Targeting of M2 and M4
Muscarinic Receptor Subtypes
with New Dualsteric Ligands

Dissertation

zur Erlangung des
naturwissenschaftlichen Doktorgrades

der JuliusMaximilians-Universitat Wirzburg

vorgelegt von

Florian Geyer

ausLandshut

Wirzburg 2022






Eingereicht bei der Fakultat fir Chemie und Pharmazie am

Gutachter der schriftlichen Arbeit:

1. Gutachter:

2. Gutachter:

Prufer des offentlichen Promotionskolloquiums

1. Prifer:

2. Prifer:

3. Prifer:

Datum des offentlichen Promotionskolloquiums

Doktorurkunde ausgehandigt am







Die vorliegende Apeit wurde am |Institut fir Pharmazie und Lebensmittelchemie der
Bayerischen JuliuMaximilians-Universitat Wirzburg auf Anregung und unter Aateitung

von

Frau Prof. Dr. Ulrike Holzgr abe

angefertigt.

Ihr gilt mein besonderer @&k fir die Aufnahme in den Arbeitskreis, das Anvertrauen des

spannenden Themas und die Unterstutzung im Verlauf der Promotion. Bedanken mdchte ich

mich zudem fur das imich gesetzte Vertrauen und den gewahrten wissenschaftlichen

Freiraum.
Weiterhin méchte ich mich bei meinen Kooperationspartnern bedanken:

- Prof. Dr. Carsten Hoffmann,Dr. Michael Kauk und Carolin Grolie,
Universitat&linikum Jena, fur die Durchfihrung der FREUnd BREFMessungen
sowie dieHilfe bei der Auswertung und Interpretation der Daten.

- Prof. Dr. Marcel BermudeaJniversitat Munsterfur die wertvollen Diskussionen bei

der Identifizierung der Verknipfungspunkte.

Darliber hinauslankeich Prof. Dr. Subhabrata Sen fiir die Mithilfe bei der Syntheseplanung
zu Beginrder Doktorarbeitind Prof. Dr. Michael Decker fur die Unterstiitzung des Xanomelin
Teilprojekts Mein herzlicher Dank gilt auch Liana Pogorelaja fir dashsgnthetisieren
meiner Vorstufen, das Aufstocken der Laborvorrate und die vielen netten Gespiéehso
danke ich G¢l kah Bayraktar f¢gr i hr groCes
Linker und Dr. Curd Schollmeyer, Dr. Jens Schmitz, Dr. Ludwgllein, Lieselotte Moéhler

und Martina WeckleifWeidinger fir die Hilfe bei technischen und organisatorischen Fragen.

Ganz besonders mdchte ich mich bei allen Labod Arbeitskollegersowie den Assistenten
des 4. Semesteff§ir die hervorragendeZzusammearbeit, dietolle Arbeitsatmosphéaredie
vielen gemeinsamen Abende und die unvergesslichenuski Wanderausflige bedanken:
Adrian, Alex,Alena,Anja, Antonio,Cristian, Christian, ChristinE., Christine H. Christiane,
Daniela,Emilie, Jogi,Jonas W.,dnas U.JosephJoshua, Klaus, Laura, Lukas, Markus, Michi,
Mohamed Nelson,Niclas, NicolasNina, Patrick, RasmudRegina Ruben, Sebastiaiylvia,

Theresa, Thomas

Abschliel3end méchte ich meiner Famil@hrissiund meinen Freunden fir dgrol3artige

Unterstitzung wahrend der letzten Jahre danken.

E



iSati sfaction sofeofdhee ds curiosity i
greatest sources of happiness 1in

Linus Pauling (1901.994)



Meinen Eltemeiner Schwester
und meiner Verlobter



VI



Table of contents

I [ 11 0T ¥ Tt 1 o PRSP PPPPPPPPPPPPRPPR 1
1.1 Classification and structural characterization of muscarinic receptors................. 1
1.2 MUSCArinIC reCEPLOr BIYPES ....coiiiiiiiee e e e 2
1.3 Activation and deactivation of muscariniC reCepLOrs...........cccuvvvrrrmmmmninernernnnnnne 3
1.4 Allosteric modulation of muscariniC reCepPtaIS..........ooeeeeiiirimrer e 6
1.5 Dualsteric targeting of MUSCAriniC rECEPLONS...........uuuurririirieeeiiiiiiiierereeeeeeeeeeeeeas 10
1.6 Structural insights into allosteric modulatmilLY2119620 and LY2033298 at Mnd
Y <Tol T o] (0] PP RRPPPPPTN 12

P2 AN SR= 1 To ] o =T ox 1Y PP 16

3 Synthesi®f LY -hybrid ligands........ccooooiiiiiiiiiii e eeeeeee e 18
3.1 Evaluation of adequate lINKing POINtS...........ooovviiiiiiiimemee e 18
3.2 Preparation of amide functionalized LY2033288BridS.........cccvvvviiiiiiiiiiiiccceeeenn. 20
3.3 Preparation of amide functionalized LY21198RMIidS.........cccvevveeeeeeeiiiiiiaaceeeennn. 28
3.4 Preparation of LY2033298ybrids by usg the methyl side chain as functionalization
o PR 35
3.5 Attempted preparation of LY211968§brids by using the methyl sidbain as
functioN@alization UNIL..........coovviiiiiiiiieeeeiiirrss e e srrnns e e e e e e e e e e e eneeeeeennneeeeee e 4O

4 Pharmacological investigations of H¥/brid ligands.............ccceeeeiiiiiiiceciiiiiii 50
4.1 Theoretical background of the aSSayS.....cccoeeevieeeiiiiieeeiiie e 50
4.2 Investigation of amide functionalized LY2033288&d LY211962¢hybrid ligands..54
4.3 Investigation of LY2MQn-iper hybrid ligands...............ccccooviiiiiieeei e, 64
4.4 Comparison of most active hybrid ligands...........ccccoooiiiiiieeciiiiiiiieee, 67
4.5 Preliminary resultsf LY20-MA n s e r ragestin sm@adurefments..................70
4.6 Overall discussion of phmacological reSUILS...........ccooviiiiiiiiiieece 71

O SUMIMIANY ..ottt e emen e e e e e e e e 12

6 ZUSAMMENTASSUIG ..o ieeeeiiieeeeeeee e e e e eeeea bbb e s e e e e e e e e e eaetsbeeeneeeees 75

7 EXPerimental SECHIQM.........cccuuiiiiiiiiiiiieeeiiiiiibiiiee e e e e e e eeereeeeeeeeee e e e e e e e e e e e e e s smmmeeeeeeees ] O
7.1 General experimental procedures and equUIPMENt..............ceeeiiieeeeeeerviniiieneeennn. 78
7.2 Synthesis of LY2AN NYDIidS........oovuiiiiii e 81
7.3 Synthesis of LY2ZAN NYDIdS.......oooviiiiiiciies e 136
7.4 Synthesis of LY20MQN hybrids...........oooioiiiiii e, 163
7.5 Synthesis of LY2OAAN NYDIIAS. .......uuiiiiiiiiiiiiiice et 178
7.6 Attempted preparation of LYZHUAN hybrids..........cooooiiiiiiiii 194
A= 10118] o 1 Z5TPTTTTPPPPP 196

S o] 1=1 T | TP 197



9 Literature

VIII



Introduction

1 Introduction

In human physiologymuscarinic acetylcholine receptors (MAChR) play a crucial role as part
of the parasympathetic nervous systéascarinic receptors regulate functions ranging from
cardiac rate or smooth muscle contraction in the peripheral nervous system to cognition or
motor control in the central nervous system (GNSugsacting as agonists atAChRs are
classified aglirectparasympathomimetic drugmdareused for the treatment gfaucoma or

to reduce postoperative urinary retention. In contrary, mAChR antagdmgking tothe
parasympatholytic agentEheseare appliedfor exampleas antispasmodics for smooth muscle
relaxation in tubular organs of the gastrointestinal tfacthe treatment afhronic obstructive
pulmonary diseaseor to reduce secretion of gjec acid® Besides, theutilization of
muscarinic ligands has been discussed for cathe¥apy, diabetesschizophreniaor pain
management: > 4 To avoid side effects due to thisroad field of mAChRrelated
pharmacological actionkijghly selective ligands for the different mACIsRbtypes are needed.

In the last decadehe determination afeveralmAChRscrystal structuresllowed to gaina
better insighton the molecular level athe receptor8: & 7 & Furthermore, thgeneration and
phenotypic analysis of different muscarinic receptor knockoce has improved tHaological
understanding of MAChR% ]

1.1 Classification and structural characterization of muscarinic receptors

Muscarinic receptors belong to the superfamily epr@teincoupled receptors (GPCRS).
Mainly located at the cell surfac&PCRs translatextracellular signals delivered by, for
example, light energy, neurotransmitters, or peptides into intracellularismoascadesven
though the GPCR superfamily is very diverse in structure and function, all GPCRs consist of
an unbranched protein chaiwith an extracellularN-terminal domain, an intracellular
C-terminal domainand seven transmembrasganningl-helical domains (TM1TM7). The

seven domains are linked by three extracellolaps (ECL)and three intracellular loogkCL).

On the cytosolic side ofhe membranea guanine nucleotide binding protein -{fsotein),
compr i s e d,&onfasutanit, idbound to the receptt!. Among thefive main families

of GPCRs,the rhodopsinlike receptors (class A) constitute the largest class, including
mAChRs!'? The binding pocket of the respective endogenous ligand in class A GPCRs is
typically located in a cavityhat isformed by the seven TMs. Depending on the ligand, the

different receptors bear specific amino acid residues within the chvityAChRs the binding
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site of thenatural agonistacetylcholine(ACh) can be found in a depth of £5near the

extracellular dmain™®3 14

Together with nicotinic acetylcholine receptqrsAChRs) mAChRs form the cholinergic

system The activationof this network byACh leads to stimulation othe parasympathetic
nervoussystemT he | atter i s a division of the auton
di gest o activiti e srate, sont@adtion afsthe arrinaryebthdder eydit h e a r
secretion in salivary glandgVithin this system, nAChRsansfer signals from preganglionic

to postganglionic neurongjhereas mMAChRs are located at the target organs.

1.2 Muscarinic receptor subtypes

The intronless gees CHRM1to CHRM5encode for the five distinct subtypes of muscarinic
receptors. Despite having a similar ABimding affinity, the subtypes differ in appearance as
well as in physiological function and locatiBf.'® 17]At the molecular level, the five subtypes
show a ginificant divergence in the amino acid sequence of the third internal loop. This
deviation in the Grotein binding are@ontributes toa preferredsignaling through Go-
proteins for the MMas-subtypes, whereas the 1Ms/Ms-group predominantly couples -G
proteins of the Gy11-typelt® 1% 20 2By favoring the recruitment of Go-proteins, adenylate
cyclase (AC) activity iseducedupon receptor activatioim the M2/Ms-group thus lowering
the intracellular cyclic adenosine monophosphate (CAMP) lduaithermore, dowregulation

of AC enhanceblockage of voltaggated calcium channell the Mi/Ms/Ms-group, GUy11-
proteins mediat@hospholipase C (PLC) activatioBubsequent formation of inositdl,4,5-
trisphosphate (18 by hydrolysis of phosphatidylinositol 4tBsphosphate (PHpincreaseshe
intracellular calcium concentratioDiacylglycerol (DAG) is also formed by PHeleavage and

serves as activator of protein kinase C (PKEXyure 1)(2?

However, t heqiean depdidie recouitmer® by Mreceptors demonstrates
that despite showing coupling preferencitge different subtypes do not solely bind their
preferred Gproteinsg?®! The five subtypes of mMAChRs are distributed in distinct areas of the
central and peripheral nervous system as well as ianearonal tissues. Mreceptors are
abundantly expressed in the forebrain, especially in regions of the hippocatriptisns and
prefrontal corteX? 25 261Both M, and Ms mAChRs are distributed in different brain regions,
such as the basal forebrain, thalamus, l@ppocampus. In peripheral tissues,gkceptors are
found in the heart and, along withsk&ceptors, in smooth muscle tisst€st’: 242526, 27. 24,

and M receptors have predominantly been tracked down in the CNS. Tsaldfype has

2
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mainly been detected docalized with dopamine receptors in the striatuvhereas the M

mMAChRs are expressed in the substantia i)

N \) Acetylcholine
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Figurel: Signal transduction pathways of the/M3s/Ms- and My/Ma-group.

Despitethesedifferences, the binding pocket of the endogenous ligand acetylcholine-the so
called orthosteric binding sitshows a higHevel of homologus sequence regionsmong
mMAChR subtype& *° This explains why drugs targeting the orthosteric binding aite
mAChRsusually show insufficient subtype selectivity and thus often cause intolerable side

effects.

1.3 Activation and deactivation of muscarinic receptors

Even though no crystal structusean mAChR in combination with its endogenous transmitter
acetylcholine has been obtained so far, the involvemen¢wdral amino acidé receptor
stimulationat the orthosteric binding sitean beassumeddue b point mutation studies or
structural characterization oanistboundmuscariniaeceptos. An ionic interaction between

a negatively charged aspartate (D103) in TM3 and the quaternary amine of ACh is supposed to
be crucial for the binding proceS¥. The choline group is preswably enclosed in an aromatic

cage which is formed by a hydrogen bond network between three tyrosine residues (Y104,
Y403, and Y426), often referred to as tyrosinelifd Moreover, the carbonyl function of ACh

3
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is likely to interact with an asparagine residd&t04) of TM6 (Figure 2)® Due to these
interactions, extensive conformational changes are induced within the regpptotigand
binding, wherebythe formation of a hydrogen bond between ititeacellular domains TM5
and TM7 and an outward tilting of the cytoplasmic end of TaviEmost notably3? 33 34

M2 receptor
Y104
! D103

£
4
/

Acetylcholine

e ? W400
N404 -
Y403 .

Figure 2: Model of aetylcholinedocked ito the orthosteric binding sitef the Me receptor.Reprinted with
permission of Springer Nature; Copyright © 2092,

Such r ear r aimagseentrarne sheliaed probhote interactions of the receptor with
heterotrimeric Goroteins, thereby inducing an exchange of GDP (guanosine diphosphate)
against GTP (guanosine triphosphate). This causssodation of the rotein into an
Usubunit and a bo dimeric subunit, followed
systems. The | eisurely hydr ol y-guauniiaodthethis GT P
initiated reassociation of the eterotrimeric Gprotein terminate the activation cycle
(Figure3).%5: 31 The switch from an inactive to an active receptor state also enaipestéin

coupled receptor kinases (GRKs) to phosphorylate serine or threonineesesifl the
intracellular loops and the-@rminal ending® %¥1S u b s e q uarestinproteinsbind to the
phosphorylated receptor. Sinces@a | | ed cl at hrin pr ot edamestincan c
bound mAChRs, this represents an endogenous mechanisiowor regulation of mAChR

activity®' Ther eby, the amplification of GRK actiywv
negative feedback lodf’Un | i ke c¢cl ass B GPCRs ;arrestinppoeiss A GP C
after receptor internalizatioand return to the plasma membrane after dephosphoryt&tion.

M1, M3 and M; receptors have shown to internalize clathmadiated. In contrast, the

internalization pathway of r e cept or s i s-arestirtfe*endent of b
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Downstream
targets

Receptor
internalization

Figure3: Activation cycleof muscarinic receptorgd he cycle starts on the left side with agonist (A) bindiFgs
leads to the exchange of GDP GffPa t t dsubuniGadda subsequerdissociation of théneterotrimeric G
protein thereby causindifferentdownstream effect$SRKs phosphorylatatracellular domains of the receptor
thusenablingtheb i n d i rag r cfsatrpamd subgequent receptor internalizatibhe hydrolysis of GTP at
the G Usubunitallowsanew formation of thaeterotrimeric G protein and returns the receptor to the original state.

Due tothe hydrolytic instabilityof the ester groughe endogenous ligand acetylcholbears
almostno therapeutic relevanc8esides acetylcholinseveral orthosteric agonists have been
identified so far(Figure4). The alkaloid muscarine binds nonselectivety al mMAChR
subtypesand is basically known for its toxic effects upon mushroom consumiftion.

Pilocarpine is used in eye drops for the treatment of glaucoma and preferentially stimulates M

and Ms subtypeg?®> 46l
cl o O _o
S~

OH "
Muscarine Pilocarpine
I
N ~ | -~

P N + Cl
= \/S \/O
=N

Xanomeline Iperoxo

Figure4: Structures of selected orthosteric agonists at muscarinic receptors.
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The secalled superagonist iperoxo actually causes a higher activatiorn oéceptors than
acetylcholiné?”! However, the lack of subtype selectivity prevents its application as a drug.
The My/Mgy-preferring agonist xanomeline is under discussion for the treatment of
schizophrenia andeurodegeneratidff 4% 5% 51 |n clinical trials, xanomeline improved
symptoms in schizophrenic patients. Unfortunately, a range of peripheral side effects still
hampers @a application in therapeutics. In a recent study, xanomeline was combined with the
tropintype mAChR antagonist trospiuffihe latter exclusively acts in the body periphery. The
results of this phase IIb clinical trial showed that unwanted xanormeiat®l secondary

effects were reducéef 5!

1.4 Allosteric modulation of muscarinic receptors

To enhance subtypselectivity at mMAChRs, newly developed drug candidates often address
binding sites distinct to the highly}conserved orthosteric sit€he stimulation of mMAChRs by
so-called allosteridigands in combination with an orthosteric agonist leads to the formattio

a ternary complex. Depending on the nature of the allosteric ligand, the binding affinity of the
orthosteric agonist and the receptor activatianthus be influence@Figures).5* 55 56IDjrect

activation of muscarinic receptors by allosteric agonists has also been réfbrted.

+ Alloster A: positive
0.75- + Alloster A Orthoster e
positive
. 290 ;
e - + Alloster B :
5o negative - @ + Alloster B: negative

Orthosteric agonist (log m) Orthosteric agonist (log M)

a) Binding cooperativity

Activation cooperativity

e
2
$

e
bl
'

Fractional
receptor activation
o
°d
o
Fractional
receptor activation
o

Figure5: Influence ofpositive (blue curves) and negative (blue dashed cuallsteric ligands on a) binding
affinity of orthosteric ligands and b) receptor activatidhe red curve represents receptor activation in absence
of any allosteric modulatoReprinted with pernsision of John Wiley and Sons; Copyright © 26D.

The ternary complex model according to Ehlert describes the cooperative interactions between
orthosteric and allosteriligands (Figure 6).°4 Both ligands carbind separately to the free
receptor (Figures, 1) with their respective dissociation constaKt (Figure 6, 1) and K,
(Figure6, 1IV). When a ternary complex is formed (Figwgelll), the reciprocal effect of

orthosteric and allostericunits r ef erred to as cooperativity
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-— Allosteric unit (A) N 4
Receptor (R)
Ka
| —_— 1}
A+B+R A+BR
Ky, ak,
N/ N\ /
ak,
v -~ 1
AR+B ABR

Figure 6: lllustration of binding cooperativity between orthosteric and allosteric ligands based on the ternary
complex model according to Ehlét.

For U < 1, the dissociation constant is decr
and is related to positive cooperativity. Furthermore, athegaooperative effect is induced

f o r>1,ausing a reduced binding affinity of the orthosteric ligand. When no binding
cooperati vi t=\), thedigands ateictassified astheutral allosteric lig&Ads!

However, this model solely describes binding cooperativity and neglects activation

cooperativity.

A comparison of the amino acid sequence of the five muscarinic subtypes reveals stgnifican
variability within the extracellular vestibuleAdditionally, crystal structures of NMs
receptors show differences of the tertiary structure in this régf8rf!!Since such deviations

are crucial for the implementation of subtype selectiveCImR activation, several allosteric
ligands targeting this part of the receptor have been investigated (Figurd 3%8, the alkane
bissammonium compound W84 was the first substance that showed interactions between an
allosteric and an orthosteric bindi site at mAChRs. While trying to improve the therapy of
organophosphate intoxications, Lullmann and coworkers observed a cooperative effect when
the muscarinic antagonist atropine was combined with ¥8%! Later, the alkaloid brucine

was shown to selectively enhance the binding affinity of acetylcholine, aedéptors, thus

also proofing the feasibility of subtype selective mAChR activatioi® Subsequently,
investigations of the binding mode ofiBelective ligand A€2 by mutation studies confirmed

the existence of an allosteric binding site. The residtmonstrated that A@2 definitely
addresses a receptor region aside from the orthosteri€®sike.the 2000s, a series of

thienopyridine derivatives was identified by Eli Lilbgientistsas powerful positive allosteric
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modulators from a small molecule screening atré&teptors and a following hit expansiéf.

Within this series, the compound’2033298 was extensively examined due to its high M
selectivity[®8 ¢ "0Fyrthermore, the MMaselective compoundY¥2119620had a huge impact

on MAChRs research as it allowed the crystallization and structural characterization of an
agonistbound M receptof” "Y' However, #osterismat mAChRs is not limited to interactions
between two small molecules at the extracellular part and the transmembrar@-arin
binding atthe intracellular receptor surface also generates binding cooperativity with the
orthosteric ligand’? A positive allosteric effect of Naions towards ACh recruitment has

further been detected at the Mceptor”®l

Brucine

")

H\G o _0 | NS 0 O)\/O | NS 0
N / /
Ad T T A
NH, NH,
AC-42 LY2033298 LY2119620

Figure7: Sdection of allosteric radulators.

Two different mechanisms contribute to cooperativity between allosteric modulators in the
extracellular vestibule and orthosteric ligands. On the one hand, the conformations of both
binding sites are associatetiherefore,ligand stimulation of one binding site induces a
structural shift at the other. On the other haticgct chargecharge intractionsbetween the

two ligandsalso affect binding cooperativitysuch thatthe combination of twqositively
chargednolecules reduces timeutualeffect through electrostatic repulsiBf.

Besides the improvement of subtype selectivity, allosteric ligands have sbevanal
beneficial characteristics. While orthosteric agorssitaulatea receptofor as long ashey are
available, the effect of allosteric modulators is mostly saturdble to the cooperative
mechanism, an upper linfior receptoresponseas reached whethe allosteric site is entirely
occupied®® Moreover, the scope and tHeection of arallostericeffect released by the same

modulator at the same receptor syietyaries as a functiaf the utilized orthosteric ligané
8
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This correlation is called probe dependence and hasax¢emsivelystudied for the allosteric
modulator LY2033298.When applied in combination witlacetylcholine at rodent M4
receptors, LY2033298trongly potentiatedthe action ofACh, whereasalongside with the
orthosteric ligandxanomeline onlya weak positive allsteric effect was detect&d!
Interestingly, annvestigation of cooperativity between LY2033298 and xanomeliheman

M2 receptorgevealedhat augmenting concentrations of the modulator lethtamplification

of agonist affinity on the one hand, liata reduction ofeceptor responsan theother These
findings indicatea stabilization of an inactive receptor state by finenedternary complex
Thus, the allosteric modulator LY2033298 changesatimnisticnature ofxanomelineat the

M2 receptof’’! In consequence, an allosteric modulator can only be classifieshtextto a
specific orthosteric ligandA closely related property of some allosteric ligands is the release
of an affinity shift towards specific signaling pathways by preserving a receptor conformation
that initiates the respective signal cascade (FigayeThis effect is referred to as kied

modulation®

a Biased modulation b Biased agonsim
Endogenous Endogenous Selective Selective
agonist A agonist A Biased agonist AQ) agonist B ()

¥ : _modulator ’ v ' ‘ i _
- - { .‘ [3 - . ~

N A N R 2N N

[Pathway 1] [Pathway 2| [Pathway 1| [Pathway2|  [Pathway 1][Pathway 2| [Pathway 1[Pathway 2]

Figure 8: Pathway selective receptortavation through (a) biaseshodulationor (b) biasedagonism Reprinted
with permission of Springer Nature; Copyright © 20%D.

Biased modulation has been described exemplarily for theséMective positive allosteric
modulator VU0029767. Marlo and coworkers reported an enhancement of phospholipase C
activity but not phospholipase D activity when VU0029767 was applied in combination with
AChI”®l Biased modulation at mAChRs may allow a more selective addressing of
therapeutically relevant signiaf) cascades, whereas other pathways that are related to
unwanted ortarget side effects stay unaffected. Noteworthy, orthosteric ligands can also

exhibit a pathway bias (Figureb® For example, the muscarinic agonist pilocarpine does not

activateG ar-proteinsatthe Mr ecept or but medi -artestig®® t he r ecr
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1.5Dualsteric targeting of muscarinic receptors

A further approach in the design bighly selective ligands for muscarinic receptors is the
combination of an orthostenmit and an allosteric modulator within one moled#gure 9a)
Theresultinghybrids are called dualsteric or bitopic ligaftis$: 82IThis idea déves from the

socal |l ed -ddnesssageconcept 0 est alliniths comtdxt, they Sc hv
orthostericmoiety delivers thedesiredmessage by stimulation of the receptor #relrelease

of appropriate downstream effects. The allosteric part of the moleugleacts with less

conserved receptor sites and tlwosmtainsthe recipient addres$he two parts of thenolecule

need to be connected by a linker of adequate chain length at the appropriate connection points.

In this way, the dualsteristrategyaims to unite higlaffinity with high subtypeselectivity.A
pathwayselective receptor activation through biasgghnismis also a desirable property of

bitopic ligands.

Disingrini and coworkers followed this approach by combining the orthosteric agonist iperoxo
with a phtalimide ora naphhalimide moiety asVi>-selective allosteric modulatgFigure

9¢).B4 The resulting hybrid compounds showae expectedubtype selectivity towards M
receptorsas well asan affinity and efficacy comparable tothe endogenous transmitter
acetylcholine Moreover, preferential activation of th&; signaling pathwaywas observed
However the negative binding cooperativity diie investigatedis(ammonio)alkan¢ype
modulators towards orthosteric agonistsmtidresult inanadditiveaffinity gain®® Following

binding studies of these compounds revealed that the same ligand can stablizestteptor

in two distinct orientation€®! The preservation of a conformation with a reduced efficacy for
downstream signaling leads to partial agonism. The proportion between the occupied active and
inactive receptor states thereby dictates the activity of a partiaisagBigure 9b¥®" €8 Hence,

rational design of partial agonists may allow to control the extent of muscarinic receptor
activation, paving thevay for drugs with an improved side effect profile. Moreover, the
receptor response upon partial agonist binding is condg¢ndent. Distinct pharmacological
phenotypes of one and the same receptor subtype arise in different cell populations. The
releasd downstream effect is therefore not only depending on agonist activity and
concentration, but also on parameters such as the intracellular cAMP level and the number of
receptors within the membralé&.Recently, a Napiiper hybrid ligand was shown to increase
cytotoxicity and apoptosis in glioblastoma cancer stem celjsteleptor activation by the
hybrid ligand generated DNA damage within the cancer cells and reduced their survival rate.
Since the Nap-iper ligand also preventeddrugresistance this hybrid may allow the
application of lower doses of chemotherapeatentd®® 4

10
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A promising application of bitopic ligands was investigated by Keller and coworkers. Through
combination of dibenzodiazepinone derivatives witluarescencdabeled unit, M preferring
antagonists were designed which bind the receptor in a dualsteric fashion. These ligands can
serve as tools to map2\Meceptors in cells and may be helpful to determine binding affinities

of allosteric or orthostetiligandg®? Furthermore, the Mselectivity of dibenzodiazepinone

type hyorids was modulated by addition of different peptide conjugtéd.

a b -
7

Allosteric modulator

Xr‘thosteric V % Kik

¥ = )

\/

D

Cell signaling

Phth-lper-hybrids Naph-lper-hybrids

BQCA-Iper-hybrids

Figure 9: a) Schematic depiction of bitopic ligands.ynamic ligand binding of dualstermmpounds in an
active and an inactive binding modeiveand Knaciverepresent the respective equilibrium dissociation constants.
Cell signaling can only biiggeredin the active conformation. §tructures of bitopic ligandsased on iperoxo

as othosteric unit (yellow) and phalimide (Phthlper-hybrids), napttalimide (Naphlper-hybrids) or BQCA
(BQCA-Iper-hybrids) as allosteric modulators (blue).

Another attempt to apply the dualsteric concept to muscarinic receptors was undertaken with a

highly M1 selective benzyl quinolone carboxylic acid (BQCA) derivative as positive allosteric

11
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modulator (Figure 9c¢). Hybrids composed of BQCA and iperoxo were found to act as partial
agonists at human Meceptors, activating both-@r o t e i-arrestinsighalifiy pathways.
Remarkably, when the orthosteric moiety was minimized to an ammonium ion (TMA), enly G

protein stimulation was observetlhese findings strongly suggest that a positively charged
ammonium ion as orthosteric unit is sufficient forpdte i N act i v a t-arrestn, wher
binding requires further interactions within the orthosteric%ité® Instead of applying an

alkane chain asiriker, BQCA and iperoxo were further combined by a photoswitchable

azobenzene unit. The activity of the thus formed hybrids can be controlled bylight.

1.6 Structural insights into allosteric modulation of LY2119620 and LY2033298 at M
and M4 receptors

In 2013 nobel prize laureate Brian Kobilka and coworkers reported theyXrystal structure

of the Mb receptor bound to the agonist iperoxo and, additionafiyfernarycomplex with the
allosteric modulator LY211962Figure 10a+h)The high degree of siiharity betweerthe two
structures indicated that binding of an orthosteric agonistgones the binding site of the
modulator to a great extel®t.By comparing the conformation of the ternary complex with a
former published crystal structure of an inactiverbteptor, important insights into structural
changes that occur upon receptor stimulation were obtained. The dgdostd movements
of transmembrane domainsl illad dlol a fitee fioc mae 3
subsequently interact withetplanar molecule LY2119620 (Figure 10d¥e%.6Y'Moreover, a
closure of the tyrosine lid was observed, thus separatimgttiesteric from the allosteric sité.
LY2119620 sits above the closed lid and stabilizes the active conformatioeviyals

interactions with the receptor (Figure 10c).
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Inactive M2 Active M2 + LY2119620

Figure10: a) Structure of ¥2119620. b) Ternary complex of LY2119688urple)and iperoxa(yellow) at the

M2 receptor. c)nteractions of LY2119620 in the allosteric vestibule.Gymparison of the extracellular site
between an inactivand anactive M, receptor.Red arrows indicate movements of the transmembrane domains
upon ligand bindinge) Contraction of the allosteridgrnaing siteupon receptor activaticimdicated by red lines
Reprinted with permission of Springer Nature; Copyright © 2013.

The contribution of eachllostericcontactwasevaluated by molecular dynamics simulations
(Figure 11)%1 The amino acids Asn4§6® Tyr8(*¢% and Asn41932formdirect polar contacts

with the allosteric modulator, whereas the piperazine ring of LY2119620 is presumably
involved in an interaction with the residues Glul72 and Tyrl77 of ECL2 and the backbone of
ECL2 and ECLS3. Furthermore, thi@enopyridine ring sysimlays in a threav a y-"-stacking
complex between Trp422° and Tyrl77. Remarkably, Trp42® possesses different
orientations in the presence or absence of LY21198#@&e Trp422 % also influences the
position of amino acidswithin the tyrosine lid, these findings suggest a direct impact of
LY2119620 on the orthosteric binding Site®!
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Figure 11: Polar (red) and hydrophobic (greeimteractions between LY211962hd theiperoxobound M
receptor based on molecular dynamics simulatidhe.percentages indicatew often the respective interaction
occurs in a simulation of a LY21196@eroxo receptor complex (first line) or a simulation with an additionally
bounéegprm&ei n mi meticodo Reprinted with permission of Ameaticah Cheneical.Society;
Copyright © 20181%!

Several amino acids surround LY2119620 in the allosteric binding pocket of the human M
receptor are nonconserved within the five subtypésirstly, Asn41932is soley present at
the Mk receptorlt is noteworthy that at the Meceptor this residue is exchanged by aspartic
acid which likely forms a similar polar interaction with LY2119620. Secondly, B¥g8
exchanged by phenylalanine at e subtype. Hence, thdzreceptor is not able to build up a
polar interaction at this position. Moreover, the féceptor exclusively contains both residues
Glul72 and Tyrl77 and is consequently the only subtype#iminteract effectively with the
piperazine ring. In combination with twamjacentacidic residuesGlul72 forms the seoalled
EDGE sequencelhis motif isuniquely presenatthe M receptor and hasarlierbeen shown

to interact with allosteric modulatl®® 190

The dissociationof iperoxofrom the M receptor was simulateid silicio by metadynamics
simulations leading to the identification of twaistinct dissociation pathways. The modulator
LY2119620 was shown timhibit ligand dissociation for both escape routes and thus extends

the unbinding proces¥®!
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Due to the lack of active statds crystal structures, the binding of allosteric modulator
LY2033298 at the Mreceptor was investigated by mutagsis studie&€® 1% Thereby alanine
mutation of Trp422% led to a complete loss in affinityf the modulator. Furthermore,
mutations of the tyrosmlid forming residuesalso caused a significant decrease in
cooperativity Taken togetherMs mutationstudies allowed the identification of an allosteric
network that mediates interactions between the allosteric and the orthostefihisitestwork
involves residues of TMs 3, 6 and 7 as well as some residues of the second extracellular loop.
Based orthe previously discussedctive Mv crystal structure, &aomologymodel of the M
receptor bound to acetylcholine and LY2033298 was devel@pgdre 12)°° 61

Figure 122 Homology model of the active Meceptor bound to acetylcholine and LY2033298. An allosteric
network mediates interactions between the allosteric and the orthosterResitéues that are involved in this
network are shown iwiolet. The receptor is displaydtbm side view @A) andasseen from the extracellular site
(B). Reprinted with permission of Rockefeller University Press; Copyright © $818.

A comparison of thisnodelwith the inactive state crystal structure of thersteptor indicated

that the residues of the allosteric network within TM8,2and 7 remain largely unmoved.
However, residues that are situated closer to the extracellular vestibule show a noticeable
rearrangement. The residues of TMs 2, 3, and 7 mag dbrve as a hinge which mediates
movements within the extracellular loops upon receptor activation. In this context, the allosteric
modulator acts as a stabilizer of the hinge and helps to switch the receptor from a dynamic state

to a more fixed positial§® 6%
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