the CGRP receptor, compouhtiexhibited poor
bioavailability (F < 1%). This was thought to be due to the high polar surface area (PSA) of

the compound, which subsequently leads to poor membrane permealiBieyl, Bednar et

51



al., 2009) Decreasing PSA by amide rigidification and simplification of structure led to
compound12 with good affinity for CGRP; 1.9 nM)Wood, Schirripa et al., 200&igure
1.30). Interestingly for this compound, the stereochemistry of the spirohydantin group was
(9 instead of B. Compoundl2, however,also exhibited sub micromolar affinity for the
AM; receptor (K(AMp) = 710 nM), which meant further SAR studiesewequired to

improve CGRP selectivity. Modification of the benzyl group to-aifiro benzyl group

led to significantly improved CGRP selectivity ovep,Athilst subsequent reduction of
flexibility by incorporation of the simiembered lactam led taompound13 with
subnanomolar CGRP affinity €0.035 nM)Figurel.30). The drawback of compouri8

was that it displayed low bioavailability in monkeys, which was thought to be due to poor
agueous solubility and a susceptibility to oxidathaetabolism of the valerolactam. As a
result, increasing polarity of the molecule by incorporafdgbowchik, Conway et al., 2020)
a heteroatom into the lactam ring led to the discovery of 8207, a compound with sub
nanomolar affinity and potency for CGR¥= 0.021 nM, IC50 = 0.12 nM) and improved
bioavailability and pharmacokinetic profi{Bell, Gallicchio et al., 201(®Higurel.30. Mk

3207 was taken further to clinical trials.
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Figure 1.30; SAR studies on Compodril leading to the discovery of MB207. K values are for CGRP

Despite the initial success oél€agepant and V#8207, there were reports during clinical
trials that telcagepant was leading to hepatotoxicity in patients, leading to the drug not
being approved for the commercial market. Merck research laboratories later confirmed
that they thought that this just due to the chemical properties of the compound rather than
non-specific binding in liver cells. Further work by Merck led to the disgoveatogepant

and ubrogepan{Figurel.31), the first commercially available oral CGRP antagonist for the
treatment of migrane. Ubrogepant and atogepant are structurally similar to telcagepant and
differ only by their terminal benzene rings, with atogepaonntaining a triflorophenyl

group compared to the phenyl ring in ubrogepant. Atogepant is slightly more potent at the
CGRP receptor, with adf 0.015 nM compared to 0.067 nM for ubrogepant, suggesting
that the trifluorophenyl group leads to greater B potencyDubowchik, Conway et al.,
2020)
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Atogepant
Ubrogepant gep

Figurel.31¢ Chemical structures of Ubrogepant and Atogepant

1.5.3 Selectivity of CGRP Antagonists

Olcagepant and telcagepant are very selective for the CGRP receptdaheva¥ receptors.
Data has revealed, however, that despite this high selectivity the CGRP antagonists shown
above do show some affinity to the AM receptors. One of the key reasons for the selectivity
of CGRP antagonists is the differences in the aminorasidues between RAMP1 and

RAMPs 2 and 3. In RAMP2, for example, the key W74 residue for RAMPL1 in the binding
pocket is norconservatory replaced by an acidic glutamate residue (also observed at the
101 position). RAMP2 additionally contains a salt briokete&veen Arg97 and Glu101 in both
peptide bound and unligated AMThe RAMP3 ECD has not yet been fully resolved, but, on
the basis of a homology model, it is believed that the W74 residue is also replaced with a
glutamate residue. It is also thought thiZaie RAMP residues in the antagonist binding site in
which the small molecule antagonists interact could be very different in the AM receptors

compared to the CGRP receptor.

The CLR/RAMP pocket will differ the most between the binding sites of CGRP recepto

the AM receptors. Therefore, it will be the blue, aromatic pharmacophore of the antagonists
at the RAMP binding end that will modulate the selectivity of the antagonists. The W74
residue in RAMPL is replaced by a negatively charged, atidioésidue in RAMP2.

Although the W84 residue is also not conserved, this is replaced by the aromatic residue
Phelll This is also the case for RAMP3, suggesting that retaining the aromatic group but
introducing some basic centres to target the glutamate residught be the best way

forward to developing antagonists that are more selective for the AM receptors (see later).
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1.5.4 AM2 Antagonists

Potent AM antagonists have recently been discovered by Avgoustalas a potential
anticancer drugAvgoustou, Jailani et al., 202G gurel.32). The structure of this

compound was based off of the general structure of previous CGRP antagonists, with the
strategy to identify key differences in binding pocket residues between RAMP1 and RAMP3
and modify the RAMP binding end of the molecule accordingly. The key target was RAMP3
Glu74 residue, with the equivalent position in RAMP1 being Trp74. Therefore AM
antagonists were designed by using CLR binding fragments previously established in CGRP
antagonists whilst introducing basic centres into the RAMP end with the aim of forming an
ionic interaction with RAMP3 ETZirimwabagabo, Jailani et al., 202Using conpound12

as a starting point, a highly potent AMntagonist compound4 was discovered (CAMPsHC

= 0.63 nM), whilst displaying over 10€if)d selectivity for AMand 6fold selectivity for

CGRP.

The anticancer properties of compoudd was shownn vitro, with a 3 uM concentration
decreasing cancer cell viability over 9 days. Compdudnaas also effectiven vivq with
daily administration demonstrating 56% tumour growth inhibition in mice. The ADME
properties of compound4 also make it promising forrdg development. The compound
was shown to be moderately lipophilic (LogsB2 1.58) and showed moderate binding to
plasma proteins, with unbound fractions of 22.9% in humans. Additionally compbtind
displayed moderate inhibition of P450 enzymes, angldiged low inhibition of hERG
potassium channels (B0 > 30 puM), indicating low risk of cardiac arrhythridargoustou,
Jailani et al., 2020)

14

Figure 132 ¢ Chemical structure of lead small molecule antagonist fbe AM: receptor. CLR binding section

of the molecule is highlighted in blue, and the RAMP binding section is highlighted in red.

55



Despite the relatively modest selectivity for the AMceptor over the CGRP receptor for
compound9, the 10fold selectivityis still significant. The compound was synthesised by an
efficient synthetic route, with all 10 steps producing high to excellent yields, making the
compound accessible in reasonable quanti{i@simwabagabo, 2021 ompounds such as
these can provide aarting point for further potent, and more selective, small molecule
antagonists for the AMreceptor as well as help us to further understand how AM is

involved in the growth of tumours.

1.6 Aims and Objectives

Our group is currently devoted to findirsgnall molecule antagonistor CLR/RAMP

receptors. Developing antagonists such as these can aid in further understanding of how
RAMPs allosterically alter the pharmacology of the CLR, and by extension GPCRs. Previous
CLR/RAMP antagonist have been showtrgat against various diseases. Work by Merck
among others have led to highly potent and selective CGRP receptor (CLR/RAMP1) small
molecule antagonists which have been applied to the treatment of migraine. Two such
antagonists are now commercially avaibPrevious work in house has led to the discovery
of highly potent AM (CLR/RAMP3) receptor antagonists with high selectivity over the AM
receptor. Whilst not commercially available, these molecules have shown to be very
promising anticancer drugs, with vitro studies showing the inhibition of growth of a
pancreatic cancer cell line. They have also been shown to inhibit pancreatic cell gnowth
vivo.Furthermore, the compounds have shown promising potential for development into

druglike compounds.

Thisis focused on the development of potent and selective small molecule antagonist for

the AMy receptor (CLR/RAMP?2). This is currently an underdevelapsal no small

molecule AM antagonists have been reported in the literature. It is theorized that these
compounds could have medical applications, particularly in Septic Shock. AM concentrations
increase 40 fold during the onset of sepsis and it is thotiydt, due to the peptide being a
potent vasodilator, that AM plays a key role in the dramatic blood pressure drop observed
during septic shock. As AM signalling through the, Addeptor is thought to be the cause of

AMs vasodilator actions, we theorizeat compounds blocking this receptor will reverse the
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blood pressure drop seen in Septic Shock patients, to then allow treatment with antibiotics
to cure the initial infection. We will use classic medicinal chemistry strategies to design
potential AM. antagonists. Our starting points for this will be to design structurally similar
molecules to previous Apantagonists with focus on targeting RAMP2 residues, and to use
the results of a high throughput screening from a European Lead Factory to generate

candichte compounds.
Hypothesis:

1. Designing small molecules based on the-Atagonists but tweaking the RAMP
binding motifs to target RAMP2 residues will lead to potent and selective small
molecule AM antagonists.

2. Designing molecules based on the structurethefactive compounds from the
results of a high throughput screening from the European Lead Factory will lead to

potent AM antagonists
Objectives

1 Use previous AMantagonists and active compounds from the ELF high throughput
screening to design novel sthenolecule antagonists for the Aleceptor

1 Use the Schrodinger software Maestro to dock candidate compounds into the
extracellular domain of the AMreceptor to study their interactions with the CLR and
RAMP?2 proteins

9 Carry out the efficient chemical syresis of candidate compounds using well known
synthetic organic chemistry techniques

9 Carry out than vitrobiological testing of the synthesised compounds by measuring
their ability to inhibit the AM induced production of the secondary messenger cAMP
on CHOGK1 cells overexpressing the Akéceptor. Potent compounds will be

counterscreened against CGRP and,AM
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Chapter 2: Design of AMAntagonists Using Structures of Previous CGRP and
AM:2 Antagonists

2.1 Design of AMAntagonists from CGRP and Alntagonists

2.1.1 Structural Analysis of CGRP Antagonists

The chemical structures of the CGRP antagonists Olcegepant, Telcagep2it984Kd
MK-3207 can be divided into three different fragments or binding motifs based on the
regions of the CGRP binding pocket they associate with: the CLR binding region, the
CLR/RAMP interface and the RAMP/CLR interacting region (Bigur&€he CLR bindin
fragment refers to the region of the molecule that binds exclusively to the CLR end of the
receptor, whilst the CLR/RAMP interface fragment is designed mainly to target the CLR
Trp72 residue. Finally, fragments targeting the RAMP/CLR interacting regidesigned to

target variable residues on the RAMP1 protein.

During the discovery of Olcegepant (Figlrg A, large increases in potency were observed
when a hydroquinazolinone group was introduced into the molecule (Rudolph, 2005). This
structure cortains a hydrogen bond donor acceptor pair. The crystal structure of Olcegepant
bound the CGRP receptor revealed that this group forms hydrogen bonds with the amide
backbone of the CLR Thr122 residue (Fi@u2g indicating that this motif is key to

Olcegpant binding with the CLR end of the recepftar Haar, Koth et al., 201Qfrigure

2.1). The structure of Telcagepant contains a very similar CLR binding motif, with the crystal
structure of this compound bound to the CGRP receptor also confirming theaations

with the Thr122 residue (Figug?2). Although the crystal structures of the additional Merck

/| Dwt Fydlr3z2yrada KFayQd oSSy a2t gSRx Fftf adN
hydrogen bond donor acceptor pair, indicating that these compoursls farm similar

interactions with Thr122.

The structures of @egepant and Telcagepant also show that the dipeptide unit in

Olegepant and the heteroatoms in the caprolactam group of Telcagepant interact with the
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same residues, W72 of CLR and W74 and WY8AMP1, at the CLR/RAMP1 interface
(Archbold, Flanagan et al., 201The Lys moiety of Olegepant and the trifluoro ethyl group

of Telcagepant also occupy similar positions, with the pyridyl chain of Olegepant extending
further away from this site. Replacements for the seweembered caprolactam group on
Telcagepant havecluded the imidazoazepane group on 8818 (Figure2.1), whilst the
substituted imidazole group on this compound serves as a replacement for the caprolactam
carbonyl grougPaone, Nguyen et al., 201 For MK3207, the spiropentane piperazinone

core coresponds to the caprolactam group.

The receptor structure of Telcagepant shows that the halogen containing aromatic ring
accesses the rear of the hydrophobic binding pocket formed by the CLR/RAMPL1 interface. It
is thought that thecorresponding groups in MB207 and MK2918 do likewise (Figu2el).

SAR studies show that the stereochemical orientation of this group is important, as the R
configuration here instead of the S configuration leads to a significant decrease in potency

(Pame, Nguyen et al., 2011)
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Figure 2.1¢ Comparison of the chemical structures of CGRP antagonists Olcegepant (A), Telcagepant (B),

MK-2918 (C) and M#8207 (D), highlighting the key binding fragmenfghe CLR binding regions are
highlighted in red, the CLR/RAMP interface binding regions are highlighted in green, and the RAMP/CLR

interacting region is highlighted in blue.
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Figure 2.2; CLR binding motifs of Olcegepant (A) and Telcagepant (B) interacting with CLR Thr122 amide

backbone.Hydrogen bonds are indicated by dashed lines

2.1.2 Structural Analysis of AMAntagonists

The structures of current lead compounds AM; inhibitors are largely based on the

structures of the CGRP antagonists (see Chapter 1). As stated previously, the key differences
in RAMP3 residues compared with RAMPL1 residues in the receptor binding pocket were
exploited, whilst interactions with the ®Lend of the binding pocket were maintained
(Zirimwabagabo, Jailani et al., 202The key target was the RAMP3 Glu74 residue, with the
corresponding RAMPL residue being a Trp residue. With no available crystal structure, a
homology model of the Alvbinding pocket was subsequently constructed by transposing

the Glul05 side chain of RAMP2 into the RAMPL1 Trp74 position in the CGRP binding pocket
(Figure2.3). Subsequent docking studies led to the use of compdibwas a starting point
(Figure2.4) (Zirimwabagbo, Jailani et al., 2021)

During the process of the discovery of Alglad compoundL4 from compoundl5, there
was minimal optimisation of the CLR binding group of the molecule, with only a small
selection of CLR binding fragments investigated. The opt@hR& binding group for the AM
antagonists was the indene group also seen in32R7(Zirimwabagabo, Jailani et al.,
2021) The RAMP end of the molecule required significantly more attention during

optimisation, with key focus on varying the type and fiosi of the substituent on the
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benzyl group of the RAMP fragment. It was found that adding a benzylic amine group to the
2-position of the benzyl ring significantly increased Addtency, thus confirming the
hypothesis that adding basic groups to the RANRIing fragment would increase AM

potency (Figure.4).

Figure 2.3; Docking pose of Telcagepant (Magenta) and Compound 1 (Purple) in the homology model of
the AM:z receptor ECDThe CLR is coloured in yellow and RAMP3 is coloured inldydragen bonds are

displayed as dashed yellow liné&ey CLR and RAMR3iduesare outlined.. Image from Zirimwabagabo,
2021.
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Figure 2.4 Discovery of AMlead 2 from Merck compound ICLR binding fragments anéghlighted in blue,
whilst RAMP binding are highlighted in ré@50 values are displayed for comparison
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Although there is no crystal structure available for the binding of these compounds to the
AM_ receptor, analysis of the structures of lead Advhtagonist compound4, and

comparison to the structures of CGRP antagonists, can lead to predictions of the key binding
groups of these compounds. Previous evidence suggests that the lactam of the GhR bind
group will form hydrogen bonds with the backbone amide of the CLR Thr122 residue, due to
the retention of the hydrogen bond donor acceptor pair from CGRP antagonist CLR binding
group. Evidence also suggests that the pivalamide group is the CLR/RANE&t@&binding
fragment, in which the carbonyl of this group can form a hydrogen bond with the CLR Trp72
residue. Indeed, the dock of compoufidnto the homology model suggests that this
interaction, as well as the Thr122 hydrogen bond with the CLR lgiridigment, is present
(Zirimwabagabo, Jailani et al., 202&)nally, it is likely that the benzyl group of the molecule
reaches into the rear of the binding pocket and interacts with RAMP3 residues. As the
benzylic amine would be ionised at physiologmd| it can be assumed that this will form a

salt bridge with the RAMP3 Glu74 residue. As this residue is not conserved in RAMPL1 or
RAMP?2, it is likely that this interaction contributes to selectivity over the CGRP and AM
receptors (Figure.3).

2.1.3 Degyn of Potential AM Antagonistsand Hypothesis

As with the CGRP and the AMceptor, the AM receptor is a heterodimer consisting of the
CLR and a RAMP. The key difference between the three receptors is the RAMP part, with
RAMP2 being present in Alvather than RAMP1 or RAMP3 in CGRP angdraspectively.

The RAMPs just 30 % sequence homology, and the RAMP2 residues in thiediivy

pocket have been shown to be very different when compared to those in the CGRP binding
pocket(Booe, Walker et al2015) On the other hand, the CGRP, Advd AM residues

share the same CLR unit, with the CLR binding pocket residues remaining consistent across

the CGRP and ANMeceptor.

It is therefore hypothesisethat development of potent AMantagonists can be aeved
modifying the structure of previous CGRP anc:Aktagonists to target binding to RAMP2
binding pocket residues. To that end the aim was to use the optimized CLR end from the
AM:> antagonists, designated SHF355 (Figu&, and couple this fragmernib various

potential RAMP2 ends to perform a screening of potentiak AMagonists (Figur2.6).
Furthermore, examining the key RAMP residues in the CGRRaMAM antagonists
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(Table2.1), the biggest difference in RAMP2 was the serine residue atigo$i with the
equivalent residues being Arg67 in RAMP1 and Glu67 in RAMP3. Therefore it was
hypothesised that RAMP binding motifs containing hydrogen bond donors or acceptors

would provide antagonists with greater potency at the Afgiceptor.

0
NH
H2N - N
NG
SHF355
Figure 2.5¢ Chemical Structure of SHF355
O :
Linker
HN
\ SN N R_AM_P2
\ H binding
SHF355 fragment
CLR RAMP
receptor receptor

Figure 2.6 Outline of the design strategy for AMantagonists using a known CLR binding fragment, CLR B,
linked to potential RAMP2 binding fragments
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Table 2.1¢ Significant RAMP residue differences in t.R/RAMP receptor binding pocket identified during
the discovery of AM antagonist. RAMP2 residues displayed are in the equivalent positions to that of RAMP1
and RAMP3

67 Arg

Ser94 Glu
70 Ala Arg97 Thr
71 Asp Asp98 Asn
74 Trp Glul01 Glu

2.2 Synthesis of SHF355 BasedAWitagonists

2.2.1 Synthesis of SHF355

The synthesis of the SHF355 based antagonists began with the synthesis of racemic CLR B.

This was carried out using a route previously utilised in house (ScBdiné&he synthesis

began with the trimethylsilylethoxymethyl (SEM) protection of the indoteogien of 7

azaindole (Compount6) using SEMCI and sodium hydride to form compouid.

Compoundl7g | & GKSY 2EARA&ESR YR ONRBYAYlFGSR dzaAy 3
dibromo ketone, before debromination using zinc and ammonium chloride led to the

formation of compoundL9.

The next stage of the synthesis was to form compoR#dhe alkylating agent for the
formation of the spirocycle. Dicarboxylic a@i#lwas firstly reduced to the corresponding
dialcohol23 using borane dimethyl sulfide complébefore double bromination using

phosphorus tribromide successfully yielded the desired dibromo comp@dnd

With both compoundd.9 and24in hand, the next step was the formation of the spirocyclic
compound20. Using caesium carbonate as the base led mghccessful formation of
compound20, albeit at a moderate yield (45%). The lower yield for this step was likely due
to the instability of the dibromo compoun24. Compound20then underwent subsequent

nitro reduction to the corresponding aniline usingziand ammonium chloride, before
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finally deprotecting the SEM group using hydrochloric acid in methanol led to the successful

formation of SHF355.

NaH N Pyridinium Br
m SEM-CI m tribromide, | N o  Zn,THF
DMF ~ dioxane ~ NH,Cl(a
H 0°CtoRT SEM  (ocioRT SEM 0°CtoRT
16 18 h 17 3h 18 2h
98% 68%
o) o)
CSQCO3 Zn, THF
| ~ o DMF, 24 O,N N-SEM  NH,Cl(ag) HN N-SEM
N/ N —_— —_—
) RT, 18 h - RT, 6.5h =
19 o0 20 \ N 21 N
0, 0,
54% 49% 59%
o)
HCUMeOH  HN NH
RT, 6 h N
SHF355
75%
PBI'3
/©:CO2H BH3-DMS /@COH dioxane Br
° OH RT, 18h Br
O,N coH S ORT o ’ OzN
22 23 24
95% 44%

Scheme 2.%, Synthetic route towards racemic SHF355

2.2.2 Coupling of SHF355 to RAMP ends

SHF355 was next coupled to various fragments acting as potential RAMP binding motifs. A
variety of readily available carboxylic acids were linked to SHF355 via amide coupling using
hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU) as thdicgupagent

and Nmethylmorpholine (NMM) as the base (Schet®). This method had previously

been used in the synthesis of Alintagonists (Zirimwabagabo, 2021). The reactions were
carried out at a 10 mg scale before purification by high performancellicfwomatography
(HPLC). A range of aromatic carboxylic acids were used in the coupling, including those

bearing fluoro, bromo, nitro, trifluoromethyl and aniline substituents.
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Scheme 2.2, Coupling of potential RAMP (redinding motifs to SHF355 (blue) by formation of an amide
bond.
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A small range of available esters were also subjected to coupling to SHF355 via ester
hydrolysis to the corresponding carboxylic acid using lithium hydroxide, followed by
subsequent HATU coupy to SHF355 using the method described above (Scl2eBpe
Compounds produced by this method included RAMP ends with imidazole pyridine and Boc
protected piperidine. Compounds containing groups suitable for hydrogen bonding were
also coupled to CLR Bf®me2.4). Compound5was coupled to SHF355 at the acid

chloride, resulting in the formation of the SHF355 coupled ester compound. The ethyl ester
was additionally hydrolysed to the corresponding carboxylic acid. Both the ester and the

carboxylic acid we submitted for testing.

1. LiOH
MeOH/H,O/THF
o) rt, 3 h o)
JC P
R OR 2 o) R H
NH
H2N = N
N ]
HATU, NMM,
DMF, rt
(@]
o) S)LN
g N/\>—/< J N_n H
NN OEt —

o Q* 4 Tgi QQ%

Scheme 2.& Coupling of potential RAMP binding motifs (red) to SHF355 (blue) by formation of an amide

bond from the corresponding esters

69



0]

NH
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35 Y/
o}
(0] (@] NH LiOH O O NH
— AN
EtOJ\/\/U\N ~ N THF/H,O0/MeOH  HO N ~ N
H N / H N\ J

Scheme 2.4 Formation of SHF355 based Aldntagonists from compound 22CLR binding motif is
highlighted in blue and RAMP binding motifs are highlighted in red.

Other SHF355 based compounds were formed using available amines as RAMP ends
(Scheme2.5). This was achieved by linking the two fragitsetogether by the formation of a
urea link. The urea bridge was formed by firstly using the amine RAMP fragment and
triphosgene to form the corresponding isocyanate, followed by treatment of the isocyanate
with SHF355 and trimethylamine to form the ur@akker. Amines used in this coupling
included those with benzyl and alkene groups. There were also compounds containing
RAMP ends with the potential to hydrogen bond to Ser94, including methoxy ether

(compound22) and alcohol groups (compourd).
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Scheme 2.5 Coupling of potential RAMP binding motifs (red) to SHF355 (blue) via urea bridge formation.

2.3In Vitro Testing of CLR B Based AAhtagonists
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2.3.1 cAMP Assay Principles

Thein vitrotesting method for compounds produced during tA&l: screening is based on

the detection of cCAMPCAMPIs a secondary messenger released as a result of the activation
of GPCRs, therefore the inhibition of a GPCR will result in the inhibition of cCAMB in cel
expressing the desired receptor. The assay is éeskd assay and is based upon the
detection of receptor ihibition by timeresolved fluorescence resonance energy transfer
(TRFRET). In the absence of free cCAMP a europalrelled cAMP tracer binde a CAMP
specific antibody labelled with Ulight dye. When the europium (the FRET donor) is bound to
the Ulight (the FRET acceptor), light at 340 nm excites the europium and results in an energy
transfer to the Ulight. The Ulight will them emit light at%6m, which is the TRRET

emission (Figur@.7). In the presence of cAMP from activation of the GPCR, the Ulight
antibody will bind to the free cAMP, which will result in a reducedRET emission at 665

nm upon excitation of the europium (Figu?e?). In other words, %TRRET emission
corresponds to %inhibition. Following normalisation of the data using a blank control with
no agonist or antagonist (100%-FRET emission) and a control with no antagonist (0% TR
FRET emission), a graph of %FRET sigaalagonist concentration can be plotted to
determine the half maximum inhibitory concentration (IC50). Further details of the
procedure of this assay can be found in the Materials and Methods section (see Chapter 7)

In the absence of free cAMP In the presence of free cAMP

Excitation
TR-FRET 320 or 340 nm

Emission
FRET 665 nm
Excitation ’ e y No FRET

320 or 340 nm
Fluorescent

Ow-@ e < @@

Fluorescent Free cAMP
Emission
615 nm

Figure 2.7¢ Principles of the THERET detection system in the cCAMP ass@ye Edabelled cAMP tracer binds
to the Ulight antibody in the absence of cAMP and releasesBRER signal at 665 r{#). In the presence of
cAMP, the Ulight antibody binds to the free cCAMP instead, resulting iRRERET signéB).

2.3.2 AM Potency of SHF35Based Compounds
In order to determine how effective an antagonist the SHF355 based compounds are at the
AM; receptor, the compounds were subjected to the CAMP assay described above to

determine potency at laicking receptor activation. Firstly, the compounds formed with an
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amide link between the CLR and RAMP ends were tested fopatdncy (Figure.8), with
the results of this screening displayed in Fig2i@and Figure?.10.

o o) 0
ﬂizf iy i iy Qﬁ iy
H H 1 H N\ H N\

SHF143 SHF1430 SHF1437
0 0
i Q 0 NH o NH
MeO)J\©\)OJ\ NH N =\ N N\
N = H N/ N/
N HoN cl
H N /
NO,
SHF1438 SHF1447 SHF1448
o 0 o
(0] NH 0 NH (0] NH
caaaieiio o nate N CARAtY
—
7/ \=N N _ N\ Br~ N
. N~ CF,
SHF1457 SHF1497 SHF1498
0
0 NH
N ~°N
XOTO)(H \
o SHF1499

Figure 2.8 Structures of amide linked SHF355 based antagonists investigated in compound screening and

their corresponding SHF ID numbers

Despite the presence of the well known CLR binding motif, none of the compounds
displayed any potency towards the Akéceptor (Fyure2.9) (Figure2.10). The presence of
various substituents on the RAMP end of the molecules did nothing to gain any potency,
including aromatic methyl, halo, nitro and trifluoromethyl groups. Changing the phenyl
groups to pyridine or a fused imidazolgrmgline structure also did nothing to gain potency.
Furthermore, compounds containing potential hydrogen bonding groups such as Boc
protected amine (SHF143), methyl ester (SHF1438) or aniline (SHF1448) also displayed no

potency towards the AMreceptor.
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Figure 2.% Concentrationresponse plots of SHF143 (A), SHF1430 (B), SHF1437 (C), SHF1438 (D), SHF1447 (E)
and SHF1448 (F) generated from the cAMP as$agCompounds were tested on CLR/RAMP2 overexpressing
cells which were subsequently stimulated by #8€50 concentration of AM (1 nM). Data was plotted using

GraphPad Prism 9.0.
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Figure 2.1@; Concentrationresponse plots of SHF1457 (A), SHF1458 (B), SHF1497 (C) and SHF1498 (D)
generated from the cAMP assayheCompound was tested on CLR/RAMP2 overexpressing cells which were

subsequently stimulated by the EC50 concentration of AM (1 nM). Dasgpletted using GraphPad Prism 9.0.

The SHF355 based compounds made from acid chigédeigure2.11) were also tested for
AM; potency (Figur@.12). These compounds were especially interesting as the RAMP motif
contained ester (SHF1458) and carboxylic acid (SHF1501) groups with the potential to form
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hydrogen bonds with RAMP2 Ser94. Neither compound, however, showed any potency

towards the AM recepibor, suggesting that these interactions do not occur in this case.

@)
O o) NH
Eto)J\/\)J\N SN
H A /

SHF1458

@)

(0]
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Figure 2.11c Chemical structures of SHF355 based compounds SHF1458 and SHF1501
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Figure 2.12; Concentrationresponse plots of SHF1458 (A) and SHF1501 (B) generated from the cCARWP ass

TheCompound was tested on CLR/RAMP2 overexpressing cells which were subsequently stimulated by the

EC50 concentration of AM (1 nM). Data was plotted using GraphPad Prism 9.0.

The compounds formed by linking the CLR and RAMP motifs by a urea bridgeZHigure

were additionally tested for AMactivity (Figure€2.14). A small variety of urea bridged

compounds were tested but, as with the compounds above, these compounds showed

minimal potency at AM This included RAMP motifs such as methyl benzyl and alkenyl

groups. Potential RAMP hydrogen bonding groups such as methoxy ether (SHF1468) and

alcohol groups (SHF1500) also did little to improve potency.
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Figure 2.13; Chemical stactures of urea linked SHF355 based compounds investigated in compound

screening and their corresponding SHF ID numbers.
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Figure 2.14; Concentrationresponse plots of SHF1462 (A), SHF1468 (B), SHF1496 (C) and SHF1500 (D)
generated from the cAMP assafyheCompound was tested on CLR/RAMP2 overexpressing cells which were

subsequently stimulated by the EC50 concentration of AM (1 nM). Dasgpletted using GraphPad Prism 9.0.

2.4Docking of CLR B Based Analogues in AM

In order to rationalise why the SHF355 based analogues were not displaying potency at the
AM; receptor, the compounds were docked into the AMceptor ECD using Schrodeng
(Maestro 13.2)For docking studies on the Alveceptor, the ligand free crystal structure of

the AMy ECD published by Kusano et al was used (PDB: 3AQF). Other models of the AM
receptor available on the Protein Data Bank include thel#ddnd AM receptor ECD (PDB:

78



4RWEF), and the Cry&M structure of the full length AMeceptor (PDB: 6UUN). 6UUN was
not selected for docking studies due to the poorly resolved ECD on this seuethilst
3AQF was chosen over 4RWF as the ligea®lstructure more closely resembled the
conditions of the assay, in which the compounds were allowed to equilibrate with the

receptor before addition of AM.

Each compound generally docked in one of tvasgs in the AMECD. In the first pose, the
carbonyl and nitrogen in the spirocyclic lactam ring forms hydrogen bonds with the
backbone of CLR Thr122, whilst the benzene ring in the SHF355 end in the molecule stacks
against CLR Trp72 (Fig@rd5A). As prelicted, in this pose the designated RAMP end would
point towards RAMP2, with any interactions observed at this end between Arg97 or Glu101.
This pose is consistent with that observed from the crystal structure of Olcegepant and

Telcagepant binding to theGRRP receptofter Haar, Koth et al., 2010)

The alternative docking pose of these compounds shows them binding exclusively to the
CLR protein, away from RAMP2 (FigaibB. Generally the pi stacking interaction

between the SHF355 benzene ring and CLRZTiretained, but the hydrogen bonding
between CLR Thr122 backbone and the spirocyclic lactam is lost, with some compounds
displaying alternative interactions with Thr120 or Tyr124 in this portion of the molecule. In
many compounds, the amide nitrogenthre linker displays a hydrogen bond interaction

with CLR Asp70.

In the first docking pose, despite the RAMP end of the molecules pointing towards RAMP2
as predicted, the presence of the large Arg97 residue appears to block this part of the
binding pocke{ter Haar, Koth et al., 2010Jhis is evident given the number of
unfavourable interactions observed between this residue and the RAMP end of the
compounds. The presence of the salt bridge between Arg97 and Glul101 also means that
antagonist binding heresiunfavourable. Additionally, the Ser94 residue appears to be
shielded by Arg97, making it very difficult for the compound to contact this residue. It is
therefore likely that these compounds are too large to fit into the binding pocket in this
way. The dérnative docking pose is more likely to occur as this avoids the steric clash with
RAMP2 Arg97. However, in this pose many of the optimal interactions between the CLR end
of the compounds and the CLR protein are lost. Both of these points may explathegley
CLR B based compounds display minimal potency at theéddptor.
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Figure2.15¢ Docking poses of compounds SHF1457 (A) and SHF1448 (B) in theeedygtor ECDRDB

3AQF)(A) Demonstrates the docking pose in which the RAMP binding motif reaches out towards RAMP2,
whilst (B) demonstrates the pose in which the compound bindesscthe CLRhe CLR is coloured in green

and RAMP?2 is coloured in orange. Hydrogen bonds are indicated by yellow dashed linepiantepctions

are indicated by blue dashed lines. Key residues in the binding pocket are shown and labelled. Dacking wa
carried out using Schrodinger (Maestro 13.2) and the image was generated using PyMol Molecular Graphics

System, Version 1.7.4.Educational Product, Schrodinger.
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2.5 Conclusion

To summarise, the SHF355 based compounds formed in this work displagedagonistic
potency towards the AMreceptor, with a variety of different structures, including those
with hydrogen bond donor/acceptor groups, as RAMP2 binding fragments trialled. This is
despite the fact that compounds with the CLR binding fragmeneltdisplayed activity on
both the CGRP and Alveceptors. This is likely due to the compounds being too large to
bind to the AM binding pocket in the same way CGRP and &hagonists do at their
respective receptors, with the large RAMP2 Arg97 effelstisecluding the AMpocket and

blocking access to other RAMP2 residues such as Ser94.
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Chapter 3: Discovery of a Lead Antagonist Against the.ARdceptor

3.1 High Throughput Screening

High throughput screening Bdecome a very popular tool in the process of drug discovery.
They allow the screening of thousands of compounds or biological modulators against
selective and specific biological targets, and are often performed in-t&demicroplates in

order to achiee this (Kasibhatla, 2004). The overall goal of a high throughput screening is to
generate one or several lead compounds over a short period of time and effectively accelerate
the drug discovery process (Martis, 2011). The number of compounds screenedigh a

throughput screening can range between*2l@* compounds.

To develop a successful high throughput screen, several aspects need to be taken into
account. The first is the development of the bioassay. When a target is identified, a simple,
quick and re¢vantin vitrotest is needed to analyse the biological activity of compounds on
the desired targe(Aldewachi, AZidan et al., 2021)This test will be different depending on

the protein of interest. For GPCRs, 4xbked assays are generally based andetection of
secondary messengers released as a result of receptor activation. For example, there are
extensive methods available to detect cAMP release froms &ctivation, including
fluorescence polarizatiofPrystay, Gagne et al., 200Enzyme fragrant complementation
(Golla, 2002) and FTRRETNorskovLauritsen, Thomsen et al., 2014hich is our in house
method (see Chapter 2). Other assays include the detection?idba using photoproteins,

the detection ofi -arrestin recruitment using biolumescence resonance energy transfer
(BRET§Michelini, Cevenini et al., 201@phd the use of reporter genes, firefly luciferase for
example, to monitor the activation or transcription of a gefvasi, Kruyer et al., 202(or

other proteins,in vitro biochemical assays may be more suitable but are less suited to GPCRs

due to the low stability of purified recombinant GPCRs.

A bioassay for a HTS also needs to be of good quality and produce reliable data. To test this,
an initial study exclusively using pbg and negative controls is carried out. From this, the
assay Zactor can be determined, which is defined as the separation band between the

positive and negative controls (Zhang, 1999jacdor value is between-Q and can be
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calculated from the equabn below. A value of 0:-% generally indicates an excellent quality

assay.

oYO) o'YCE
DQwl U Qwée

SD = Standard Deviation, p = Positive Control, n = Negative Control

Another important aspect of a high throughput screening is the synthesis of compounds. If
the process is to be quick and efficient, alternative methods to traditional synthetic
techniques need to be useGzymanski, Markowicz et al., 201Examples of tkiinclude
parallel and combinatorial synthesis. Parallel synthesis is the process in which a reaction is
carried out in a series of wells such that each well contains a single different product. The
general idea is that a single reaction can be carriedvatlt different substrates in different

wells at the same time, resulting in the formation of several compounds at once. This process
is possible using miniaturized equipment, which allows the small scale synthesis and
purification of several compounds aminisynthetic laboratory. Combinatorial synthesis is

an alternative method in which mixtures of compounds are produced in each reaction vessel.
The compounds in each well are not separated and purified, but are tested for biological
activity as a wholelf biological activity is observed, then one or more compounds in the
mixture may be active. This process allows chemists to synthesize thousands of compounds

in a short space of timf.iu, Li et al., 2017)

High throughput screenings can generate hi@nirthousands of candidates. Despite this,
however, there are still several tests the hit needs to pass to make it to the market as a drug,
and the compounds are usually modified extensively to improve efficacy and pharmacokinetic
properties. Neverthelesdjits generated from high throughput screenings are often useful

starting points for generating a lead compound.

3.2 European Lead Factory High Throughput Screenrthgothesis and Aims

European Lead Factory (ELF) is a company that provide high qualgyfidiSa large
compound library with the aim of boosting drug discovery programmes by providing high

quality hits. There are approximately 500,000 compounds in the library, including 300,000

84



compounds from the ESCulab Compound Collection and 190,000 codgtrom the Public

Compound Collection.

One of our strategies to develop a lead AMceptor antagonist was to utilise the process of
high throughput screening. A grant was submitted to a European Lead Factory to carry out a
screening of their library focompounds on AM overexpressing celldt was therefore
hypothesised that the ELF higfroughput screening would generate some hit AM
antagonists, which we could subsequently modify and optimise to find a lead compound with

excellent potency o AM.

3.3 European Lead Factory High Throughput Screening

From the results of the ELF high throughput screenageries of hit compounds wer
identified with promising activity from their tests. Tlhlhemical structures of the most potent

compounds outlined inigure 3.1

(0]
-
= N
OH
SHF1480 SHF1482
0] O/\/\NHZ
g7z N~ \\/’EH\
72
OH ©/ +N- o
SHF1486
SHF1483

Figure 3.1¢ Chemical structures of hit compounds from European Lead Factory High Throughput Screening

3.3.1 European Lead Factory ANotency on In House cAMP Assay
Encouraged by the generation of hit compounds from the Europeaad Factory, the
compounds were tested on Albverexpressing cells using the in house cAMP assay (see

Chapter 2). pIC50 values for potent compounds are displayed in 34ble

85



Table 3.1¢ IC50and best fitdata for European Lead Factory Compounds on:/A#lls

SHF1480

SHF1482 SHF1483 SHF1486

6.10 6.05 6.00 6.56
0.165 0.132 0.183 0.180
0.7912 0.8505 0.7421 0.8139
104.0 97.45 100.6 79.18
-2.81 -8.69 -0.9880 -6.144

Amongthe most potent compounds in the European Lead Factory series were SHF 1483 and
AGQa RALl &ailSNS9 e BBEFI48%R), @ith minthree compounds displaying a
pIC50 value of 6.1 (0.79 uM). The most potent compound was4B88Fdisplaying a pBD

value of 6.6 (0.28 uM). To our knowledge these are the first compounds to display sub

micromolar potency towards the AMeceptor (Table.1) (Figure3.2).
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Figure 3.2¢ Concentrationresponse plots of SHF1580 (A), SHF1582 (B), SHF1583 (C) and SHF1586 (D)
generated from the cAMP assayompounds were tested on CLR/RAMP2 overexpressing cells which were
subsequently stimulated by the EC50 concentration of AM (1 nM). Dataletied using GraphPad Prism 9.0.2

and the IC50 was determined using a Hoear 3parameter inhibition curve.
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3.3.2 Counter Screening of ELF Compounds on CGRP and AM

The European Lead Factory compounds were also screened against CGRP> andrééf

to determine selectivity for AM(Table3.2). For AM and CGRP screening, the compounds
were tested at concentrations ranging between Bl and 1 pM. SHF1480, SHF1482 and
SHF1483 all showed incomplete inhibition curves at this concentration ranganing an

SEIFI OG0 LIL/ pn O2dz Ry B83. ThsSlataRirBplieS thar thesSdempoudds AlldzNS
display very good selectivity for AMver CGRP and AMSHF1486 presented more modest
selectivity for AM, being 14fold more selective for CGRP (p0C5 5.43) and 4old more
selective for AM(pIC50 = 6.02).

Table 3.2¢ IC50 data for European Lead Factory Compounds on CGRP and AM

SHF1480 6.10

SHF1482 6.05 <5 <5
SHF1483 6.00 <5 <5
SHF1486 6.56 5.43 6.02
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Figure 3.3¢ Concentrationresponse plots of SHF1580 (A), SHF1582 (B), SHF1583 (C) and SHF1586 (D)
generated from the cAMP assag.ompounds were tested on CLR/RAMP1 and CLR/RAMP3 overexpressing cells
which were subsequently stimulated by the EC50 concentration of QGG&RRM) and AM (2 nM) respectively.

Data was plotted using GraphPad Prism 9.0.2 and the IC50 was determined usindireaoBparameter

inhibition curve. CGRP curve is displayed in blue and the é&lve is displayed in brown
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3.3.3 Docking oEuropean Lead Compounds in Maestro

In order to gain an insight into where the European Lead Factory compounds could be binding
in the AM: binding pocket and which functional groups in the compounds could be key to
potency, the compounds were docked intoethAM; receptor ECD in MaestroPDB
3AQF)(Figurg.4) (Figure3.5).

The active diastereomers of SHF1483 fit reasonably well into the rAd&ptor binding
pocket, giving docking scores .1 kcal mol and ¢ 5.8 kcal mot for SHF148039 and
SHF14823R) respectivelyTable3.3), matching the trend shown in the experimental data.

In both cases, the left hand side of the molecule binds to the CLR end of the receptor. The
alcohol group on this side makes key interactions with protein for both diasterenmath

the SHF1480 alcohol forming a hydrogen bond with the carbonyl backbone of CLR Asp70 and
SHF1482 alcohol forming a hydrogen bond with the carbonyl backbone of CLR (HigL2®

3.4). The cyclic tertiary amine on the right hand side of the moleapfgears to interact with

the RAMP2 protein, with SHF1480 forming a salt bridge with Glu101. The corresponding
piperidine in SHF1482 instead forms aaiion interaction with CLR Trp72.

SHF1486 displays the most negative docking score of alidtiee European Lead Factory
compounds(-6.9 kcal mol) (Table3.3) The sulfone end of the molecule is predicted to
interact with the CLR end of the receptor, with the key interaction being a hydrogen bond
between one of the oxygen atoms of the sulfonedathe CLR Thr122 NH amide backbone
(Figure3.5). The NO group on the five membered heterocycle is predicted to form a salt
bridge with CLR Asp70, as well as-agtion interaction with CLR Trp72. The amine on the
other end of the molecule, meanwhile, edicted to interact with RAMP2, forming a
hydrogen and an ionic interaction with RAMP2 Glu101 and Glul105.
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Figure 3.4 Lowest energy docking pose of European Lead Factory compounds SHE2%86d (C)and
SHF1582(B)and (D)bound to the AM receptor (DB 3AQF)(A) and (B) show the 3D images of the

compound docked into the AMeceptor ECDIhe CLR is coloured in green and RAMP2 is coloured in orange.
Hydrogen bonds are indicated by yellow dashaddiand ppi interactions are indicated blglue dashed lines.

Key residues in the binding pocket are shown and labelled. Docking was carried out using Schrodinger
(Maestro 13.2) and the image was generated using PyMol Molecular Graphics System, Vérdibn 1.
Educational Produc&chrodinger(C) and (D) show the corresponding 2D ligand interaction diagrams
generated by Maestro 13.2. Hydrogen bonds are indicated by purple lines and ionic interactions are indicated

by red lines.
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Figure 3.5 Lowest energy docking pose of European Lead Factory compound SHF1486 bound to the AM
receptor PDB 3AQF)(A) 3D image of SHF1486 docked into ther Addeptor ECDThe CLR is coloured in

green and RAMP?2 is colouredarange. Hydrogen bonds are indicated by yellow dashed lines acatiph
interactions are indicated bgreendashed lines. Key residues in the binding pocket are shown and labelled.
Docking was carried out using Schrodinger (Maestro 13.2) and the imaggenarated using PyMol

Molecular Graphics System, Version 1.7-&&ucational ProducGchrodinger(B) 2D ligand interaction

diagram generated from Maestro 13 Hydrogen bonds are indicated by purple lines and ionic interactions are

indicated by red fies.

92



Table 33 ¢ Docking Scores of the lead ELF compounds in tha Addeptor ECD (PDB: 3AQBpocking scores
generated by Schrodinger (Maestro 13.2)

SHF480 -6.1
SHF482 -5.8
SHF486 -6.9

3.4SHF1556 and Hypothesis

3.4.1 Problems Associated with ELF Compounds

The suitability of a compound for druglikeness and oral bioavailability can often be
RSGSNXYAYSR o6& S@lftdza GdAy3d GKS LIKeaA2O0KSYAO!I

is frequently used as a guideline for this, and states that an orally active compound should

have a molecular weight of less than 500 daltons, a partition coefficient (Log P) of less than

5, no more than 5 hydrogen bond donors and no more than 10 hydrogen boeg@tacs

(Lipinski, 1997 + SNB SN & NMz S&a RRAGAz2ylFff& adlidS GK
10 rotatable bonds and exhibit a topological polar surface area (TPSA) of less thah 140 A

(Veber, 2002)Evaluation of the physiochemical properties of SHF1483 and SHF1486 shows

that both compounds obey all of the above rules (T&g, making them promising drug

candidates.

Table 34 ¢ Physiochemical Properties of SHF1483 and SHF1486.

Seels

4.1 2.0
1 2
3 8
6
40 5R 122.4 R
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However, aspite the promising potencyand physiochemical propertiesf the ELF
compounds on AN there are a few problems associated with these compounds that prevent
them from being suitable leads. SHF1483 and its diastereomers contain an alkyne and a
ketone within their chemical structures, both of which are undesirafde druglike
O2YLRdzyRa®d ¢KS 1S0G2yS Aa I NBlFazylofteée aiNRy:
could be prone to attack from nucleophilic amino acid residues from other proteins such as
enzymes. Alkyne groups can also be disadvantageous imcim&dchemistry due to their
ability to irreversibly inhibit cytochrome P450 enzymes in the liver, key enzymes in drug
metabolism(Talele, 2020)This is largely due to the alkylation of nucleophilic amino acid
residues in the enzyme active site. WhilstF3486 does not contain such undesirable groups,
the molecule itself is difficult to synthesise whilst there are also limited options open to

modify the compound to improve potency or pharmacokinetic properties.

3.4.2 SHF1556

Despite the problems with thELF compounds, a search of the literature found a compound
with structural similarities to SHF1486, designated SHF1556 (Aiyar, 2000) @®urehe
structure of SHF1556 is similar to SHF1486 in that it contained an oxidised sulphur atom
directly attacked to a 5Smembered nitrogerbased heterocycle and ariembered aromatic

ring (Figure3.7). Specifically, the heterocycle on SHF1556 is similar the phenyl ring in
SHF1486, the sulfoxide in SHF1556 is equivalent to the sulfone in SHF1486, and the nitro
groupin SHF1556 could be equivalent theO\substituent on the SHF1486 heterocyclic ring.

Aiyar et al have previously identified SHF1556 to have reasonable potency towards the CGRP
receptor. Using both a binding assay and a functional assay by measuringnthe¥sson of
radiolabelled ATP to cAMP by activated adenylate cyclase, affinity and potency towards the
CGRP receptor was measured for SHF1556 and its enantiomers Ebla both assays,
SHF1556, along with is (+) aRdghantiomers (absolute sterebemistry not defined) display

sub micremolar affinity and potency towards CGRP. Theefgntiomer was consistently

more active than the-f-enantiomer, displaying-fold greater affinity in the binding assay and

5-fold greater potency in the adenylateagse assay (Aiyar, 2000).
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Figure 3.7 Structural similarities between SHF1556 and SHF1488jion of the structures that are similar are
highlighted by a blue square

Table 35 ¢ Binding and functional assay data of SHF1556 on the CGRP receptor from the literature (Aiyar,
2000)

SHF1556 0.24 0.83
SHF1556 (+) 0.31 0.39
SHF1556-) 0.69 2.07

Evaluation of the physiochemical properties of SHF1556 also suggest that the compound

shows good suitability for druglikene§gable3.6). The compound has a molecular weight of

less than 500 daltons, a Log P value of 3.8, no hydrogen bond donors and 7 hydrogen bond

F OOSLIi2NRX (GKSNBT2NBE 20SeéAy3a ff 2F [ALAyalA
SHF1556 containing only 5 rotatable bonds and a TPSA of D3hevkfore tirther

highlighting the suitability of this compound as a lead compound.
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Table 36 ¢ Physiochemical Properties of SHF1556.

401.5

~No w

5
93.4 R

Given that SHF1556 contains structural similarities to SHF1486, and due to the promising

activity SHF1556 displays on the CGRP receptor, it was hypothesised that SHF1556 would
show good potency towards the ANeceptor and prove to be a useful lead compduiior

the project. An additional advantage of SHF1556 over the ELF compounds was that it is a
better druglike molecule, with plenty of opportunity to modify various sites of the molecule

to investigate structure activity relationships (see Chapter 4)@ptanise AM activity.

The aims of this work was to synthesise SHF1556 and to cariy @iito testing on AM
overexpressing cells to determine potency, as well as on &M CGRP cells to determine
selectivity. An additional goal was to resolve the two enantiomers SHF1556 and determine
which enantiomer is the more potent. An-rXy crystal structure of the most potent
enantiomer could then be taken to determine the abselustereochemistry of this

compound.

3.5Docking Studies of SHF1556
Both enantiomers were docked into the ECD of theiAddeptor using MaestraRDB 3AQF).

The lowest energy docking poses are displayed in FR)8rd he §-enantiomer is predicted

to bindexclusively to the CLR end of the receptor ECD. Key interactions between the molecule
and the protein include a hydrogen bond between the sulfoxide oxygen and the NH amide
backbone of CLR Thr122 residue. This interaction is conserved in SHF1486, wutifotie
oxygen interacting with the same residue. Additionally, the amide oxygen atom appears to
form a hydrogen bond with CLR Argl119 side chain, whilst the thiazole ring also forms a pi

cation stacking interaction with CLR Trp72.
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The R-enantiomer of SHE556 sits in a similar position to th8<{enantiomer. As with9-
enantiomer, the key interactions between the molecule and the receptor also take place

with the CLR protein. A hydrogen bond is once again formed with the amide backbone of
CLR Thr122, altlugh in this case it is the amide oxygen on SHF1556 making this contact.
The nitro group also appears to be a key group in this case, forming hydrogen bonds with
the CLR Trpl121 side chain as well as with Tyr124 main chain. There is additionally predicted
to be a pipi stacking interaction between the central aromatic ring and the CLR Tyr124 side
chain.Both enantiomers gave docking scores4#t kcal mot (Table3.7), suggesting that

both would bind to the receptor with the same affinity.

Table 3.7¢ Docking Scores of SHF1556 enantiomers in theifddeptor ECD (PDB: 3AQB)ocking scores
generated by Schrodinger (Maestro 13.2)

(R) 4.4
(S) 4.4
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Figure 3.8 Lowest energy docking pose of SHF1556ehantiomer, (A) and(C), andR) enantiomer, (B) and
(D) bound to the AM receptor PDB 3AQF)(A) and (B) show the 3D image of the compound docked into the

AM: receptor ECDThe CLR iloured in green and RAMP2 is coloured in orange. Hydrogen bonds are
indicated by yellow dashed lines andpdinteractions are indicated blglue dashed lines. Key residues in the
binding pocket are shown and labelled. Docking was carried out usingduleo (Maestro 13.2) and the

image was generated using PyMol Molecular Graphics System, Version-IEEddcational Product,
Schrodinger(C) and (D) show the corresponding 2D ligand interaction diagrams generated by Maestro 13.2.
Hydrogen bonds are inclited by purple lines, ionic interactions are indicated by red lines and hydrophobic

interactions are indicated by green lines.
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3.6 Chemical Synthesis and Resolution of SHF1556

3.6.1 Synthesis of SHF1556

The chemical synthesis of SHF1556 was carrigdirofour steps following a procedure
previously stated in the literature.-duoro-3-nitrobenzoic acid was coupled with-iNethyl
o-toluidine to form the corresponding amide by first converting the acid to the corresponding
acid chloride using oxalyl cliide (Scheme.1). The acid chloride was then treated with the
aniline in the presence of triethylamine to give the amide product. The next step was the
formation of 2mercaptothiazole by alkylation of-lromothiazole using thiourea, followed

by an aqueousbasic workup. It should be noted thattzomothiazole had to be stored under

nitrogen to prevent its dimerization.

With the flouronitro amide and the thiazole in hand, the two fragments could be coupled
together using a nucleophilic aromatic substituticeaction to form compound3 (Sheme

3.1). The sulfide was then oxidised to the corresponding sulfoxide using mCPBA (1.2 eq) at 0
°C. These conditions were to prevent overoxidation to the sulfone. Under these conditions,
there was a small bugignificant amount of sulfide still present in the crude product. Attempts

to separate the sulfide from the sulfoxide using column chromatography proved fruitless due
to the similar retention times of both compounds. However, trituration of the crudeethgi

ether successfully removed the sulfide from the mixture, giving a clean sample of SHF1556.
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Scheme 3.%, Synthesis of SHF1556

3.6.2 Resolution of SHF1556 Enantiomers

3.6.2.1 Synthesis of Compourtb

To parate the enantiomers of SHF1556¢ckssial resolution method was used (Scheme
3.2). This involved taking the corresponding carboxylic acid and mixing it in solution with a
aAy 3t S Sy l-methyl Bezgawding Fhis'would form the corresponding salt, which
would be a mixture of two disteroemers. The two diastereomers could then, in principle, be
separated by recrystallisation. Subsequent acidification of the diastereomers would form the
corresponding enantiomers of the acid, both of which could then be coupledrtetiylo-

toluidine to form the corresponding SHF1556 enantiomers.
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Scheme 3.2, General idea of the resolution of the enantiomers of compound 6

The first challenge of the resolution was to synthesise the carboxylic acid, comg@6umnbe
initial strategy involved forming compourth as stated above, before coupling tefldoro-
3-nitrobenzoic acid by means of the/8 reaction and then oxidation ghe sulfide with
MCPBA. Attempts at theuSr with 4fluoro-3-nitrobenzoic acid, however, resulted in a poor

yield of the corresponding sulfide.

An alternative synthetic route was then devised starting froffiludro-3-nitrobenzonitrile
(Schemed.3). SAr with compound45 afforded compoundd9 in a 72% yield, showing that
the SVAr conditions were more suited the nitrile substrate. Oxidation of compod@dith
MCPBA using the conditions stated above gave comp&0nds with the original synthesis

of SHF1556the sulfoxide was able to be separated from any unreacted with sulfide by
trituration with diethyl ether. Compound6 was finally formed by hydrolysis of the nitrile

under acidic conditions to form the desired carboxylic acid.
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Scheme 3.& Synthesis of compound6

3.6.2.2 Formation and Sepation of Compound @Enantiomers

The next step was to take compoudfiand the 8-Sy I Y (i A 2-MeShidbehZylarhine and
form the corresponding salt. This initially proved challenging due to the poor solubility of
compound46in common organic solvents such as dichloromethane, diethyl ether and ethyl
acetate. Fortunately, compourdb was partially soluble in acetonitrile at room temperature,
whilst heating to 60C allowed the compound to fully dissolve in the acetonitrile. As a result,
the compound46-"-methyl benzylamine saiCompound47) was formed by dissolving 1
equivalent of corpound6 and §-h-methyl benzylamine in acetonitrile at 8C. After stirring

for 3 hours the solvent was removed to yield the desired salt (Sci&d)e
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Scheme 3.4 Formation of thecompound 47diastereomers

Attention was then turned to the separation of the diastereomers of the salt via
recrystallisation. The idea was to chose a solvent in which one diastereomer of the salt would
be soluble in, whilst the other diastereomer would precipitatd.othe diastereomers could
then be separated by vacuum filtration, with the subsequent solid containing exclusively one

diastereomer and the filtrate containing the other.
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Attempted recrystallisation using diethyl ether or dichloromethane proved unsuccessful due
to poor solubility of the salt in these solvents. Use of ethyl acetate as the solvent successfully
separated the two diastereomers of the salt. Analysis of the stalysed solid and the filtrate

by 'H NMR gave two identical spectra, likely due to the fact that there are no protons in close
proximity to the sulfoxide. Determination of the optical rotation of the corresponding acids
of the two samples was therefordn¢ best way to determine whether the recrystallization
was successful (see later).

With the separated diastereomers of the salt in hand, the next step was to aclubfy
individual samples back to the carboxylic acid. This would provide the correspol
enantiomers of compound6. This was achieved by mixing the individual diastereomers \

1M hydrochloric acid and extracting with ethyl acetate (Sché As with he salt, both
enantiomers of compound6 displayed identicalH NMRs, therefore the optical rotation o

both samples were measured using a polarimeter (Tatde

0 o)
JN N’ 1M HCl /N OH
<S\/k§/©)‘\ 3)\© N <S\/\ks
O NO, 3 No,
47(+) 46 (+)
0
<\ O
o T
1M HCl N OH
i f@ 73,
%
O NO,
47 (-) ()

Scheme 3.5 Acidification of the two salt diastereomers

Polarimetry is a method used to determine the optical rotation of chiral compounds. Two
opposite enantiomers will rotate the plane of polarised light in different directicDee

enantiomer will rotate the light in the positive direction, giving a (+) angle of rotation value,
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whilst the other enantiomer will rotate the light in the negative direction, giving ar{gle of
rotation value. Therefore if the above recrystallipat has been successful, then one acid
sample will give a positive optical rotation value, and the other will give a negative value.
Table3.8 shows the optical rotation results for the recrystallized sample and the sample from
the filtrate. Pleasingly, th samples rotated the plane of polarised light in the opposite
directions, with the recrystallized sample being the (+) enantiomer, and the filtrate-the (
enantiomer. This data shows that the recrystallization was successful and the enantiomers of

compouwnd 46 were successfully separated.

Table 38 ¢ Optical rotation values of the two compound6 samples

Recrystallized Solid +257
Filtrate -213

The final task was the subsequent coupling of the individual enantiomers of compiund
with compound46 to form the enantiopure samples of SHF1556. Amide coupling was initially
attempted using the same method as in the synthesis of racemic SHF1556,evia th
corresponding acid chloride. However, no SHF1556 was detected in the product of this
reaction, with several unidentified products seen instead (Scharbe It was reasoned that

the sulfoxide in compound6 was attacking the oxalyl chloride in the reacti mixture,
resulting in a Swertype reaction which was interfering with the formation of the acid

chloride.

) 1. Oxalyl Chloride, DMF o)
CHzclz, reﬂUX, 2h

S S S” 7S
I
O NO, O NO
2. \NH 2
. 46 . SHF1556
Single Enantiomer Single Enantiomer
EtzN, CH,CI,
rt,2h

Scheme3.6 ¢ Attempted amide coupling of compound 6 via conversion to the acid chloride
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Consequently, an alternative amide coupling method was carried out. Coupling of both
enantiomers with compound46 using N,Ndicyclohexylcarboiimide (DCC) and 4
dimethylaminopyridine (DMAP) successfully gave the (+) gnedn@ntiomers of SHF1556.
(Schemes.7).

NH,
\© O
o N N
DCC, DMAP [\ |
/N OH > S/K
/\K CH,CI, S
S S reflux, 18 h O NO,
O NO,
SHF1556 (+)
46 (+) NH, (+)

20%
0 w@
(j\l\ OH  pcc. DMAP (/K /Q)k Q

S S CH,Cl,
O NO, reflux, 18 h

46 (-) SHF1556 (-)
19%

Scheme 3.% Amide coupling of both enantiomers of compound 6 using DCC

Both enantiomers were subjected to chiral HPLC to determine the enantiopurity of the
samples. Analysis of the racemic SHF1556 by chiral HPLC revealed that, using a solvent system
of 20% isopropanol in hexane, the peaks for each individual enantiomer amgpearé4
minutes and 97 minutes. Running the -énantiomer on the chiral HPLC revealed it to
correspond to the peak at 97 minutes. Pleasingly, the chromatograph displayed that the
enantiomeric excess (ee) of the sample was greater than 99%, indicatingti@mely
enantiopure compound. The){enantiomer, appearing at 64 minutes, was also revealed to

be very enantiopure, giving an ee value of 95%. The reduced ee value for this sample makes
sense due to the fact that this enantiomer came from the filtratetle# recrystallisation,
meaning it is less likely to be as clean as the recrystallised solid. Regardless, the very high ee
values of both samples showed that the resolution of the enantiomers had been a success.

The enantiomers were subsequently subjectedn vitrotesting.

3.71n Vitro Testing of SHF1556
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3.7.1 Potency of Racemic SHF1556

The racemic sample of SHF1556 was first tested ondArexpressing cells using the cAMP
assay (see Chapter 2 for theory, Chapter 7 for method details). Pleasingigcéimeic sample
gave a pIC50 value of 7.03 8/202 (Figur&.9), which is equivalent to approximately 93 nM.
SHF1556 is therefore the most potent compound on the, Addeptor to date, and the first
compound with an AMIC50 of below 100 nM.
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Figure 3.% Concentrationresponse plot of SHF1556 generated from the cAMP assay and the curve best fit
data. Compound was tested on CLR/RAMP2 overexpressing cells which were subsequently stimulated by the
EC50 concentration of AM (1 nM). Data was plotted using GieghFFism 9.0.2 and the IC50 was determined

using a noflinear 3parameter inhibition curve.

SHF1556 was next counter screened against cells overexpressing the CGRP receptor and cells
overexpressing the Apteceptor, in order to determine selectivity folVA over the closely

related receptors (Figur8.10). SHF1556 displayed only modest selectivity over CGRP and
AM>. The pIC50 value of SHF1556 for CGRP was 6.891#9, equating to 407 nM. This
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displays around a-fbld selectivity for AMover CGRP, hensbowing reasonable selectivity.

The IC50 value of 407 nM is similar to that observed in the functional adenylate cyclase assay
in the literature (830 nM), with the discrepancies likely caused by the differences between
the two assays. SHF1556 is slightigre potent on AMthan CGRP, giving a pIC50 value of
6.77 (169 nM). The compound is therefore less thdal@ more selective for AMover AM,

although this difference is not considered to be statistically significant (P = 0.1996).

:
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-2 AM2 ec5h0
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% of TR-FRET signal (665nm)

Figure 3.10¢ Concentratiortresponse plots of SHF1556 on AMAM: and CGRP generated from the cAMP
assay.Compounds were tested on CLR/RAMP1, which were stimulated by the EC50 concentration of CGRP (0.8
nM), CLR/RAMP2 cells and CLR/RAMRBexpressing cells which were subsequently stimulated by the EC50
concentration of AM (1 nM and 2 nM respectively. Data was plotted using GraphPad Prism 9.0.2 and the IC50
was determined using a ndinear 3parameter inhibition curve. AbMcurve is disglyed in pink CGRP curve is

displayed in blue and the AMurve is displayed in brown
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Table 39 ¢ pIC50 values of racemic SHF1556 on CGRR aAMAM

AM2 CGRP
6.72 6.39
0.242 0.179
0.781 0.867
106.5 100.3
-6.722 -15.46
0.1996 0.0058

3.7.2 Potency of SHF1556 Enantiomers

The resolved enantiomers of SHF1556 were then screened against theegdptor to
determine which enantiomer was the more potent (Fig3ell) (Table3.10). The (+)
enantiomer was the most potent of the two, displaying a pIC50 value of 6:27098. The-(
)-enantiomer displayed a pIC50 value of 5.55 3:080, failing todisplay sub micranolar
potency. As a result, the (€hantiomer was Sold more potent than the-)-enantiomer (P <
0.0001). The enantiomers were directly tested alongside racemic SHF1556 for comparison,
with this compound in this test displaying a plG@§0.38, which was statistically similar to

the (+}enantiomer (P = 0.3117) and was significantly more potent than-Jben@ntiomer (P

< 0.0001).
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Figure 3.11c Concentratiorresponse plot of racemic SHF1556 (A), (+) SHF1556 (B})aBHFE1556 (C)
generated from the cAMP assay and the curve best fit ddampound was tested on CLR/RAMP2
overexpressing cells which were subsequently stimulated by the Eg®@ntration of AM (1 nM). Data was
plotted using GraphPad Prism 9.0.2 and the IC50 was determined usingliagam3parameter inhibition

curve.

Table 310¢ pIC50 and best fit values for racemic, (+), arRdHF1556

SHF1556+) SHF1556 (+)  SHF1556)

6.38 6.27 5.55
0.088 0.098 0.080
0.9267 0.9017 0.9107
93.53 91.79 97.56
-10.29 -8.695 -2.645

= 0.3117 <0.0001

3.8 Stereochemistry of SHF1556 (+) Enantiomer
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Having determined the (+) enantiomer to be the more potent enantiomer of SHF1556, the
next step was to determine the absolute stereochemistry of this enantiomer, thereby

determining whether the sulfoxide is in ¢h(R or (§ configuration. Samples of the (+)

enantiomer of compoun® and SHF1556 were submitted fora§ diffraction studies (Figure
3.12

Figure 3.12; X-ray crystal structures of Compounddhd SHF1556Absoluteconfiguration of both compounds

was determined to beS§) from the analysis

In terms of priority assignment, for both compounds the sulfoxide oxygen is priority 1, the
thiazole is priority 2 and the nitrphenyl group is priority 3. Both-pdy structures sbw an
anticlockwise orientation of these substituents, therefore showing the absolute

stereochemistry of the sulfoxide to b§) (for this enantiomer.

3.9 Counter Screening of SHF1556 Enantiomers on AMi CGRP

The SHF1556 enantiomers were atsmunter screened against AMind CGRP (FiguBeld)
(Table3.11) (Figure3.14) (Table3.12). The potency of both enantiomers on CGRP cells were
similar to that of AM cells. As with AMthe (§ enantiomer (pIC50 = 6.32-8/196) was more
potent on CGRP dslthan the B enantiomer (pIC50 = 5.42-8/174)), displaying a-®Id
increase in potency. On Alells, however, the stereochemical effect on potency was

reversed, with the+) enantiomer (pIC50 = 5.91-8/215) displaying greater potency than the
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(+)enantiomer (pIC50 = 5.6), albeit with a modestol selectivity. The §-enantiomer
additionally displayed the lowest potency on AMhowing a Sold decrease in potency
compared to AM (P = 0.0038) whilst theR( enantiomer displayed the highest potgnon
AMg, a 2.5 fold increase compared to AMnd CGRP although this was not considered

statistically significant (P = 0.0566).

SHF-1556-AA006
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1004 & AM2 ec50
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-6 -4
log [Compound] (M)

% of TR-FRET signal (665nm)

Figure 3.13; Concentratiorrresponse plots of SHF1556 (+) on AMM: and CGRP generated from the cAMP
assay.Compounds were tested on CLR/RAMP1, which were stimulated by the EC50 concentration of CGRP (0.8
nM), CLR/RAMP2 cells and CLR/RAMP3 overexpressing cells which were subsequently stimulated by the EC50
concentration d AM (1 nM and 2 nM respectively. Data was plotted using GraphPad Prism 9.0.2 and the IC50
was determined using a ndinear 3parameter inhibition curve. AbMcurve is displayed in pinkGGRP curve is

displayed in blue and the AMurve is displayed in bven.
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Table 311 ¢ pIC50 and best fit data for (+) SHF1556 on CGRR,akll AMe.

AM, CGRP
_ 5.62 6.32
_ 0.251 0.196
_ 0.9017 0.5302 0.7006
_ 66.26 85.23
_ 3.371 -15.96
_ - 0.0038 0.7775

SHF-1556-AA007
AML1 cells (n=3)

1001
-2 CGRP ec50
- AM2 ec50
501 - AM1 ec50

-4

log [Compound] (M)

% of TR-FRET signal (665nm)

Figure 3.14 Concentrationresponse plots of SHF1556 pn AM;, AMz and CGRP generated from the cAMP
assay.Compounds were tested on CLR/RAMP1, which were stimulated by thecB@%htration of CGRP (0.8

nM), CLR/RAMP?2 cells and CLR/RAMP3 overexpressing cells which were subsequently stimulated by the EC50
concentration of AM (1 nM and 2 nM respectively. Data was plotted using GraphPad Prism 9.0.2 and the IC50
was determined using nortlinear 3parameter inhibition curve. AbMcurve is displayed in pinkGGRP curve is

displayed in blue and the AMurve is displayed in brown
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Table 312 - pIC50 and best fit data for-\ SHF1556 on CGRP, And AMe

AM2 CGRP
5.91 5.42
0.215 0.174
0.6056 0.6899
78.51 87.10
-1.694 -10.86
0.0566 0.4127

3.10Docking of SHF1556 to CGRP anccAM

In order to elucidate the potential binding mode of SHF1556 on CGRP ana@awrdvio

potentially rationalise AMselectivity, both enantiomers of the compound were docked into

the CGRP ECPLB 3N7R) (Figurd.15 and the AM ECD (6UUS) (FiguBeL6). For docking

studies on the CGRP receptor, the Telcagejmanind crystal structure of the CGRP ECD

(PDB: 3N7R), pubhed by Ter Haar et al, was used. Alternative CGRP receptor models
available on the Protein Data Bank include the ligand free CGRP ECD (PDB: 3N7P);the CGRP
bound CGRP receptor ECD (PDB: 4RWG) and th&Rrgtructure of the full length CGRP
receptor (PB: 6E3Y). 3N7R was chosen for docking as this ECD structure most closely
resembles the antagonigiound conformation of the receptor. Additionally, viability of

docking procedure can be confirmed bydecking Telcagepant into the structure.

The bindingnode of SHF1556 in CGRP was predicted to be different to that gfuhitl the
compound docking outwards from the CLR and forming interactions with RAMP1RThe (
enantiomer of SHF1556 saw the thiazdlgg of the molecule form a pi stacking interaction
with RAMP1 Trp74, whilst the nitro group formeddaition interactions with RAMP1 Trp74
and RAMP1 Trp84 (Figusel5). The amide end of the molecukeclose to the CLRlthough

no significant interactions on this side were predicted. Tefantiomer, orthe other hand,

exhibited a docking pose in which the amide group instead pointed towards RAMP1, with the
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phenyl group at this end interacting with CLR Arg38. The thiazole, meanwhile, pointed
towards the CLR end, forminggiacking interactions with CORp72 (Figur&.15).

Docking of SHF1556 in AMas carried out using the ECD of the CBM model of the full
length AM receptor. Although the resolution of the ECD is low in this model, it is the only
model of the AM ECD of the AWECD available on thirotein Data Bank and therefore could

still provide a useful prediction as to how compounds could bind to the BGD.

As with CGRP, the predicted docking pose of SHF1556 in th&®@Dl saw the compound
dock outwards from CLR towards RAMP3. TReefantianer this time had the thiazole
pointing towards the CLR and the amide phenyl group pointing towards RAMP3. Predicted
interactions were primarily with CLR Trp72, with the nitro group forming -eapon
interaction and the central phenyl group forming aspacking interaction (Figurg.16). The

(S enantiomer saw the thiazole end of the compound towards RAMP3, with interactions
including an ionic interaction between the nitro group and RAMP3 Glu74 anecatipn
interaction between the nitro group and RABIFrp84. The amide phenyl group, meanwhile,

pointed towards CLR, forming a stacking interaction with CLR Tyr124 (Fitdre

Docking scores for both enantiomers are similar to each other at both CGRP and AM
receptors, with the R enantiomerdisplaying the highest docking score at both receptors

(Table3.13). This is in line with the experimental data seen forAMt not for CGRP.

115



B: 119 §70/
h _\ /BERZ ‘
TRP R

B: 121 B:124

Figure 3.15 Lowest energy docking pose of SHF15BBdnantiomer, (A)and (C)and (§ enantiomer,(B)

and (D),bound to the CGRP receptoPDB 3N7R)(A) and (B) show the 3D image of the compound docked

into the CGRP receptor ECe CLR is coloured in cyan and RAMP1 is coloured in maBgpitanteracions

are indicated by blue dashed lines anecption interactions are indicated by green dashed litkesy residues

in the binding pocket are shown and labelled. Docking was carried out using Schrodinger (Maestro 13.2) and
the image was generated usingN®gl Molecular Graphics System, Version 1.~ E®&ucational Product,
Schrodinger(C) and (D) show the corresponding 2D ligand interaction diagrams generated by Maestro 13.2.
Hydrogen bonds are indicated by purple lines, ionic interactions are indicateztidines and hydrophobic

interactions are indicated by green lines.
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Figure 3.16 Lowest energy docking pose of SHF15B5&nantiomer, (A) and (C), an&)(enantiomer, (B)

and (D), bound to the AMreceptor (PDB: 6UUS)he CLR is coloured in yellow and RAMP3 is coloured in red.
Hydrogen bonds are indicated by yellow dashed lipépi interactions are indicated by blue dashed lies!

pi-cation interactions are indicated by green dashed lingy residues in the binding pocket are shown and
labelled. Docking was carried out using Schrodinger (Maestro 13.2) and the image was generated using PyMol
Molecular Graphics System, Version 1.7-&&ucational Product, Schrodingé€) and (D) show the

comresponding 2D ligand interaction diagrams generated by Maestro 13.2. Hydrogen bonds are indicated by
purple lines, ionic interactions are indicated by red lines and hydrophobic interactions are indicated by green

lines.
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