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G protein coupled receptors (GPCRs) are involved in many physiological processes
and are important therapeutic targets for a variety of human health disorders. In fact,
approximately380% of current FDAapproved medications target GPCRs and that number
is likely to continue to rise with curre@PCRtargeteddrug discovery efforts. The main
approach to pharmacologically manipulate GPCRs is to develop synthetic agonists, inverse
agonists and antagonists that target the orthosteric site. While this appreagblded
several important medications, the development of selective orthosteric ligands is
challenging and has led tloe loss ofnany promising therapeutic candidaftesn the drug
development pipeline due to adverse events attributed {targét effets. Therefore,
alternative strategies to develop GPCR drugs with enhanced selectivity are necessary. One
alternative approach is to target GPCR propwintein interactions (PPIs) that are selective
for the GPCR of interest and involved in the regulatdrthe receptor function. This
dissertation provides proaff-concept data of two PPIs within the serotoniH{®) 5-HT>
receptor (i.e., 81T2cR and 5HT2aR) system which may be promising targets for the

treatment of neuropsychiatric disordef$ie 5HT>cR has been implicated in anxiety,



binge eating disorder, depression, impulsivity, movement disorders, obesity, schizophrenia
and substance use disorders and selecti@&%R agonists display therapeutic potential.

We show that disruption of thel3T>cR interaction with the protein phosphatase and tensin
(PTEN) via peptidédased PPI disrupters enhancelbcR-mediating signalingn vitro

and potentiates selectivet-bl'>cR agonists in behavioral rodent models. On the other hand,
antagonism of the-BIT2aR is postulated to be a critical component in the actions of
atypical antipsychotics (e.g., clozapine) and I@snshown to improve symptomatology

in preclinical models of psychostimulant addictioanxiety, depression and sleep
disorders. Here, we propose thaargeting 5HT2aR:5HT2aR receptotreceptor
interactions with bivalent ligands that have two pharmacophores that bind the orthosteric
site tethered via a chemical linker provja®entialtherapeutically beneficial compounds.

This dissertation providesitial characterization of -5T2aR:5-HT2aR homobivalent
ligands that retain antagonism properties hatlvitro andin vivo. Based on the cases
explored here and other promising examples in the field, PPIs provide a much needed
alternative approach for theelective regulation of GPCRs and should be considered,

studied and exploited for their potential clinical implications.
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Chapter 1: Introduction

G PROTEIN COUPLED RECEPTORS ARE | MPORTANT DRUG TARGETS

G-protein coupled receptors (GPCRS) are important therapeutic targets for a variety
of human health disorders. In facpproximately 30% of current FDAapproved
medications target GPCRs and that number is likely to continue to rise with current drug
discovery efforts(Bunnage, 2011; Jacoby et al.,, 2Q08Jthough vastly diverse, this
superfamily of proteins retain key structural components that classify them as GPCRs.
These structur al c o mp o n e n-hedical idomaihsulidked by e v e n
alternating extracallar and intracellular loops as well as an extracellular amind (N
terminus andanintracellular carboxyl (6 terminus. The family of GPCRs respand a
variety of ligands such asmall molecule neurotransmittefgiotons, peptides, proteins,
amino acid and ions which induce coupling of heterotrimeric G (guanine nucleotide
binding) proteins to transmit extracellular signals into intracellular processes (for review,
(Rajagopal et al., 201P)GPCRs are organized in three main classes, Class A, Class B and
Class C, based on receptor structure. Class A, known as rhodikpsneceptors, are
characterized by several highly conserved residues within the transmembrane domains and
intracellular loops, such as the®Y motif that is present in the second intradelr loop
of all class A GPCR¢Gether, 2000)This class is the best studied and largest class of
GPCRs, containing approximately 85% of all GPCRs. Class A GPCRs are subdivided into
six subcategories to include the biogenic amine remeptfor serotonin, dopamine,
norepinephrine and muscarinic receptors as well as opioid, chemokine and olfactory

receptors, to name a fe{sether, 2000; Jacoby et al., 200@}linically approved



medications that target class A GPCRs include Allegra/Telfast® (the histamine H
antagonist feafenadine) for the treatment of allergi&glvig® (the serotonin 81T2c
agonist lorcaserirfpr weight lossandDiovan® (the angiotensin Alfantagonist valsartan)

for hypertensionThe GPCR class B is composed of peptide, hormone and neuropeptide
receptos including secretin, calcitonin and parathyroid hormone receptors and are
characterized by a long-términus tail (Bortolato et al., 2014)Clinically approved
medications that target class B GPCRs include Forteo® (the parathyroid hormotie PTH
peptide agonist teriparatide) fosteoporosis and Tanzeum® (the glucatik@ peptide
GLP-1 peptide agonist albiglutide) for type 2 diabetes (for rey{®artolato et al., 2014)
TheClass C GPCRs are characterized by very largand Gterminus tails and includes
metabotrp i ¢ gl ut amat -aminpbu@ic acid typenBl (GAB# receptors
(Jacoby etla 2006) Clinically approved medications that target class C GPCRs include

Neurontin® (the GABA agonist GABApentin) for neurological pain.

APPROACHES TO TARGET GPCRs

The main approach to pharmacologically manipulate GPCRs that is currently the
predominant focus of drug discovery efforts is to develop synthetic agonists, inverse
agonists and antagonists that target the orthosteri¢Gaen et al., 2009)While this
approach has yielded several important medications, the development of selective
orthosteric ligands is challenging and has kethe loss ofmany promising therapeutic
candidatesrom the drug development pipeline due to adverse events attributed to off
target effect§Bunnage, 2011)Selective targeting @dheorthosteric site is challenging due
to the high degree of homology this site possesses between GPCRs that accommodate the

same endogenous ligand. A promineraraple of this translational barrier is observed
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within the serotonin (B1T) family, which consists of at least 14 receptors and will be
discussed in depth later in this chapter. Overall, the current rate ofappdved and
launched medications is drangatily slow when the number of promising targets that come
out of preclinical work is considered. Therefore, alternative approaches to modulate these
important druggable targets will have vast clinical implications.

The allosteric modulation of GPCRs ofean alternative approach to manipulate
the receptors of interest. Allosteric modulation is defined as modulation of receptor
signaling by targeting sites that are topographically distinct from the orthosteric site
(Christopoulos and Kenakin, 2002; Conn et al., 2009; May et al., 2007; Wild et al., 2014)
This type of modulation can be accomplished via targeting allosteric binding sites on the
GPCR or stabilizing/disrupting allosteric protgrotein interactiongChristopoulos and
Kenakin,2002) both of which are discussed here.

Modulation via allosteric receptor binding sites is a promising avenue of
investigation for a variety of receptor targets, includimgtabotropic glutamate receptors
(Hopkins et al., 2009; Menniti et al., 2018)e muscarinic Mreceptor(Chan et al., 2008)
and theserotonn (5-HT) 5-HT2creceptoDing et al., 2012; Im et al., 20Q3])his approach
is based on the postulation that GPCRs include binding sites that are distinct from the
orthogeric site. These distinct sites are not under evolutionary pressure to accommodate
the endogenous ligand and, thus, can theoretically be more variable between receptors that
accommodate the same endogenous ligividlancon et al., 2012)The proposed
heterogeneity of thisite could provide an enhanced opportunity to selectively target the
desired receptor over the other highly homologous receptors within its family. Small

molecules that target an allosteric site on the receptor may stabilize receptor conformations
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that, o their own, do not induce signal transduction, but cantfine receptor function in

the presence of the orthosteric ligagivdild et al., 2014) The lack of agonist activity of
allosteric modulators is postulated to alleviate issues that arise from chronically stimulating
the orthosteric site, such as receptor desensitization, tolerance and up/down regulation at
the membrangKenakin, 2009; Wild et al., 2014)Allosteric modulators have been
reported for receptors within all three GPCR clag&n et al., 2009)some of which

have been FDAapproved, such as Sensipar® (the caleasmsing receptor positive
allosteric modulator Cinacalcet; Amgen, Fifaproved 2004) for the treatment of
hyperparathyroidisnfGustafsson et al., 201@nd Selzentry® (the chemokine receptor 5
negative Hosteric modulator maraviroc; Pfizer, FRdpproved 2007) for the treatment of
HIV/AIDS (Dorr et al., 2005) Targeting receptor allosteric binding sites represents an
avenue which will yield new clinically approved therapeutics and solidify the concept of
allosteic modulators for key GPCRs.

Allosteric regulation of GPCR signaling can also be achieved via manipulations of
GPCR interactions with other proteigMilligan and White, 2001)In recent years, various
intracellular interacting proteins have been shown to modulate GPCR signal transduction
(Brady and Limbird, 2002)Canonically, the family of interacting proteins that have been
most widely studied are the G proteins which are the key proteins involved in GPCR signal
transduction. Following G proteins, theo | e-arrestins &dd GPCR kinases (GRKS) is
most delineated in their relation to both internalization/desensitization as well as G-protein
independent signaling (for revig¢\{Reiter and Lefkowitz, 200@)owever, there are many

more GPCR interacting proteins, some of which are selective for particular GPCRs that
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can also modulate receptor signaling and, thus, present attractive new targets for drug
discovery(Mil ligan and White, 2001)

These GPCR proteiprotein interactions (PPIs) can form between receptor
accessory proteins, as well as recepsoeptor proteingBrady and Limbird, 2002;
Milligan and White, 2001) Accessory preins include scaffolding proteins, kinases,
phosphatases and chaperones that interact with a GPCR under given circumstances. Some
of these interactions are ubiquitous for all GPCRs such as the interaction with G proteins,
G R K s -aorestinb. Since thesecessory proteins interact with many GPCRs, selective
modulation of a specific receptor would not be possible by targeting these PPIs since
ligands that regulate these interactions would likely alter signal transduction of a large
number of GPCRs. Howeveéhere are several examples in which PPIs are specific for one
GPCR over highly homologous receptors within the same family. Georgoussi and
colleagues thoroughly reviewed accessory protein interactions within the opioid receptor
(OR) family whichiscompp e d o-ODRi{-@GR aifOR. Ircthis paper, the authors
clustered accessory protein PPIs as they relate to interference of G protein signaling,
internalization/desensitization, lysosomal targeting and trafficking, linkage to the
cytoskeleton, sorting to large senseore vesicles, chaperones, transcription factors, and
regulation of neurotransmitter releg§&eorgoussi et al., 2012)hus, the example of ORs
illustrates the breath of receptor regulation afforded by accessory proteins. Some of these
interactions are shared among all three ORs and some are naisghehinteraction that
occur s b e®RwadkclGECI (ddse named GARBAeceptorassociated protein like
1 and Apg8L), whi c h-OR&anithe entoplasmis reticuluanfiofthe ¢ k i n

plasma membranghen et al., 2006 Thisiner acti on does nORoroccur
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e-OR and could thus be a -ORilocalirationand ultisngtedyc i f i C

function.

Another set of important PPIs that regulate GPCR function are regeptptor
interactions. Receptaecepto interactions can occur between two or more of the same
GPCR or between different GPCRs, often, but not necessarily, within the same GPCR
family. These receptareceptor PPIs have been shown to alter both receptor localization
and signaling and, thus, a@dpreviously unappreciated complexity to the GPCR field
(Hiller et al., 2013) These interactions further add important drug targets for the
development of ligands that may have higlededctivity and reduced side effect profiles.

The functional importance of GPCR recepteceptor interactions is exemplified
by the interaction between the Class C GPCRs GAB#ceptor 1 (GABAR1) and
GABAR receptor 2 (GABAR?2) (for review (Brady and Limbird, 2002)Heterologous
cells expressing either GABR1 or GABAsR2 alone do not result in fully functional
receptors. In the case of GABR1 expressingells, receptors are retained in intracellular
compartments and do not traffic to the plasma membrane. In the case ofgRABA
expressing cells, receptors are trafficked to the membrane, but cannot bind GABA or
promote intracellular signaling. However, whecells express both receptors
simultaneously, they are fully functional, located at the plasma membrane and responsive
to GABA stimulation(Ng et al., 1999)lt is proposed that this phenomenon occurs due to
an endoplasm reticulum retention sequence in theté€minus of GABARL that is
occluded by interaction with GAB/R2 which allows the heterodimer to traffic to the
plasma membrane. As illustrated by this example, it is important to delineate the functional

significarce of receptereceptor interactions as they pertain to receptor signaling,
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localization and function. Furthermore, since receptoeptor interactions, be it hetero
or homeoligomerization, can alter receptor function, targeting these PPIs is intgrastin
provides a new approach for GPCR drug discovery.

The development of selective modulators to manipulate, normalize and/or even
promote PPIs with therapeutic benefit is still in its infancy. This type of molecules are most
developed for noiGPCR PPIgArkin and Wells, 2004; Zinzalla and Thurston, 200PIPI
modulators can be classified as allosteric disrupters, allosteric stabilizers, direct disrupters
and direct stabilizers. AAl'l osterico in th
the protein partners to stabilize a conformation that eitleenpies or prevents interaction
with the other partner in the case of PPI stabilizers or disrupters, respelivielyet al.,

2012) Direct modulators induce their effects by targeting the interface of the PPI. For

example, direct PPI disrupters may disrupt the interaction by mimicking one of the partners
and competing for interaction with the second partner. Conversely, Birectabilizers

may bind in the interface of an existing interaction and increase the binding affinity of the

proteins involvedThiel et al., 2012)

One strategy to modulate recepteceptor interactions is bivalent ligands which
consist of two pharmacophores linked via a tether of optimal Ititler et al.,2013)

The pharmacophores can either bedame entity resulting in a homiwalent ligand or
different chemicakntities resulting in a hetdsivalent ligand(Brogi et al., 2014)These

two pharmacophores each interact with two separate receptors and can thus serve as a tool
to probe homo/heterodime(Brogi et al., 2014; George et al., 200Rue to the need to
interact at two binding sites rather than one, these tethered ligands may provideeiicre

target selectivity(Hiller et al., 2013) One disadvantage of bivalent ligands for central
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nervous system targets is their high molecular weight and, thus, projected poor penetration
through the blood brain barrier. Despite this problem, several bivalent compounds have
shown efficacy in preclinical models, although nanecurrently FDA approveBrogi et
al., 2014) In an interesting example of the therapeutic implications of bivalent ligands,
Portoghese and colleagues demonstrate that morpidneed tolerance ardkpendence
in mice is modulated by linker length between-© R a g o ni $QR amtagahista U
bivalent ligand (MDAN)(Daniels et al., 2005)Two major side effects of analgesics like
morphine that limit their clinical utility are the development of tolerance and physical
dependence. Portoghese and colleagues demonstrate thad MilrAshort linker lengths
display both tolerance and physical dependence that is comparable to treatment with
morphine or the tethered-@R agoni st 1OR antagonisy pharrhaeophore.
Excitingly, MDAN with longer linker lengths did not result iriheer tolerance or physical
dependence but retained analgesic properties, while-@ pgonist with a tether of the
same | engt hiOR antagonist pharmdcephor@ displayed both side effects.
Furthermore, MDAN with the optimal linker length dispdéel comparable bioavailability
and bloodbrain barrier penetration in comparison to morphibaniels et al., 2005)
Together these results suggest that a bivalent ligand with a pharmacophore targeting the u
OR and one tORrcayld havenegtensivie therapeutic implications as well as
facilitate the study of this proposed heterodimer and lends support to/dstigation of
bivalent ligands with other receptoeceptor pharmacophores.

There are several approaches to improve the-likegroperties of peptidbased
PPl modulators, which are mostly aimed to increase the peptide resistance to proteases.

Theseapproaches include: (i) protecting N and C terminal regions, (ii) replacing L amino
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acids with D enantiomers which are not found endogenously, (iii) cyclization to increase
steric hindrance and rigidity, and (iv) replacement of some of the chemical gnotines
peptide bonds with nepeptide chemical linkers which makibe peptide derivativasot
recognizable by proteas@sdessi and Soto, 2002; Di, 2015)

One important approach for RBased drug diswvery is the identification of the
key region for the i nt e (Thanduduetral., 202ZfhmERlI as t |
hotspotcanidentified bymutating individual amino acids in the interaction interface with
an alanine; mapproach termed alanine scanning. The alanine replacement residues that do
not allow for the interaction to occwr that decrease tH&PIbinding affinity, form part
of the PPI hotspdiArkin and Wells, 2004)If identified, a small molecule can be designed
that will fit into the hotspot and &iér stabilize or disrupt the PPI. This type of small
molecules might be very useful to target specific PPIs, resulting in selective modulation of
the receptor activity.

Overall, GPCR PPIs provide an alternative approach for the regulation of GPCR
signalirg and are important targets to consider for the development of therapeutics with

enhanced selectivity.

DEVELOPMENT OF PPI-BASED DRUGS FOR THE SEROTONIN RECEPTOR FAMILY

One receptor family which nicely portrays the importance of receptor selectivity is
the serotonin (84T) receptor family. Thus, as discussed below, targeting PPIs may offer
a great opportunity to develop selective drugs for this receptor family. Before discussing
this approach, | will briefly introduce thel3T receptor family and highlighthe reasons

that support the need for selective drugs.
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Serotonin neurotransmission is implicated in many important physiological
functions, and disruption of-BT neurotransmission is involved in a variety of disorders
including anxiety, obesity, schizbpenia, and depressighloyer et al., R02) Therefore,
GPCRs within the 81T family are important therapeuttargets of major translational
relevance. Serotonin signals through at least 14 receptors, 13 of which are GPCRs and
many of them are localized in the central nervous sygktger et al., 2002)Serotonin
receptors are divided into seven families (i.eH5.7) (for review) (Barnes and Sharp,
1999) Some of these receptors exert inhibitory control over neuronal firing while others
have excitatory control after agonist stimulat{@&ytliak et al., 2011)Thus, overall 8HT
neurotransmission not only depends on the levelidiTStself, but also on the receptor
compositiorand distribution within the brain and other tissues. Serotonin receptors, which
are classified into seven families based on pharmacological properties, all accommodate 5
HT within the orthosteric binding site, and thus, selectively targeting individit#l 5
receptors is challenging.

The serotonin 81T> receptor (8HT2R) subfamily is composed of theHbl2a
receptor (8HT2aR), 5HT2gR and 5HT2cR, all three of which preferentially couple to
Gg/11 proteins to result in phospholipase-i@ediated downstream sigling, including
intracellular calcium (G&) release and phosphorylation of extracellular signal regulated
kinases 1 and ERKz1/2) (Hoyer et al., 2002)The 5HT2aR and5-HT2cR can also activate
phospholipase A(PLA2) and generate arachidonic acid (AA) through an (unidentified)
pertussis toxirsensitive G proteifFelder et al., 1990s well as phospholipage(PLD)
via Gai213(McGrew et al., 2002; Moya et al., 20IThese three receptors share a high

degree of sequence homology, regulate a vast number of physiological properties, and are

25



implicated in various pathological processes, thus making timgortant drug targets, as

discussed below.

SELECTIVE ACTIVATION OF 5-HT2cR HAS IMPORTANT THERAPEUTIC POTENTIAL

The 5HT2cR has been implicated in anxiety, binge eating disorder, depression,
impulsivity, movement disorders, obesity, schizophrenia andaut®s use disorders (for
review) (Di Giovanni and De Deurwaerdere, 2016a) particular, genetic, biochemical
and pharmacological analyses have implicatddiTocR hypofunction as a regulator of
behaviors related to a variety of neuropsytlaalisordergfor reviews) (Cunningham and
Anastasio, 2014; Di Giovanni and De Deurwaerdere, 2016a, b; Howell and Cunningham,
2015) For example, selective-lBT>cR agonists have shown efficacy and potency to
reduce food consumptio(Fletcher et al.2009; Gustafson et al., 2013)mpulsivity
(Anastasio et al., 2013; Fletchet al., 2007; Navarra et al., 2008nd the reinforcing
(Cunningham et al., 2011; Fletcher et a02; Higgins et al., 2012; Kasper et al., 2013;
Neelakantan et al., 2017; Neisewander and Acosta, 2007; Swirdokdon et al., 2016)
and subjective effeci€allahan and Cunningham, 1995; Higgins et al., 2012lyugs of
abuse (i.e., cocaine, ethanol, methamphetamine, nicotine, oxycodone), among other
behaviorslmportantly, we have shown ththe 5-HT>cR is an important mediator of the
behavioral effects of cocaine. For example, a selebtidd>cR agonist suppresses intake
and sensitivity to cocairassociated cues in rat saliministration model§Anastasio et
al., 2014; Cunningham et al., 2011; Swinfdatkson et al., 201&Yyhile engineered-
HT2>cR hypofunction triggersenhanced cocairgeeking(Anastasio et al., 2014Yhese

data suggest that strategies to maxinizEeT>cR signaling may provide therapeutic
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efficacy in several important disorders and as sievelopment of selective-lBT>cR
ligands is an important avenue of investigation.

One major barrier to selectiveFbI.cR agonist development has historically been
the potential for adverse effects that arise with activation of 4H&-2R and 5HT2sR.
Activation of 5HT2aR can result in hallucinogenétfects(Nichols, 2004) which leads to
difficulty in obtaining FDA approval for#T.aAR t her apeuti cs. -iffor exa
c | a sHI@R afonist lorcaserin (Belvig®) was FDA approved in 2012 as a weight loss
drug in obese individuals (ww.us.eisai.cofRharmaceuticals, 2007; Smith et al., 2008)
However, lorcaserin is classifieds schedule IV(Shram et al.,, 2011pecause of the
potentialfor dysphoregenic prasties due to its affinity for and partial agonism at3he
HT2aR (Smith et al., 2008)which illustrates one translational barrier in targetingShe
HT2cR. Furthermore, selective3T>cR agonists that have affinity for tleHT2gR also
face approval barriers and safety concerns due to their potential tovedwuslepathies
and cardiac patholog¥itzgerald et al., 2000; Rothman et al., 2000)is is illustrated by
the 5HT releaser fenfluramine which was approved as a weight loss medication.
Fenfluramine was prescribed as a combination therapy along with phentéFairféhen)
with the idea that lower doses of each would synergize and produce weight loss with lower
incidence of adverse ever(i#/eintraub et al., 1992)The FerPhen combination, which
produced rapid and sustained weight loss, was thought to be a magic pill to treat obesity
and prescriptions exceeded 18 million in 19@&priotti, 1998; Connolly et al., 1997)
However, in the late 1990s, reports emerged demonstrating an alarming ratdiad ca
events in patients dfen-Phen(Connolly et al., 199Avhich eventually led to the removal

of FenPhenfrom the market. Years later, fenfluramine and samiés metabolites were
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shown to exhibit 8HT2gR agonist actions which were responsible for these adverse events
(Fitzgerald et al., 2000; Rothmat al., 2000) Since that the, compounds with agonist

actions at the BT2sR have faced approval issues for safety concerns and as such, 5
HT>cR agonists potentially useful for therapeutic medications must lack the ability to

stimulate the 8HT2sR.

5-HT 2cR:PTEN COMPLE X AS A PPI TARGET i DIRECT PPI INHIBITION

One approach to selectively target thel'tcR is through PPIs that are selective
for 5-HT2cR over 5HT2aR and 5HT2gR and which can regulateFbT>cR signaling. In
that regard, one PPI of interest is the interaction betweeB-HiE.cR and accessory
protein phosphatase and tensin (PTEN) which occurs in the third intracellular loop of the
5-HT2cR (Anastasio et al., 2013; Ji et al., 200B)sruption of SHT>cR:PTEN complex
potentiates 81T>cR agonist effects in a variety of assays and thus this PPI can be classified
as an allosteric modulator of theHa>cR. PTEN does not interact with theHa AR
(Anastasio et al., 20133uggesting that PPI disrgps$ of the BHT>cR:PTEN complex can
selectively enhance-BT>cR signaling without effects at-HT.aR. Therefore, this
approach may represent a promising strategy to attenuate the current limitations of
orthosteric 8HT2cR agonists.

The PPl between -BITo.cR and PTEN was first demonstrated by - co
immunoprecipitation assays in PC12 cells and rat ventral tegmentaastaal., 2006)
and subsequently extended to medial prefrontal cqAeastasio et al., 2013Amino
acids Pro283\rg297 of the rat 8HT>cR (analogous to Pro288rg295 in the human-5

HT2cR) are within the third loop of the receptor, and are critical for thEF &ZR:PTEN
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interaction. A small peptide, termed 3L4F%(®op, 4" fragment), homologous to this
sequence disrupts the-bl.cR:PTENcomplex both in 8HT2cR cellular models and rodent
ventral tegmental argAnastasio et al., 2013; Ji et al., 200B)eatment with 3L4F in cells
stably expressing the humanrHT.cR potentiates intracellular calcium (€% release
evoked by BHT or the selette 5HT>cR agonist WAY163909Anastasio et al., 2013)
These data suggest that disruption of tRETocR:PTEN complex enhances agonist
induced 5HT2cR signaling. Treatment with 3L4F alone does not inducé* Celease
suggesting that, similar to allosteric modulators discussed above, disruptiba Bf t
HTo.cR: PTEN compl ex -HiacR agdnistusigreal tranpddctiod rather than
induce signaling on its own. Treatment with 3L4F H{B2aR expressing cells did not
induce C&" release either on its own or in the presence-dT5consistent with th lack
of 5-HT2aR and PTEN communoprecipitation in cellfAnastasio et al., 2013)

The initialin vivoprofile of 5HT2cR:PTEN complex disruption was assessed using
the rat 3L4F analog (r3L4F) conjugated to a short cell penetrant peptide TAT (YGRKKRR)
(Vives et al., 1997at the N terminuso promote blood brain barrier permeability (TAT
r3L4F) (Anastasio et al., 2013Selective BHT>cR agonists are known to suppress
spontaneous locomotor activiffCunningham et al., 2013; Cunningham et al., 2011;
Fletcher et al., 2002; Grottick at., 2000; Halford et al., 1997Yreatment with TAT
r3L4F alone dosédependently (0.1 and 1 pumol/kg) suppressed horizontal, but not vertical
activity, consistent with elevation ofl3T>cR signaling(Anastasio et al., 2013The low
dose of TAFr3L4F (0.1 umol/kg), which did not gpress motor activity on its own,
enhanced the efficacy of a saelfective doseof the selective BHT>cR agonist

WAY163909 to suppress motactivity (Anastasio et al., 2013)Selective BHT2cR
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agonists have also been shown to suppress, WHIE:BR antagonists increase, indices of
impulsive action as measured by choice serial reaction time(taskainghanet al., 2011,
Fletcher et al., 2007; Navarra et al., 2008; Winstanley et al., 208ggtment with TAT
r3L4F synergized with a stéffective dee of WAY163909 to suppress measures of
impulsive action (Anastasio et al., 2013) Lastly, TAT-r3L4F blocked D-
tetrahydrocannabinehduced conditioned place preference, an effect that was mimicked
by the 5HT>cR agonist R6600175 and reversed bytbl.cR antagonist SB242084di et

al., 2006) The suppression of these behaviors cannot be explained by suppression of spatial
learning or spatial memory retrieval, both of which are unaffected byrBAZF treatment
(Maillet et al., 2008)Together, these results suggest that disruption of-thi€6R:PTEN
complex by TAFr3L4F enhances-BlT.cR-mediated effects vivo.

Disruption of the BHT>cR:PTEN complex resulted in potentiation of effects of a
5-HT2cR agonist in a variety of assays which suggests that this PPl may be a viable
therapeutic target. As discussed above, major disadvantagegptitigbhased PPI
disrupters include low bioavailability and redugatarmacokinetiproperties, which are
concerns for the therapeutic use of 3L4F. Approaches to overcome this barrier include
shortening of the peptide fragment as well as chemical modifsathat enhance the
pharmacokinetiproperties of the peptid®i, 2015) The ideal endpoint is to determine
the PPI hotspot and generate a small molecule that can target that region directly thereby
harnessing the advantages of targeting PPIs along with the enhancéidedpagential of
smal molecules. In an effort to move towards that goal, our laboratory identified that the
first eight amino acids within the 3L4F sequence (Pre2f&f287) are sufficient for

retaining 3L4F activityn vitro (Anastasio et al., 2013 his dissertation provides further
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evidence that disruption of-BT.cR:PTEN complex has the potential for therapeutic
benefits for disorders marked byHalocR hypofunction as well as moves forward in
generating new direct PPI disrupters that may have enhaheethacokinetiproperties

(Chapter 2).

SELECTIVE 5-HT2aR ANTAGONI STSHAVE | MPORTANT THERAPEUTIC POTENTIAL

Most atypical antipsychotics are classified as possesSiy2aR inverse
agonist/antagonist propertigMeltzer et al., 2012a; Meltzer et al., 2012lhich is
postulated to be a critical component in the actions of atypical antipsychotics (e.g.,
clozapine) that underlies the enhanced therapeutic benefits over typical antipsychotics
(e.g., haloperidoljMeltzer et al., 2012b; Meltzer et al., 1988% such5-HT.aR blockade
is an important avenue of investigatiddpecifically, the main clinical barrier for typical
antipsychotics, like haloperidol, are extrapyramidal side effects that include dystonia,
tardive dyskinesia, Parkinsonism, akinesia, akathisia and neuroleptic malignant syndrome
(Blair and Dauner, 1992Fxtrapyramidal effects, which often leaddiscontinuatiorof
medication treatment, are a resultiopamine DRreceptor blockade. On the contrary, most
atypical antipsychotics have higher affinity foHa AR over D receptor(Meltzer et al.,
1989) and are hypothesized to distally modulate serotonergic and dopaminergic
neurotransmission throughHbT2aR blockade in the medial prefrontal cort@ieltzer et
al., 2012b) Atypical antipsychotics do not result in extrapyramidal effects and are thus
more tolerated by patients and have become the first line of treatment.

The FDA has recently approved theH3:aR inverse agonist/aagonist
pimavanserin (tradename NUPLAZID®) (AEW®3; ACADIA Pharmaceuticals) for

Par ki nsonods dMWelizeratsak, 2000Pymavansesin, which does not block
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D> receptorgVanover et al., 2006)has provided the first inlass 5HT2aR standalone
antipsychoticand supports the idea thatHa AR inverse agonist/antagonism may be
useful as a monotherapy for psychosis. SelectI'aR inverse agonistahtagonists

also show promise to improve symptomatology in preclinical models of psychostimulant
addiction(Anastasio et al., 2011; Burmeister et al., 2084k et al., 2015; Fletcher et al.,
2012; Nic Dhonnchadha and Cunningham, 2008; Nic Dhonnchadha et al., 20€08}y

(Carr and Lucki, 2011; Pillay and Stein, 2007; Weisstaub et al., 20@pnessioliBerg et

al., 2008; Celada et.ak004; Zaniewska et al., 20180)d sleep dmrders(Holshoe, 2009;
Landolt and Wehrle,@9; Popa et al., 2005; Teegarden et al., 2008)

Thus, selective inhibitiorof 5-HT2aR has important therapeutic implications.
However, the potential fanverse agonismhtagonism at the-HT2>cR, and other GPCRs
(i.e, histamine H, a d r einaad 54Ts eceptors)may present translational barriers
for 5HT2aR inverse agonigantagonist development, as illustrated by atypical
antipsychotics (e.g., clozapin@jroeze et al., 2003Although atyptal antipsychotics do
not induce extrapyramidal side effects like typical antipsychotics, the main adverse effect
of this medication class is substantial weight gain which affeci8040 of patients on
these medication@asand, 1999; Umbricht et al., 1994The weight gain, which often
exceeds 20% of ideal body weigiMasand, 1999; Umbricht et al., 1994an result in
increased incidere of metaboli@ssociated diseases including type 2 diabetes,
hyperglycemia, and hypertension, as well as lower medication comp(@neen et al.,
2000; Meltzer and Roth, 2013 an interesng epidemiological study, Fountaine and
colleagues estimated that clozapine treatment, which is the currerdtgotthrd, resulted

in avoidance of 492 suicide deaths per 100,000 schizophrenic patients in 10 years.
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However, the authors also estimatedt ttlazapine resulted in an additional 416 deaths
related to antipsychotimduced weight gain. Therefore, the clinical benefit induced by
clozapine is outweighed by the adverse effect of weight jéamtaine et al., 2001)
Interestingly, weight gain is an adverse effect associated predominantly with atypecal,
typical, antipsychotics(Green et al., 2000)and could be attributed to enhanced
serotonergic involvemenhithis class of medications. Inverggonisniantagonism of 5
HT2cR, which is present in most atypical antipsychotics, is thought to contribute to the
metabolic side effects of atypical antipsychofi€soeze et al., 2003)This adverse effect

of 5-HT2cR antagonism is not unexpected due to the fact that activation ofHiiecR

has been repeatedly shown teulkein weight loss. Therefore, development of ligands that
selectively antagonize thetbT2aR with little to no activity as a-5T>cR antagonist could
have the potential of harnessing the current therapeutic benefits of atypical antipsychotics

while avoidng weight gain and could thus greatly benefit this patient population.

5-HT 2aR HOMODIMERS AS PPl TARGET i PPI STABILIZATION

One approach to developHbroaR antagonists with enhanced therapeutic potential
may be to target-biT2aR:5-HT2aR homodimer interamns. Traditionally, GPCRs were
conceptualized as existing as monomers, however emerging evidence suggest that GPCRs
can form receptereceptor complexes which can alter localization and signaling. Brea and
colleagues provided evidence supporting thetemte of homodimeric-BIT2aAR:5-HT24R
interactions through the use ofromunoprecipitation and fluorescence resonance energy
transfer (FRET). They expressedt&minus FLAGtagged BHT2aR as well as -enyc-
tagged BHT2aR in human embryonic kidney (HEK) ¢t®land showed that affiLAG

antibody immunoprecipitation followed bymyc immunoblotting results in a clear 55 kDa
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immunoreactive band which is consistent withi'5.AR molecular weight. Similarly they
showed that HEK cells expressing yellow fluorescentegintagged 8HT24R and cyan
fluorescent proteitagged BHT2aR produced a robust and saturable FRET signal. These
data suggest that at least two distindi AR are in complex together which provides
support for this receptor existing, at least in part, as a homodBnea et al., 2009)
Furthermore, 84T2aR:5-HT2aR homodimers have been proposed to be the minimum
functioni ng uni t:malitedtsignalindpatiBMays anduded BB AR
agonistsan vitro (Iglesias et al., 2016Additionally, molecular dynamics modeling studies
suggest that the putativetbIoaR ligand binding sites displace differently in simulations
of monomers vs. homodimers, which may suggest that reeequiepor interactions may
prefer different 8HT2aR ligands(Bruno et al., 2011)Therefore, development of tools to
explore 53HT2aR homodimer relevance in signal transducto® necessary.

Here, we propose that targetingH32aR:5-HT2aR homodimers with bivalent
ligands that have two pharmacophores that bind the orthosteric site tethered via a chemical
linker will provide therapeutically beneficial compounds. This dissertationides initial
characterization of BT2aR:5HT2aR homobivalent ligands that retain antagonism
properties botln vitro andin vivo (Chapter 3)Although our homobivalent liganako not
display enhanced selectivity for thd-H2aR over the BHT2cR, theg ligands may be used
as tools for the exploration of homodimer impact in behavidisrev5HT24AR inverse
agonistgantagonists show efficacy. Since GPCR dimers are known to alter ligand binding
sites, signaling properties and traffickigidjller et al., 2013)it is possible thatBHT2AR:5
HT2aR homodimers may differentially regulate behaviors implicated in these important

disorders, which has been difficult to study, especialljivo.
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Along with enhance therapeutic potential;H%2R ligands with enhanced
selectivity are necessary to advance the scientific understanding of the distinct reles of 5
HT2Rs in physiological and pathological processes. At the moment, it is difficult to
disertangle the exact roles for these receptors due to a lack of highly specific l{@ands
Giovanni and De Deurwaerdere, 201@gtter delineation ah vivoreceptor function and
thus biological comtbution will further expand and inform drug discovery efforts as well
as the understanding of the developmeihimportant psychiatric disorders. Therefore,
approaches that allow for the selective manipulation of GPCRs within -tH€:F%
subfamily are neasary.Overall, tis dissertation explores the hypothesis that direct PPI
stabilizers and disrupters can allosterically regulakéT2R signaling and are therefore

promising targets for drug development.
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Chapter 2: In Vivo and In Vitro Analysesof Novel Peptidomimetic
Disruptors for the Serotonin 5HT >c Receptor Interaction with

Phosphatase and Tensin Homolog (PTEN%¥oto et al.)

INTRODUCTION

The serotonin (81T) 5-HT2c receptor (8HT2cR) is engaged in normal physiology
(e.g., appetitejHeisler et al., 2003vhile 5-HT2cR dysfunction is implicated in multiple
pahological disorders (e.g., anxiety, depression, obesity, substance use di{Buleas)
and Cunningham, 2008; Howell and Cunningham, 2015; Miller, 2005; Tecott et al., 1995)
In particular, genetidiochemical and pharmacological analyses have implicat€theR
hypofunction as a regulator of behaviors related to a variety of neuropsychiatric disorders
(for review) (Cunningham and Anastasio, 2014; Di Giovanni and De Deurwaerdere,
2016b; Howell and Cunningham, 2015For exanple, selective 1T>cR agonists have
shown efficacy and potency to reduce food consumgitatcher et al., 2009; Gustafson
et al, 2013) impulsivity (Anastasio et al., 2013; Fletchadral., 2007; Navarra et al., 2008)
and the reinforcingCunningham et al., 2011; Fletcher et al0Q2; Higgins et al., 2012;
Kasper et al., 2013; Neelakantan et al., 2017; Neisewander and Acosta, 2007; Swinford
Jackson et al., 201@nd subjective effectgallahan and Cunningham, 1995; Higgins et
al.,, 2012) of drugs of abuse (i.e., cocaine, ethanol, methamphetamine, nicotine,
oxycodone), among other behaviodks.such, therapeutic moleculdst enhance-61T>cR
activity have important clinical implications.

Agonist binding to the HT>cR results in dynamic changes in receptor

conformation and induction of a variety of intracellular signaling pathWgsg et al.,

36



1994b; Labasque et al., 2008; Werry et al., 20B8&yt characterized is coupling of the 5
HT.cR t ay11 @dieins to activate phospholipase (PLCs) resulting in increased
intracellular calcium (G&) releas€dHannon and Hoyer, 2008; Millan et &008) among
various other signalingutcomegBerg et al., 1994b; McGrew et al., 2002he sequence

of ligand binding to a GPCR and subsequent activation of downstream rsggoah be
positively or negatively modulated by binding of ligands at allosteric sites which are
topographically distinct from the orthosteric ligand binding fi@hristopoulos and
Kenakin, 2002; Gnn et al., 2009; May et al., 2007; Wild et al., 20T4ere are theoretical
reasons (i.e., increased selectivity, upper ceiling effects, separate control of affinity and
efficacy) as to why allosteric ligands may be preferredajeutic chemical targets
(Kenakin and Miller, 2010)Therefore, BHT.cR allosteric modulators present a novel drug
design strategy to selectively tune up or down signaling in response to endogétibus 5
or synthetic 8HT2cR agonists irdisorders marked with-BITocR hypofunction.

Allosteric modulation can be accomplished via targeting allosteric binding sites on
the GPCR or stabilizing/disrupting allosteric protphotein interactions involved in signal
transductior{Christopoulos and Kenakin, 2002)ne proteirprotein interaction of interest
occurs between -BITocR and protein phosphatase and tensin (PTEN) in the third
intracellular loop of the HT2>cR (Anastasio et al., 2013; Ji et al., 200BYEN is a dual
phosphatase that contains distinct lipid and protein phosphatase activities and is involved
in the suppresion of cell proliferation pathways through the lipid phosphatase adiivdgy
et al., 1999; Maehama and Dixon, 1998; Ning et al., 2004; Stambolic et al.,. 1998)
Disruption of the BHT2cR:PTEN complex enhances selectivéH3>cR agonistinduced

effects in both cellular and rodent mod@sastasio et al., 2013; Ji et al., 2008% such,
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disruption of the BHT>.cR:PTEN complex is a potential target to selectively potentiate
agonist activity at the-61T>cR and may hold therapeutic promise.

Previous studies have employed a 16 amino acid peptide homologous to a fragment
of the third intracelllar loop of the human-BT>cR (h3L4F (1); Figure 2.1, Ac-
PNQDQNARRRKKKERRNH2; Pro280Arg295) and its shorter version (pepti@e
Figure 2.1; Ac-PNQDQNARNH2; Pro280Arg287) to disrupt the BHT>cR:PTEN
complex(Anastasio et al., 2013; Ji et al., 200Bgptidesh3L4F (1) and2 enhance 5
HT.cR agonistmediated C&' release in Chinese hamster ovary cells stably expressing the
human 5HT2cR (h5HT2cR-CHO) (Anastasio et al., 2013Additiondly, treatment with
peptidesh3L4F (1) and 2 alone do not induce @4 release in h84T2cR-CHO cells,
suggesting that these peptides do not possess agonist activity but rather fine tune agonist
induced 5HT2cR signaling. The initialin vivo profile of 5HT2cR:PTEN complex
disruption was assessed using a peptide homologous to an analogous fragment of the rat 5
HT2cR third intracellular looprBL4F ; Ac-PNPDQKPRRKKKEKRNH?>) conjugated to a
short cell penetrant peptide TAT (YGRKKRRYives et al., 1997at the N terminus to
promote blood brain barrier permeabililyAT -r3L4F (3); Figure 2.1) (Anastasio et al.,

2013) Selective BHT2cR agonists are known to suppress spontaneous locomotor activity
(Cunningham et al., 2013; Cunningham et al., 201dicker et al., 2002; Grottick et al.,
2000; Halford et al., 1997 reatment witiTAT -r3L4F alone dosalependently (0.1 and

1 pmol/kg) suppressed horizontal, but not vertical activity, consistent with elevatien of 5
HT2cR signaling(Anastasio et al., 2013Yhe low dose o AT -r3L 4F (0.1 pmol/kg),
which did not suppress motor activity on its own, enhanced the efficacy ofedfeative

dose of selective-BITocR agonist WAY163909 to suppress motor actiyAyastasio et
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al., 2013) Selective BHT2cR agonists have also been shown to suppress, WhIEER

antagonists increase, indices of impulsive action as measured by choice serial reaction time

tasks(Cunningham et al., 2011, Fletcher et al.,

al., 2004)

2007; Navarra et al.,

2008; Winstanley et

Treatment withTAT -r3L4F synergized with a subffective dose of

WAY163909 was found to suppress measures of impulsive gétrastasio et al., 2013)

Lastly, TAT-r3L4F blocked D°-tetrahydrocannabot-induced conditioned place

preference, an effect that was mimicked by tHé¢TocR agonist Re600175 and reversed

by 5HT>cR antagonist SB24208@i et al.,

2006) Together, these results suggest that

disruption of the BHT2cR:PTEN complex byTAT -r3L4F enhances B T.cR-mediated

effectsin vivo.
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Figure 2.1: Parent peptides h3L4F (1), peptide (2) and TAF3L4F (3).

In the present study, we further investigate the effeci®Adf-r3L4F in vivo as

well as explored the signal transduction pathways recruitedAih-r3L4F-mediated

effectsin vivothrough the use of a drug discrimination paradigm. Drug discrimination is a

widely used rodent model for the assessment of novel compounds and hasidageasa
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an assessment for the subjective effects of compounds in animals and WppEignd
Cunningham, 1986; Bergman et al., 2000; Schuster and Johanson, 1988; Teuns et al.,
2014) In this paradigm, rats are trained to discriminate a training drug from its vehicle
based on the interoceptive cue eéditby the drugThe drug discrimination behavioral
model can be employed to assess mechaos$mction of a novel compound as well as to
assesabuse liability of new chemical compour(@olpaert, 1999)To assess mechanism

of action, rats are trained to discriminate a training drug with a known meghahaction

(e.g, 5-HT2cR agonist). The rats are subsequently tested with the novel compound in
substitution and combination tests to determine if the novel compound induces similar
interoceptive cuesecognized as similar the training drugReceptor involvement in the
mechanism of action can thus be discerned based on rats performance on this task.
Additionally, theabuse liability and similarity to aabuseé drugcan be assessed using the
drug discrimination model. For this assessment,ai@drained to discriminate a drug of
abuse¢.g, cocaine) and the ability of the novel compound to suppress the stimulus effects
of the training drug are assessed. Since humans engage in the use of drugs of abuse to attain
the subjective effects eliceby these drugs (e.g., euphoria, relaxation), the interoceptive
cues elicited by drugs of abuse can promote the addiction @ub&r and Cunningham,

2008) Notably, selective5-HT>cR agonists suppress the stimulus effeof cocaine
(Callahan and Cunningham, 19%)well as dter addiction related behavidiBubar and
Cunningham, 2008; Howell and Cunningham, 20IR)us, in the present behavioral
analyses, we explored the ability ®AT -r3L4F to affect the stimulus properties of

selective5-HT2cR agonists or cocaine.
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We show thafTAT -r3L4F enhances the discriminative stimulus effects of the
selective BHT2cR agonists lorcaserin and WAY 163909 in a potentially Rindependent
manner. Given that-BITocR agonists are known to suppress stimulus effettthe
psychostimulant cocaine, we also test€AT-r3L4F in a cocaine versus saline
discrimination assay and show that treatment WA -r3L4F enhances the suppressive
effects of BHT2cR agonists. Thus, disruption of the->cR:PTEN complex potentiates
5-HT>cR agonistinduced effects suggesting that this profeiatein interaction is a
promising target to allosterically modulate th&lb.cR.

An important disadvantage of peptidased proteknprotein interaction disrupters
is their unfavorable pharmadoletic properties (e.g., short hdifie, low permeability, and
poor absorption distribution, metabolism and excretion (ADME) properties) which is a
concern for their therapeutic ug¢ddessi and Soto, 2002; Di, 2015)he unfavorable
pharmacokinetic profiles of peptides are related to their generally high conformation
instability which exposes the peptide bond to proteolytic attack, decreases cell penetration
by increase backbone desolvation energy antittdes renal clearan¢€&ongoraBenitez
et al., 2014)Ourchemistry efforts focused on the design and synthesis of novel constrained
peptide derivatives based on the sequence of pepiutiech are expected to improve upon
the pharmacokinetic profiles of the original peptii@s4F and2. An alanine scan was
emgoyed to determine which amino acids residues were criticainfornitro peptide
activity. Based on those results, cyclized peptides and peptidomimetic derivatives were

designed and synthesized and shown to rataiitro potency and efficacy.
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RESULTS AND DISCUSSION

We first investigated the effects of the parent peptide -r3L4F (3; Figure 2.1)
in vivo through the use of a twlever, watetreinforced drug discrimination paradigm in
three separate cohorts of rats. In the first set of experiments, rats were trained to
discriminate lorcaserin or WAYB909 from saline to investigate the effectsT#T -
r3L4F on the interoceptive cues elicited by thelb.cR agonists and to begin to elucidate
the signal transduction pathways that are recruited for 3hdéiated effects. Note, the

TAT-conjugatedlAT -r3L4F peptide was employed in all rodent expents.

Lorcaserin-Saline and WAY163909Saline Discrimination

All rats in both cohorts acquired the discrimination within similar number of
training sessions. Rats (n=14) acquired the discrimination of lorcaserin (0.75 mg/kg; 15
min pretreatment) versus saline withinaarerage of 51 twdever training sessions (range
33-71); response rates after lorcaserin (21.4 + 0.74/min) were statistically lower than rates
after saline (33.8 £ 1.2/min; p<0.05). Rats (n=12) acquired the discrimination of
WAY163909 (0.75 mg/kg; 15 mirrgtreatment) versus saline within an average of 44 two
lever training sessions (range-39); response rates aft&AY163909(17.2 + 1.44/min)
were statistically lower than rates after saline (22.1 £ 1.3/min; p<0.05). Substitution tests
indicated that satie Figure 2.2A, 2.2B SAL) engendered <10% drdgver responding
in both cohorts. Both lorcaserin and WAY163909 evoked similar-delaéed (0.125 1
mg/kg) increases in drugppropriate respondingFigure 2.2A, 2.2B as well as
suppression of responsates Figure 2.2C, 2.2D. In the lorcaserhsaline trained rats,
drug-appropriate lever responding after lorcaserin doses of 0.125, 0.25, 0.5, and 1 mg/kg

were significantly different from the previous lorcaserin maintenance session (p<0.05;
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Figure 2.2A). Doses of 0.125, 0.25 and 0.5 mg/kg produced response rates significantly
elevated versus previous lorcaserin maintenance sessions (pfidise 2.20).
Similarly, in the WAY163909 versus saline trained rats, ékpgropriate lever responding
after WAY163%9 (0.125, 0.25, 0.5 mg/kg) was significantly different from the previous
WAY163909 maintenance session (p<0.Gagure 2.2B), while response rates were
different at 0.5 mg/kg (p<0.0Figure 2.2D). The dose of lorcaserin predicted to elicit
50% lorcaseridever responding (E£3) was 0.58 mg/kg (95% CL 0.8164 mg/kg). The

EDsoof WAY163909 was 0.60 mg/kg (95% CL 0-8782 mg/kg).
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Figure 2.2: Lorcaserin and WAY 163909 induce doselependent stimulus
discrimination

Results of doseesponse tests in (A) rats (n=14) trained to discriminate lorcaserin
0.75 mg/kg) from saline, and YBats (n=12) trained to discriminate WAY 163909 (W,
0.75 mg/kg) from saline. Closed symbols denote the mean (+SEM) percentage-
lever responding. C,D: open symbols denote the mean (xSEM) response rate pe
For comparison, the percentage nfglappropriate responding and response rate obs
after saline tests are included (SAL: squarepx(0*05 vs. previous drug maintena
session.
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Substitution Tests inL orcaserin-Saline and WAY163909Saline Cohorts

We assessed whethBAT -r3L4F substitutes for either lorcaserin or WAY 163909
as a measure of intrinsietbT2cR agonist activityn vivo (Figure 2.3). WAY163909 (0.75
mg/kg) induced a full substitutian the lorcaserirsaline trained cohori&{gure 2.3A) and
suppressed response rates similar to the training dfiggré 2.3C). Additionally,
lorcaserin (1 mg/kg) induced a full substitution in the WAY163888ne trained cohort
(Figure 2.3B) and also symressed response rates versus salig(e 2.3D). Given that
lorcaserin and WAY163909 are similar in structure and have similar (but not identical)
pharmacological propertig®unlop et al., 2006; Thomsen et al., 2Q@8pss substitution
analysis indicate #t lorcaserin and WAY 163909 induce similar interoceptive cues.

Pretreatment withTAT -r3L4F (1, 2 upmol/kg) resulted in <10% drdike
responding in either rats trained on lorcaseFRigre 2.3A) or WAY163909 Figure
2.3B), suggesting thaf AT -r3L4F does mt induce similar interoceptive cues associated
with 5-HT2cR agonists. Pretreatment wiltAT -r3L4F (2 umol/kg)resulted in response
rates that were significantly higher than the rate on the previous lorcaserin maintenance
session in the lorcasergaline cohort (with a trend for 1 umol/R@AT -r3L4F) while rates
elicited by both tested doses ®AT -r3L4F were signifcantly higher than from the
previous WAY163909 maintenance session in the WAY163@0@e cohort Figure
2.3C, 2.3D. Thus, TAT -r-3L4F does not induce lorcaserin or WAY163909 stimulus
generalization or reduction in response rates associated with thegrdrugs. These
results are consistent with previously published cellular assays in \WBIchF lacks

efficacy to induce 8HT>cR-associated intracellular signaling.
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Figure 2.3: TAT -r3L4F does not induce lorcaserin or WAY16390-associated
interoceptive cues

Results of WAY163909 (WAY; 0.75 mg/kg), lorcaserin (LOR; 1 mg/kg) and -Ta04F
(3L4F; 1, 2emol/kg) substitution tests in lorcasesaline (A, C; n=13) and WAY1639¢
saline trained rats (B, D; n=10). A,B: Data represent the mean percentage of (
lorcaserin: LOR; B, WAY163909: WA¥Jever responding (xSEM) observed during
sessions. C,D: Rate of response in tests depicted in Panels A and B. For compa
percentage of drugppropriate responding and response rate observed after traini
(0.75 mg/kg; black bar) and saline (SAL; white bar) are presented left of the dast
*p<0.05 vs. previous drug maintenance session.

Combination Tests inLorcaserin-Saline and WAY163909Saline Cohorts

Combination tests were employed to assess the abilfth©fr3L4F to potentiate
5-HT>cR agonistelicited interoceptive cues. The same dosesTAf -r3L4F (1, 2
pmol/kg) that did not substitute in either thedaserin, or WAY163909, versus saline
discrimination, enhanced drdgver responding when combined with lorcaserin (0.5
mg/kg; p<0.025fFigure 2.4A) or WAY163909 (0.5 mg/kg; p<0.02%jgure 2.4B) with
no change in response ratég(re 2.4C, 2.4D. These dta suggest that disruption of the
5-HT>cR:PTEN complex byTAT-r3L4F (Anastasio et al., 2013knhances the

interoceptive cues elicited by lorcaserinWdAY163909. These results are expected and
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consistent with previous reports tha@L4F enhances H1T.cR signalingin vitro and
potentiates the behavioral effects of a selectiTacR agonistin vivo (Anastasio et al.,

2013; Ji et al., 2006)

Lorcaserin-Saline Cohort WAY163909-Saline Cohort

>
w

-
o
o

[

o

o

@
IS}

801

o
=3
1

60

404
zo-i

D 1007
=

(Mean® SEM)
(Mean® SEM)

%LOR-Lever Responding
I
o
1

%WAY-Lever Responding

i
D

N
7/////%4

o
1

o

(@)
N
o
=3

)

©
o
1
©
o
1

IS
=3
1

(Responses/min
IS
o

(Mean ®° SEM)
®
(=]
(Mean ° SEM)
o
°

N
o

Rate (Responses/m
N
S

Rate

il AN

2 TAT-r3L4F (mmol/kg) - 1

7

2
®

i

TAT-r3L4F (mmol/kg)

. %4
%
7

Lorcaserin (0.5 mg/kg) + + WAY163909 (0.5 mg/kg) + +

Figure 2.4: TAT -r3L4F potentiates lorcaserin and WAY 163909 stimulus effects

Response on combination test of lorcaserin (0.5 mg/kg) andrBRAF (1, 2 pmol/kg) i
lorcaserinsaline (A, C; n=14) and WAY16396faline (B, D; n=11) traied rats. A,B: Dat
represent the mean percentage of drug (A, lorcaserin: LOR; B, WAY163909: Vet
responding (xSEM) observed during test sessions. C,D: Rate of response in tests
in Panels A and B.p<0.025 vs. lorcaserin or WAY 163909 (0.75 fikgy black bar).

This paradigm was then employed to explore the role ofpRh@he effects of
TAT -r3L4F to enhance the stimulus effects eH3>cR agonists. Stimulation of the
HT.cR i s k n o wnqmediated signal transtluctiGrithrough BtCresult in C&*
release, but is also known to induce signaling in 2ib@ependent, and perhaps G protein
independent, mechanisn(Belder et al., 1990; Labasque et al., 2008 hypothesized
that lorcaserin and WAY 163909, both of which are full agonists to induéér€laasen
vitro, may evoke their discrimination stimulus effects, in part, throughsfleendent

mechanisms. To test this hypothesis, we employed the Rbditor U73122 which has
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been shown to suppress RE@ediated inositol phosphate andCeelease in a vagty of

cells, including neurongJin et al., 1994)as well as suppress €aelease elicited by-5

HT in 5HT>cR-expressing cells(Labasque et al., 2008)Additionally, systemic
administration of U73122 in rats has been employed to assess the involvement of PLC
dopamine D receptor locomotion in rattMedvedev et al., 2013)ere, U73122 (0.5
mg/kg) evoked salinappropriate responding in the lorcaserin and WAY163909 cohort
(data not shown)n the lorcaserusalineand the WAY16390%alinecohors, U73122 (0.5
mg/kg) modestly, but not significant)ysuppressed druligver responding evoked by the
training dose (0.75 mg/kg; p<0.0Bigure 2.5A,B) with no change in response rate (data
not show). These results suggests tiparhapslorcaserin and WAY163909nduced
internal cues are mediated in part by Bidépendent signaling, consistent wittH®>cR
acti ons proteirosigmplingn@itio. Higher doses of U73122 (0.75 and 1 mg/kg)
dramatically reduced response rates when tested alone and in combination with lorcaserin
(0.75 mg/kg) in the lorcasersaline trained cohort; thus, these doses were not pursued in
subsequent tests (data not shown).

Interestingly, the full substitution elieitl by TAT -r3L4F plus a low dose of
lorcaserin in the lorcasersaline cohortiigure 2.5C) and TATr3L4F plus a low dose of
WAY163909 in the WAY16390%aline cohort Figure 2.5D) is insensitive to PLE
inhibition, unlike the full substitution elicit by éhrespective training drug alone. This
finding may suggest thatTAT-r3L4F-mediated potentiation of lorcaserinor
WAY163909elicited interoceptive cues may involve REC and pepoke@ps GU

independent mechanism, suggesting modulation of an intrcedignaling pathway by
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this proteinprotein interaction distinct from a fultBT2cR agonist. Future studi@s vitro

andin vivoare needed to support this interpretation.
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saline (B, D, n=11) trained rats. Data represent the mean percentage of drug (A,C Ic
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Response rates were not significantly different (data not shown)

49



Selective BHT2cR agonists suppress behaviors associatedduitpsof abuse (for
review, (Cunningham and Anastasio, 201@ne of these behaviors is the suppression of
the stimulus effects of the psychostimulant cocéalahan and Cunningham, 1995; Filip
and Cunningham, 2002; Frankel and Cunningham, 20Céraine produces robust
subjective effects that contribute to its ab(ieven et al., 1990and, as such, therapeutics
that suppress the stimulus effects of cocaine may have imporaicaicimplications.

Here, we hypothesize th&AT -r3L4F will potentiate selective-5iT>cR agonistinduced
suppression of the stimulus effects of cocaine. To test this, we trained a third cohort of rats

to discriminate cocaine (5 mg/kg) from saline.

CocaineSaline Discrimination
All rats (n=12) acquired the discrimination of cocaine (5 mg/kg; 15 min

pretreatment) versus saline within an average of 3@éwer training sessions (range-32
42); response rates after cocaine (25.6 £ 0.55/min) weratistically different from rates
after saline (27.2 = 1.3/min). During desssponse tests, cocaine (0.313% mg/kg)
produced a dosdependent increase in cocaimepropriate respondingd-igure 2.6A).
Saline Figure 2.6A, SAL) engendered <10% cocailever responding. The mean
response rates after cocaine (0.83138 mg/kg) did not differ significantly from those on

the previous cocaine maintenance ses$o0.05;Figure 2.6B).
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Figure 2.6: Cocaine induces dos€élependent stimulus discrimination

Results of doseesponse tests in rats (n=16) trained to discriminataite(COC,;

mg/kg) from saline. (A) Closed symbols denote the mean (:SEM) percentage of ¢

lever responding; (B) open symbols denote the mean (xSEM) response rate pel

For comparison, the percentage of cocaippropriate responding and respenrat

observed after saline test are included (SAL: squargs)0.05 vs. previous cocai
maintenance session.

Substitution and Combination Tests inCocaine Saline Cohort

We confirmedprevious studies that showed thatH®%>cR agonists suppress
cocaine stimulus effec{€allahan and Cunningham, 1995; Filip and Cunningham, 2002;
Frankel and Cunningham, 2004y testing lorcaserin in the presence versus absence of
selective BHT>cR antagonist SB242084. As expected, both lorcaserin (1 mg/kg) and
SB242084 (0.5 mg/kg) engendered primarily salever responding indicating that
neitherdrug substituted for cocaind-iqure 2.7A). Lorcaserin (1 mg/kg) produced a
significant reduction in response rate versus previous cocaine maintenance session rates,
while SB242084 (0.5 mg/kg) produced a slight, but significant increase in response rate
(p<0.05;Figure 2.7C). Two rats failed to complete the FR20 schedule after administration

of lorcaserin (1 mg/kg) alone, indicating that this dose induces behavioral disruption.

51



Cocaine-Saline Cohort

B

>

[

o

o
-
o
o

©
o
1

80 1

o
o
1

60

12/16

° SEM)
° SEM)

I
o

404

(Mean
(Mean

14/16

204

Y

% COC-Lever Responding

%COC-Lever Responding

1

——

0 T 1 T 0-

@]
O

10019 1009
80 80 1

60 60

° SEM)
° SEM)

40

401

(Mean

14/16
N

NN

T T T
SAL LOR SB242084 .
(1 mg/kg) (0.5 mg/kg) Lorcaserin (l mg/kg) - +

204 204

Rate(Responses/min)
Rate (Responses/min)
M|
31

_|
N\

0

SB242084 (0.5 mg/kg)

-
S NN

Cocaine (2.5 mg/kg) + + +

Figure 2.7: Lorcaserin suppresses cocaine stimulus effects which is reversed by
SB242084 treatment

Results of substitution tests (A,C) with saline (1 ml/kg), lorcaserin (1kghgant
SB242084 (0.5 mg/kg) and combination tests (B,D) with cocaine (2.5 mg/kg), lor:
(1 mg/kg) and SB242084 (0.5 mg/kg). A,B: Data represent the mean percentage o
(COC)lever responding (xSEM) observed during indicated test session.Rafe o
response following tests depicted in Panels A and/R.indicates the number of r:
completing the fixed ratio 20 versus the number of rats teqie.05 vs. previous cocai
maintenance sessionp<0.017 vs. cocaine (2.5 mg/kg); n=16 ratdess otherwis
indicated.

A full substitution of 2.5 mg/kg of cocaine was observétgire 2.7B).
Pretreatment with lorcaserin (1 mg/kg) significantldueed cocaine (2.5 mg/kg) lever
appropriate responding (p<0.0Figure 2.7B) and response rates (p<0.0Eigure 2.7D)
consistent with previously reports thatid>cR agonists suppress the stimulus effects of
cocaine(Callahan and Cunningham, 1995; Filip and Cunningham, 2002; Frankel and

Cunningham, 2004)Pretreatment with SB242084 (0.5 mg/kg) did not alter cocaine (2.5
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mg/kg) leverresponding Eigure 2.7B) or response rateF{gure 2.7D). The lorcaserin
mediated suppression of cocaine (2.5 mg/kg) of lever responding and response rate was
fully recovered by SB242084 pretreatmeRigire 2.7B, 2.7D, further supporting that
lorcaserin suppresses the stimulus &ffeof cocaine and response rate vidiT»cR
agonism.

We then investigated wheth@AT -r3L4F pretreatment would synergize with an
ineffective dose (0.5 mg/kg) of lorcaserin to suppress the stimulus effects of cocaine. Of
note, in substitution test3 AT -r3L4F (1, 2 pmol/kg), lorcaserin (0.5 mg/kg) and the
combination ofTAT -r3L4F (1, 2 pumol/kg)plus lorcaserin (0.5 mg/kg) evoked saline
appropriate responding and significant reduction in response rates versus the previous
cocaine maintenance sessiomatéd not shown). Cocaine (2.5 mg/kg) evokes full
substitution which is not suppressed by lorcaserin (0.5 mBiggre 2.8A) indicating that
at this dose, lorcaserin does not suppress the stimulus effects of cocaine. Excitingly,
pretreatment with the comtation of TAT -r3L4F (1, 2 pmol/kg) with lorcaserin (0.5
mg/kg) significantly reduced cocanappropriate respondingersus cocaine (2.5 mg/kg)
alone (p<0.01; Figure 2.8A) suggesting thaffAT -r3L4F enhances the efficacy of
lorcaserin to suppress the stimu&ftects of cocaing-owever, the triple combination of
TAT -r3L4F (1, 2 umol/kg) pluslorcaserin (0.5 mg/kgplus cocaine (2.5 mg/kg) is not
statistically different from lorcaserin (0.5 mg/kguscocaine (2.5 mg/kg).orcaserin (0.5
mg/kg) and the combation of TAT -r3L4F (1, 2 umol/kg)pluslorcaserin (0.5 mg/kg)
significantly suppressed the response rates associated with cocaine (2.5px0/Rd;

Figure 2.80). Of note, treatment withAT -r3L4F (1 or 2 umol/kg) alone did not alter the

stimulus effectsof cocaine (2.5 mg/kgFigure 2.8B) or the associated response rate
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(Figure 2.8D) in the absence of lorcaserin. The lack of effect WlNT -r3L4F treatment
in the absence of lorcaserin is not unexpected givernTwatr3L4F is not predicted to
act as a #1T»cR agonist, but rather potentiate the effects-BifTocR activation. However,
given that cocaine enhances the levels of endogenblls & could be hypothesized that
TAT -r3L4F treatment might suppress the stimulus effects of cocaine by enhancing
endogenus 5HT-induced 5HT2cR signaling. One potential explanation for failure to see
this outcome may be that the levels of endogened3 Henerated by cocaine exposure
under the employed conditions are not sufficientail -r3L4F to potentiate, which is
corsistent withh3L4F inability to potentiate low 81T concentrations in cellular assays
(Anastasio et al., 2013)and sed-igure 2.11).

Overall, these experiments progiturther evidence thatAT -r3L4F enhances5
HT2cR agonistmediated effects vivo. Although the magnitude ofAT -r3L4F effects
in these data is mode3WAT -r3L4F effects are reproducible in rats trained to discriminate
the interoceptive cues of two sdige 5-HT>cR agonists. The modest effect size may be
attributable to poor bioavailability and peptide distribution and perhaps more robust effects
could be attained with -BITo.cR:PTEN complex disrupters with more favorable
pharmacokinetic properties. In asffort to achieve this goal, we next developed
constrained peptide derivatives via cyclization of the pepfideequence as well a
replacement of peptide backbone with a rigid, -peptide linker. These constrained
peptide derivatives are expected to emeapharmacodynamics profile of 3L4F by
reducing the potential for peptide proteolysis, increase membrane penetration and decrease

renal clearanc@Adessi and Soto, 2002; Di, 2015; Gong8enitez et al., 2014We began
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with peptide2 (Figure 2.1), an eight amino acid derivative b8L4F, as the scaffold due

to its retentiorof activity in vitro (Anastasio et al., 2013)
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Figure2.8: TAT-r3L4F enhances lorcaseririnduced suppression of cocaine stimulus
effects

Results of combination tests with cocaine (2.5 mg/lagraserin (0.5 mg/kg) and TA
r3L4F (1, 2emol/kg). A,B: Data represent the mean percentage of cocaine (@@«
responding (+SEM) observed during indicated combination test session. C,D:
response following combination tests depicted in Pakalsd B. *p<0.01 vs. cocaine (:
mg/kg); n=16 rats.

Alanine Scan

The initial step in the generation of cyclized and peptidomimetic derivatives was to
identify the amino acid residues that could be modified without logs afro activity.
Each amino acid in the peptidsequence was sequentially replaced with anraéamhich
resulted in seven alanine peptide analogs, since amino acid 7 is already an Bigaiee (
2.9A). Alanine replacement was used to determine the amino acid side chains critical for

the activity of the peptidéMorrison and Weiss, 200Thus, by replacing a critical amino
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acid with an alanine, the peptide analog is predicted to lose activity, while replacement of
aminoacids necessary to retain the conformation of the peptide will have little to no effect
on the activity of the analog. The ability of these alanine analogs to potentiffe 5
induced intracellular calcium (€8 release was tested in-kH 2cR-CHO cells.Serotonin
induces a concentratiesrependent increase in €aelease (pE&=8.1+0.1, EG=7.8

nM). Pretreatment with3L4F or peptide2 elevates the maximum €arelease induced

by 5HT by ~30% and ~20% respectively (p<0.@Bgure 2.9B; black bars), with no
change in Egp versus BHT alone (data not shown). As shownHFigure 2.9B, analogs

with an alanine replacement in positions$ 3etain significant potentiation of-13T-
induced C&* release (p<0.0%las, Evax = 118 + 3.8Alas, Emax = 121+ 2.0,Alas, Evax

=122 + 2.7;Alas, Evax = 132 £ 6.4) that is comparable to the parent peptidts<iF

(Emax = 131 £ 6.3) and (Emax = 118 £ 4.0). This suggests that thdddD-N sequence in

the middle portion of the peptide can be manipulated withoubtfasdtivity. AnalogsAla:

(Emax = 125 + 9.3)Alaz (Emax = 118 + 6.8) anddlas (Ewax = 131 + 17) exhibited a
marked increase in variability from assay to assay and did not significantly potentiate 5
HT-induced C&" release (p>0.05). Based on these resultese residues were not

manipulated in subsequent modifications.
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(2)  Ac-P-N-Q-D-Q-N-A-R-NH,
Ala, Ac-A-N-Q-D-Q-N-A-R-NH,
Ala, Ac-P-A-Q-D-Q-N-A-R-NH,
Ala,  Ac-P-N-A-D-Q-N-A-R-NH,
Ala, Ac-P-N-Q-A-Q-N-A-R-NH,
Ala;  Ac-P-N-Q-D-A-N-A-R-NH,

Alag  Ac-P-N-Q-D-Q-A-A-R-NH, Zg: SINININENENES
Alag  Ac-P-N-Q-D-Q-N-A-A-NH, o 3 B 0° 0% 0P o °
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Figure 2.9: Results from alanine scan of peptide 2

Alanine derivatives of peptide (A) were tested in G release assay in live HBT2cR-
CHO cells in the presence oftbl' (B). Themaximum 5HT-induced C&" release in tr
absence of the compounds was set as 100% (dashed line). Bars represent the v
produced by 1 nM alanine derivative in the presencetlt 5shown as mean + SEM of
5 biological replicates:p<0.05 vs. BHT alone (dashed line).

Based on the results from the alanine screen, and previous work in which modeling
of peptide2 indicated a potential preference for a ttype conformatiorfAnastasio et al.,
2013) peptide derivatives a2 shown inFigure 2.10were synthesizedlhe head to tail
cyclized vergns @ and5) were designed to improve the stability of the molecules, limit
their conformational flexibility and increase their potency over the linear peptide
precursoiVenkatesan and Kim, 200Pgptide derivativé was cyclized through the side
chains in ani, i+2 orientation in orderto mimic a turatype conformation. Peptide
derivative 7 was designed to be a peptide tanimic in which the pyrrolidine, 4
dicarboxamide replaced the middle four amino acids, but retained the necessary orientation
for the amino acids at the N and C tevad endgWhitby et al., 2011)n addition to
increasingin vitro stablity, these constraints should limit the number of peptide

conformations available and may affect the activity of the peptide.
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Figure 2.10:Modified derivatives of peptide 2
Synthesis ofPeptide Derivatives 45 and 6
The amide cyclized peptide derixeg 4 was synthesized starting with a linear

precursor with side chains protected but a free amine and acid in sredNGterminus
(Scheme 2.1 The linear peptide was synthesized by using an arginine preloaded 2
chlorotrityl chloride (2CTC) resin, whib can be cleaved under mild acid conditions
without deprotecting the peptide side chains. After standard peptide coupling to provide
the sequence, Fmagkamino butyric acid X0) was added to the amino end of the linear
peptide. Cleavage from the polymesirewas accomplished by treating with 10% of AcOH
in CHCI> followed by the removal of Fmoc from the amino butyric acid end in the
presence of DBU in C¥Cl.. The key intramolecular macrocyclization was performed
under high dilution conditions using HBTU/HBDas the coupling reagents and DIPEA as

the base. The side chain protecting groups {But, and Pbf groups) were then removed in

a single step with TFA solution (TFA/TIPS/@E 95:2.5:2.5) to give cyclized peptide
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derivative4. The crude material was purified by reveps®se HPLC to furnish pure cyclic

peptidein 13% yield based on the initial resin loading.

Scheme 2.1 H
N
SPPS o} Fmoc” \/10\)LOH e
H (@]
H-Arg(Pbf)C O
g(Pof) O_o —_— PNQDQNAR—C—OQ Fmoc,NJ\)kpNQDQNAR,(”;,OO
8 3CLTrtResin 9 HBTU, HOBT 11
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H
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o
O. NH o
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© 0
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4 g NH,
0 o}
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Scheme 2.1: Synthesis of cyclic peptide derivative 4

Standard amide formation and copper catalyzed aldame cycl@addition
(CuAAC) were used to perform cyclizations in the approadhaind6. The cyclic peptide
5 was cyclized by formation of a 1,2tBazole ring Scheme 2.2 (Ingale and Dawson,
2011; Jagasia et al., 2009)he synthesis was started with the reaction of brontiwace
anhydride with Rink amide resin to affodb. The bromide was then substituted by
propargyl amine to incorporate the necessary alkyne for triazole ring forma@or (e
first amino acid, Arg, was coupled to the resultant secondary amine by using a
presynthesized symmetrical anhydride of arginine. After the incorporation of the necessary
amino acids by solid phase peptide synthesis, the azide was introduced by the attachment
of 4-azidobutyric acid. The cyclization was carried out through aresim $rategy in the
presence of Cu(l) catalyst and 2u@idine in DMSO. The cyclic peptide was then cleaved

from the resin to givé in 40% yield, based on the initial loading of the resin.
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Scheme 2.2
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Scheme 2.2: Synthesis of cyclic peptide derivative 5

The synthesiof 6, the peptide derivative linked through side chaing, iiF+2
positions, was perform by using similar procedure as utilizesl feith two presynthesized
alkyne and azide moietieS¢heme 2.3incorporated in the peptide sequence. After linear
precurer 27 was generated, the cyclic peptide derivabwsas obtained on the resin by
Cu(l) catalyzed cycloaddition followed by subsequent TFA deprotection and cleavage

(Scheme 2.3
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Scheme 2.3
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Scheme 2.3: Synthesis of side chaifio-side chain cyclized peptidelerivative 6

Synthesis of Turn Mimic 7

The synthesis of the pyrrolidir&4-dicarboxamide was carried out according to
the report of BogefWhitby & al., 2011) With this b-turn template86in hand, we moved
our synthetic efforts to the preparation of peptide fragments, which were installed on the
template. In order to achievbe maximum similarity of the 3L4F sequence, two amino
acid residues of each {lnd G) terminus were preserved in the syntheSisheme 2.1
The first fragment was synthesized by coupling the prdkmebutyl ester amine with
FmocAsn(Trt}OH followed by removal of Fmoc to yield amir89 in 87% vyield. The

fragment for the other position on the pyrrolidine was obtained by esterification of
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commercial Fmodrg(Pbf}OH (31) with 'BuOH in the presence of PQGInd pyridine

(52% vyield) followed by deprotéion of N-terminal Fmoc with DBU (91% vyield). Amide
formation with alanine, and deprotection provided dipeBkia 76% yield Gcheme 2.1
Dipeptide30was coupled t@6 (Scheme 2.pby reaction with HOAt and the subsequent
acid hydrolysis produced thdiastereomer87 and 3 7 (5% yield). After addition of
dipeptide35and separation of the diastereomers, the removal of Troc group was conducted
via EDC/HOAt and zinc dust to giv@8 and3 8i® 32% and 33% yield, respectively. A
solution of TFA cocktail slution was used to remove all other protecting groups in one
step to give the crude material by cold ether precipitation. Finally, the diasterebmeric
turn peptidomimeticg and7 dvere obtained (71% and 67% yields) after the preparative

HPLC system purification.

Scheme 2.4
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Scheme 2.4Synthesis of intermediates for turn mimic peptide derivative 7
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Scheme 2.5
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Scheme 2.5: Synthesis of turn mimic peptide derivative 7

We tested the ability of thesmolecules to potentiate-BT-induced 5HT2cR
signaling in the G&' release assay&ble 2.1; Figure 2.11). Derivative4 (Emax = 128 +
7.4; p<0.05), a heamb-tail cyclized version o, results in potentiation of-BT induced
Ca?* release that is compdra to the parent peptidds3L4F (1) and peptide2.
Interestingly,5 (Emax = 107 +£5.2), another heatb-tail cyclized peptideand its linear
analogl19 (Emax = 109 * 12), did not potentiateT induced C&" release, suggesting
that these modifications maot allow the peptide to disrupt the-Ha2cR:PTEN complex.

The side chakto-side chain cyclized peptide derivatide(Emax = 120 + 3.0;
p<0.05) retained activity in the Ehassay. The peptidomimetic derivatiV¢Emax = 125
+ 5.2; p<0.05) also potentiated-BT induced C&" release which is consistent with the
hypothesis from the alanine scan that amino aciflsa® not necessary for retention of
peptide activity. Furthermore, activity 6fand7s u g g e s t-tirn ¢cohf@matioan tHe

middle portion of the peptide may facilitate disruption of tHeT>cR:PTEN complex. Of
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note, none of the peptides alter thBld potency in this assayigure 2.11). Importantly,
these results demonstrate that activityvitro and, presumably, digption of the 5
HT>cR:PTEN complex is retained after peptidemodifications predicted to enhance
peptide pharmacokinetiaqperties.

Table 2.1: Effects of h3L4F and peptide 2 derivatives on-HT -induced Ca?*
release in hSHT 2cR-CHO cells

Peptide Derivatve Ewmax p-Value
ID (%5-HT)a

h-3L4F 131 + 6.3% p=0.038

2 118 + 4.0% p=0.012

4 128 + 7.4% p=0.020

5 107 +5.2% p=0.281

19 109 + 12% p=0.497

6 120 + 3.0% p=0.003

7 125+ 5.2% p=0.008

2 Maximum 5HT-induced C#&* release (Rax) in the presence of 1 nidf test peptide
derivative; the screen utilized concentrations éfiB (vehicle, [10'Y] to [10° M]) to
establish the fzax of 5-HT in the presence of the test peptide derivative as described in
methods. Statistical analyses were conducted using theredpaitest with Welch's
correction. The criterion for statistically significant difference was set at 0.05. Data
represented as mean + SEM &6 diological replicates run in technical triplicates.
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Figure 2.11:Derivatives of peptide 2 potentiateCa;®>* release in R5-HT 2cR

expressing cells
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Lastly, the ability ofh3L4F (1), peptide2 and derivativegl-7 to suppress PTEN
lipid phosphatasactivity was assessed. PTEN, a dual phosphatase that contains distinct
lipid and protein phosphatase functions, is proposed to regulitedR signaling through
the protein phosphatase activity et al., 2006and thus these peptide derivatives are not
expected to disrupt the lipid phosphatase activity of PTEN. However, it is essential to
confirm that ligands predicted to interact with PTEN do not suppress the lipid phosphatase
activity due to the poteial for carcinogen propertiehe lipid phosphatase function of
PTEN is critical for the suppression of the AltTediated cell proliferation pathway by
dephosphorylation PI(3,4,%B PI(4,5)B (Maehama and Dixqril998; Stambolic et al.,
1998)and thus PI(4,5)Pvas used as an output measure for the assessment of PTEN lipid
phosphatase activity in a competitive ELKBAsed assay. Recombinant PTEN (Echelon
Biosciences) was incubated with PTEN inhibitor SFLEZ00 uM) orh3L4F and peptide
derivatives?, 47 (10 uM) followed by addition of PI(3,4,5)Bubstrate. The absorbance,
which is inversely related to the amount of generated Pl(# WH2 assessed and compared
to the absorbance generated by PTEN and,£EK)R alone. There is a main effect of
treatment Fig.9)= 8.71,p < 0.05;Figure 2.13; anda priori comparisons show that, as
expected, the PTEN inhibitor SF1670 suppresses PTEN lipid phosphatase activity.
Conversely, peptidds3L4F (1), 2 and peptidelerivatives oR do not suppress PTEN lipid
phosphatase activity, which is an important necessity for the continued investigation of

these derivatives.
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Figure 2.12:Derivatives of peptide 2 do not suppress lipid phosphatase activity of
PTEN

Effects of peptidel derivatives on PTEN lipid phosphatase activity. Absorban
inversely correlated to amount of RI§enerated in reaction of PTEN and IR the
absence of (dashed line) or presence (checkered bars) of peptide derivagiéy [us
elevated absorimaeindicates reduced PTEN lipid phosphatase activity. PTEN inhi
SF1670 (200 pM; gray bar) is included as a positive control. The bars represe|
absorbance fold change over PTEN + PIP3 alone (+ SD) of 2 independent experin
in triplicate.*p < 0.05 vs. PTEN + PHalone (dashed line).

In summary, the peptid@AT -r3L4F (3), which disrupts the BHT>cR:PTEN
complex(Anastasio et al., 2013; Ji et al., 200&)hanced the interoceptive cues elicited
by both selective BHT2cR agonists lorcaserin and WAY163909. Pretreatment WA -
r3L4F (3) also enhanced lorcaseiimduced suppression of the stimulus effects of cocaine,
which solidifies the potential therapeutic use for ligands that disrupt-tH€,6R:PTEN
complex. Additionally, we have demonstrated that the sequence of p@ptide be
modified to potentially increase drlige properties and retain activity to potentiate 5
HT2cR signalingin vitro while not disrupting the lipid phosphatase activity of PTEN.
Together, these data suggest that disruption of tHEdB5R:PTEN complex may have
positive therapeutic implications and that the generation of bioavailable disrupters with

efficacy is possible.
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Signaling through GPCRs has been shown to occur through G pdefeemdent
and-independent mechanisms, which can impact overall signaling outcomes of receptor
activation. Different ligands for the same receptor have been showrduoe certain
intracellular signaling pathways over others, a concept known as biased signaling or
functional selectivityKenakin and Christopoulos, 2013; Whalen et al., 20Q1)y results
suggest thal AT -r3L4F (3) may alter the signaling pathways induced by lorcaserin and
WAY163909in vivowhich could suggest that disruption of th&1b>cR:PTEN complex
may alter recruitment of downstream effectors or stabilize rdifite receptor
conformations. Future studies should explore the potential of this potiEn
interaction to bias signaling of thetbrocR.

This is the first report, to our knowledge, that employs #bGibitor U73122 in
the drug discrimination paragin. Here, we show that systemic administration of U73122
can modestly, but not significantly,suppress the stimulus discrimination generated by
CNS-located targets. SincePLCs a known down gprotenanediated f ect o
signal transduction, thireport provides preliminary evidence that the drug discrimination
paradigm maybe useful in the elucidation of signal transduction pathways that are recruited
for the generation of interoceptive cues associated with different receptor types. Through
the wse of PLG inhibitors, as well as other inhibitors downstream of G protein signal
transduction, this rodent model may be useful to study the potential for biased signaling
which has been notoriously difficult to study vivo (Zhou and Bohn, 2014)t will be
interesting to asses$s vitro characterized biased ligands in this behavioral paradigm in

future studies.
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Finally, the present study demons#is that modifications predicted to enhance
peptide drugike properties are able to retamvitro activity. Future studies will explore
in vivo absorption, distribution, metabolism and excretion properties to confirm that these
modifications do in facenhance the pharmacokinetic properties of the parent peptides
(Figure 2.1).

Overall, the present study provides further evidence #I &R activity can be
modulated through an allosteric prot@rotein interaction. As such, this work provides
the groumwork for the continued exploration of protgnotein interactions that can
allosterically modulate this critical receptor and other important GPCRs for new
therapeutic development through mechanisms that may have enhanced selectivity for

targets of intezst and thus enhanced clinical utility.

MATERIALS AND METHODS
Drug Discrimination Assays

ANIMALS. Experimentally naive male SpragDawley rats (n=47; Harlan, Inc.)
weighing 308325 g at the beginning of the experiment were housed two per cage in a
temperature (21-23°C) and humidity (45-50%) controlled environment; lighting was
maintained under a 32 light-dark cycle (0701900 h). Rats were maintained at@Wo
of their freefeeding weights by restricting access to water. Rats received water during daily
training sessions (6 ml/rat/session), in the afternoon several hours after training (20 min),
and over the weekend (36 h). Experiments were conducted during the light phase of the
light-dark cycle (between 0900 and 1200 h) and were carried out in accordance with the

National Institutes of Healt®uide for the Care and Use of Laboratory Animaislwith
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the approval of the Institutional Animal Care and Use Committee at University of Texas
Medical Branch.

APPARATUS The procedures were conducted in commercially availabldeway
operant chambers (Med Associates, St. Albans, USA). Each chambeguiszzed with a
watekfilled dispenser mounted equidistantly between two retractable response levers on
the wall and housed in a lighind souneproof cubicle. lllumination came from a 28
house light; ventilation and masking noise were provided by alatgm fan in the right
side wall. A computer with Me®C IV software was used to run programs and record all
experimental events.

DRuUG DISCRIMINATION PROCEDURE Standard twedever, wateireinforced drug
discrimination procedures were ugédgpel andCunningham, 1986; Bergman et al., 2000;
Callahan and Cunningham, 1994, 1995; Colpaert, 1999; Cunningham et al., 1985; Filip et
al., 2006; Li et al., 2009)Three cohorts (n=1%6/cohort) were trained to discriminate an
injection of a training drug from saline (1.0 ml/kg, i.p) admgriet 15 min before start of
daily (Mondayi Friday) training sessions. In one cohort (n=16), rats were trained to
discriminate the training drug lorcaserin (0.75 mg/kg, 1.0 ml/kg, i.p) from saline. In a
second cohort (n=15) rats were trained to discrimitta training drug WAY163909 (0.75
mg/kg, 1.0 ml/kg, i.p) from saline. In third cohort, rats (n=16) were trained to discriminate
the training drug cocaine (5 mg/kg, 1.0 ml/kg, i.p) from saline. Of note, two rats in this
lorcaserinsaline cohort were exalied from the present study due to loss of discrimination
part of the way through completion of the presented tests. Additionally, rats in the
WAY163909saline cohort also participated in additional studies currently under

submission (Wild et al., 2017, preparation).
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Errorless trainingDuring this phase, only the stimutappropriate (drug or saline)
lever was present. Training began under a fixed ratio 1 (FR 1) schedule of water
reinforcement, and the FR requirement was incremented until all anim@sesponding
reliably under an FR 20 schedule for each experimental condition. For half of the rats, left
lever responses were reinforced after training drug administration, whereas right lever
responses were reinforced after saline administration; wonsliwere reversed for the
remaining animals. During this phase of training, drug and saline were administered
irregularly with the restriction that neither condition prevailed for more than three
consecutive sessions.

Discrimination training.After respnding stabilized, both levers were presented
simultaneously during IBin training sessions. The rats were required to respond on the
stimulusappropriate (correct) lever to obtain water reinforcement. There were no
programmed consequences for respondinghe incorrect lever. This phase of training
continued until the performance of all rats attained criterion (defined as mean accuracies
of at least 80% stimulugppropriate responding for ten consecutive sessions).

Test protocolsTest sessions were fi@ted and conducted once or twice per week
following attainment of criterion. Training sessions were run during the intervening days
to maintain discrimination accuracy. Rats were required to maintain accuracies of at least
80% correct for saline and traing drug maintenance sessions which immediately preceded
a test. During test sessions, animals were placed in the chambers and, upon completion of
20 responses on either lever, a single reinforcer was delivered and the houselights were
turned off. The ratvas removed from the chamber, returned to the colony, and allowed

free access to water for 15 min beginning Bours after the end of each test. Test sessions
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were terminated after 15 min if the rats did not complete 20 responses on either lever; only
data from rats that accomplished the FR20 during test sessions within 15 minutes were
employed in data analysis.

Two pharmacological test manipulations were performed during test sessions. In
substitution testsiats were administered various doses of thming drugs (lorcaserin
saline: 0.1251.0 mg/kg lorcaserin; WAY1639@8aline: 0.125L.0 mg/kg WAY163909;
cocainesaline: 0.313% mg/kg cocaine), saline or test compoundscdmbination tests
rats were tested for lever selection following intraperitbre@ministration (unless
otherwise indicated) of a fixed dose of a test compound, or compounds, prior to a dose of
the training drug. In lorcasersaline trained rats, 3L4F (1, 2 umol/kg) was given 30 min
prior to testing, a n dg/k§) ,.\WANF163909H0.76 mg/kg)randU 7 3 1 2
lorcaserin (0.5 or 0.75 mg/kg) were given 15 min prior to testing. In WAY163808e
trained rats, 3L4F (1, 2 Omol/kg), PLCb int
subcutaneous) and WAY 163909 (0.5 or 0.75kgpivere given 15 min prior to testing. In
cocainesaline trained rats, 3L4F -@ umol/kg) or SB242084 was given 45 min prior to
testing, lorcaserin (0.5 or 1 mg/kg) was given 30 min prior to testing and cocaine (2.5
mg/kg) was given 15 min prior to tesgin Ful | Ssubstitutionr was
appropriate responding and not statistically different from the training drug, and partial
substitution as -appropatrespondings 80 % dr ug

DrRuGs R-TAT-3L4F (r-3L4F; AcYGRKKRRPNPDQKPRRKKKEKRNH2;
pepMic Co., China), lorcaserin ([R)-8-chloro2,3,4,5tetrahydrel-methyt1H-3
benzazepine]; Hangzhou Trylead Chemical Technology Co., Ltd, Hangzhou, China),

WAY 163909 ([(7TbR,10aR)-1,2,3,4,8,9,10,10actahydre7bH-cyclopenta[b][1,4]
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diazepino [6,7,1hilindole]; gift from Pfizer, Inc., New York, NY) andd()-Cocaine
(National Institute on Drug Abuse, Research Triangle Park, NC, USA) were dissolved in
0.9% NacCl forin vivo studies. U73122 (Tocris, UK) was dissolved in 0.4% tw2@mn

0.9% NaCl. Due to sability issues, U73122 first grinded in 100% tweZhusing a mortar

and pestle until an opaque solution was obtained. Then 0.9% NaCl was added, 1 ml at a
time, and mixed in mortar and pestle until the solution of required concentration was
obtained(Medvedev et al., 2013)

DATA ANALYSIS. Accuracy was defined as the percentage of correct responses to
total responses before the delivery of the first reinforcer. During test sessions, performance
was expressed as the percentage of-thugr responses to total responses upon completion
of an FR 20 on either lever. Response rates (responses per minute) wenahiated
during training and test sessions as a measure of behavioral disruption. The response rate
(responses per minute) was calculated as the total number of responses emitted before
completion of the first FR 20 divided by the number of minutes tatkenmplete the first
rati o. For s ub s t-testfortepeated measwses was us8dtaucdngpare tides
percentage of drutpver responding and response rate during test sessions with the
corresponding values for the previous drug maintenaessian. Combination tests were
analyzed by one¢ ai | e d t$estdodrepedted measures with bonferroni correction
for preplanned comparisons. All statistical analyses were conducted with an

experimentwise error rate af0.05.

In vitro Screening
CELL LINES AND CELL CULTURE. Chinese hamster ovary K1 (CHKL) cells stably

transfected with human uneditedHd >cR (h5HT2cR-CHO cells) were a generous gift of
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K. Berg and W. Clarke (University of Texas Health Science Center, San Antonio).-The h5
HT>cR-CHO cdls express approximately 200 fmol/mg ofHF>cR protein which
approaches physiological levels in bréBerg et al., 2001; Gavarini et al., 2006; Seitz et
al., 2012; Stout et al., 200X} ells were grown at 37°C, 5% ¢@nd 85% relative humidity
environment -MEMmédium (Ireitvbgen,Edsbad CA) containing 5% fetal
bovine serum (Atlanta Biologicals, Atlanta GA), and 100 pg/ml hygromycin (Mediatech,
Manassas VA), and were passaged when they reached 80% confluence.

LIGANDS. Serotonin (8HT; Acros Organics, ThermoFisher Scientific, Pitisih,
PA) was dissolved in 1X Hankds bal anced s
Peptides I{3L4F, Ac-PNQDQNARRRKKKERRNH2; 1, Ac-PNQDQNARNH2) were
dissolved in DMSO to a concentration of 10 mM working stock solutions for functional
assays. PTEN mbitor SF1670 (Echelon Biosciences, Salt Lake City, UT) was dissolved
in DMSO to a working concentration of 5 mg/ml.

INTRACELLULAR CALCIUM AssAY. The Ca&"' release assay was performed
according to our recent publications with minor modificati@xsastasio et al., 2013; Chen
et al., 2017; Ding et al., 2012; Seitz et al., 20Bjefly, 150 pL cells from passagel®
were plated in blackvalled flat clear bottom 9@vell tissue culture lates at a density of
14,00016,000 cells/well in serusreplete medium. Care was taken to ensure even plating
of cells, including frequent agitation or trituration of cells in the source reservoir; plates
were placed on a rotary shaker at low speed fomRO Approximately 24 h following
plating, the medium was removed and cells were fed with serunre e ( SF) - Gl ut al
MEM medium supplemented with 1 uM putrescine (Sightdrich, St. Louis, MO), 10

mM progesterone (Sigmaldrich), and 1:100 ITS (1000 mg/L man recombinant insulin,
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550 mg/L human recombinant transferrin, 0.67 mg/L selenious acid; Corning Inc, Corning,

NY) (SF+ medi um). Foll owing a 3 h incubati
Hankds balance saline sooMgChiptin 7( ABS ;| uwi t4
Calcium 4 dye solution (FLIPR Nevash kit, Molecular Devices, Sunnyvale, CA, part #

R8142) supplemented with 2.5 mM wastsiuble probenicid (Sigma) to inhibit
extracellular transport of the dye. Plates were incubated for 60 min at ®8ld\@ed by

15min at RT inthe dark. Calciwumnduced fl uorescence signal
nm) was measured with a FlexStation 3 instrument (Molecular Devices). A baseline was
established for each well during the initial segment of each run.iAddit o f 20 €L ¢
concentrated peptide derivatives or vehicle (HBSS) occurred at 17 s, and fluorescence was
recorded every 5 s for 240 s to determine intrinsic agonist activity. Fifteen min later,
foll owing another 17 s DbaerdraetddisHT svasaddedandd i n g ,
fluorescence was again measured every 1.7 s for 240 s. Maximum peak heights and area
under the curve (AUC) of the €atransient were determined by the SoftMax software

(Pro 5.4.5) for each well. After the final readings, elere fixed in 2% paraformaldehyde

(Sigma) overnight.

Data from each well were normalized to total cell mass as determined with crystal
violet staining, a value proportional to cell mass that can be used as an estimate of cell
number(Seitz et al., 2012)After fixation, cells were rinsed with water, air dried, and 50
pL of filtered crystal violet solution (0.1% in water) was adfl®d10 min at RT and the
wells were rinsed again. Caldlsorbed dye was extracted by the addition of 50 pl of 10%
acetic acid (10 min, RT) and absorbance read at 590 nm. AUC of fHar&@asient was

normalized to the crystal violet values for each \aall then expressed as a percent of the

75



maximum and minimum G& responseThe AUC of Ca?* transients was utilizeds this
measurencorporatedpothinformation on the duratioof the calcium signas well aghe
maximum amount ofigand-evokedcalciumrelease(King et al., 2015) The pIGo and
Evax values forCa?* assay were determined usingp&ameter nonlinearegression
analysis (GraphPad Prism 7.02) and calculated from at least four independent experiments,
each conducted in technical quadruplicates. Raw relative fluorescence units were then
normalized to maximum @4 release induced by-BT (100%) and are psented as the
mean £+ SEM% of83HT. An u n p atitestevas contutter to dasnpareak of 5-
HT in the presence and absence of peptide derivative (1 nM). All statistical analyses were
conducted with an experimentwise error ratas0.05.

PTENLIPID PHOSPHATASEACTIVITY ASSAY. Lipid phosphatase activity of PTEN
was quantified using a PTEN activity ELISA kit from Echelon Bioscienceg {80,
Echelon Biosciences, Salt Lake City, UT) following manufacture protocol. Briefly, 1 ng/ul
PTEN enzyme (EB3000, Ehelon Bioscience, Salt Lake City, UT) was incubated with
PTEN inhibitor SF1670 (200 uM}, 2, and2 derivatives (10 uM) for 15 min at 37°C.
Then PI(3,4,5)Psubstrate was added for a final concentration of 4 pM and the reaction
was incubated at 37°C f@25 h. The lipid phosphatase activity of PTEN was quantified
by measuring the amount of P1(4,51% competitive ELISA in which final absorbance is
inversely related to the amount of PI(4,5)Phe absorbance was measured by FlexStation3
at 450 nm (Moleckar Devices). Results are represented as fold change over PTEN +
P1(3,4,5)R alone (mean = SD) of two independent experiments run in technical triplicates

and analyzed by one way ANOVA withpriori comparison to PTEN + PI(3,4,%Rlone
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(Dunnett @& PrismG#.02)p AllPstatistical analyses were conducted with an

experimentwise error rate aF0.05

Chemistry

GENERAL. All starting material and reagents were purchased from S&jalrich,
Acros, AstaTech and Aapptec and unless noted were used withivtr fourification. The
azide and alkyne functionalized where purchased or prepared by the methods of
PederseifSminia and Pedersen, 20It)in layer chromatography (TLC) was performed
on Silicycle glass backed plates (extra hard layer, 0.25 mm thick, 60 A, vag% F
indicator) and components were visualized by UV light (254 nm) apeédnmisaldehyde,
basic permanganate (KMajOsolution, nnhydrin solution. Flash column chromatography
was performed using Silicycle silica gel (particle sizeb30m, 230-400 mesh). NMR
spectra were obtained using JEOL E&00 spectrometer (400 MHz f41 NMR and 100
MHz for 13C NMR), JEOL ECA500 spectrometg00 MHz for'H NMR and 125 MHz
for 13C NMR) or JEOL ECX600 spectrometer (600 MHz féH NMR and 150 MHz for
13C NMR). Chemical shifts were referenced to the residual chlorefbprak at 7.26 ppm
(*H) and 77 ppm*C) in CDClz or to DMSGH peak at 2.5 pm (H) and 39.5 ppm*{C)
in DMSO-dsor to D;O at 4.79 ppm*H). Chemical shifts were reported in parts per million
(ppm, U). Multiplicity were indicated as
m for multiplet, br for broad resonamand the coupling constanf (ere reported in Hz.
High resolution mass spectra were recorded on an Agilent 6530 Accurate M&3B Q
LC-MS (high resolution ESI) from University of Texas at Austin, Mass Spectrometry

Facility (MSF) of Department of Chentig and Biochemistry. Low resolution mass
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spectra were recorded on Thermo Scientific liquid chromatography mass spectrometry
(LC-MS with low resolution ESI) in Gilbertson Laboratory.

ANALYTICAL AND PREPARATIVE RP-HPLC. Analytical RRHPLC was run on an
HP1100 series instrument using A. Thermo Scientific BetaBasic column (C8, 100 x 4.6
mm, 5 em particle si ze wedkhan@&oultetolomn (C18t e o f
250 x 4.6 mm, 5 eflow rata of 1.0 mlU/nan), sriCz @acawydab a
column (C18, 250 x 4.6 mm, 5 em particle
analyses were executed with the following solvent systems: 0.1% TFAOn(A) and
MeCN containing 0.1% TFA (B). Detection wasrfeemed with a photodiode array
detector at a wavelength of &=215 nm unl es:
performed on a Gilson series instrument using a Grace Vydac protein & peptide C18
column (C18, 250 x 18 anahyses vére egzegutegwithaflow | e s
rate of 8 12 mL/min and with the following solvent systems(Hcontaining 0.1% TFA
(A) and MeCN (B).

GENERAL METHOD FOR SOLID-PHASE PEPTIDE SYNTHESIS (SPPS).Automated
solid-phase peptide synthesis was performed at rtemperature on Endeavor 90 llI
peptide synthesizer (AAPPTEC). All syntheses were executed using a standar@®é&moc/
strategy. The resin (Rink amide resin e€PTrityl chloride (2CITrT) resin) was swollen
in the solvent used in the reaction for 20 masyprior to reaction. The first amino acid was
attached to ZITrT resin using the standard protocol provided in AAPPTEC technical
support information bulletin 1027. The first amino acid attachment on Rink amine resin
was introduced by standard couplingnddions. Briefly, the coupling reactions were

carried out (for both Rink amide resin an€€ZC resin) in NMP using 2 equiv of-Rmoc
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protected amino acid, HOBt (2 equiv), and HBTU (2 equiv) in the presents of DIPEA (5
equiv). The activated amino acid waen added to the resin and the vessel shaken for 25
min with nitrogen bubbling for the first 1 min, followed by draining of the solvent. The
coupling procedure was performed twicetddminal Fmoc deprotection was achieved
using 20% piperidine in DMF (vblol). The resin was washed with methanol, DMF,
MeCN, and CHCI, after every coupling and deprotection step. Peptide cleavage and side
chain deprotection were carried out by agitating the crude pdpaded resin in TFA
cocktail solution (95% TFA: 2.5%IPS: 2.5% HO) for 3 h at room temperature or €0

The ingredients were varied depending on the peptide sequence. The crude material was

precipitated in cold diethyl ether, centrifuged, and purified by HPLC using(@%

gradient in MeCN over 30 min. Thaurified aqueous solution was lyophilized to afford
the final product. In the case of@TrT resin, peptide cleavage can be accomplished using
AcOH/TFE/CHCI> (1:1:8) solution to generate side chain protected peptide acid. The

crude material was precipied in 10 15 times the volume hexane. The solvent was

removed under reduced pressure to afford the side chain protected peptide, unless noted
was used without further purification.

CycLic PEPTIDE (4). 500 mg of HArg(bf)-2-CTC resin (0.29 mmole) was silen
in CHCI> for 20 minutes prior to coupling. The attachment of the next 7 amino acid
residues, Fmoéla-OH, FmoecAsn(TrtyOH, FmoeGIn(Trt)-OH, FmocAsp(tBu)}OH,
FmocGIn(Trt)-OH, FmoeAsn(TrtyOH, FmoePro-OH, and linker (Fmo&GABA-OH)
was conductedni an automated SPPS in which the iterative cycle (removal of the Fmoc
group, wash, coupling of the next building block, wash) was performed consistently. The

peptide loade@-CITrT resin was treated with 5 mL of AcCOH/TFE/&E> (1:1:8) solution
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for 30 min,filtered and washed the resin with 5 mL of 10% AcOH solution. 150 mL of
hexane was added to the filtrate. Solvent was removed with a rotary evaporator (If the
AcOH was not completely removed, more hexane can be added and continued evaporating
the solventntil all the AcOH was removed) to give of crude peptide (591 mg, 0.26 mmol),
which was dissolved in 3 mL of CBl2, and DBU (79 mg, 0.52 mmol) was added. The
reaction mixture was stirred for 30 min, and solvent was removed by rotary evaporator.
The reside was purified by flash chromatography (using eluent gradient EtOAc to 1:9
methanoldichloromethane) to afford peptide with desired free amine and carboxylic acid.
The peptide (525 mg, 0.23 mmol), HBTU (95 mg, 0.25 mmol), and HOBt (38 mg, 0.25
mmol) was dssolved in 32 mL of DMF, and 10 min later DIPEA (119 mg, 0.68 mmol)
was added. The resulting mixture was stirred overnight at room temperature. The reaction
mixture was quenched by the addition of 320 mL eDHnd was extracted with EtOAc
(3x120 mL). Thecombined organic extracts were washed with 5% aqueous HCI (100 mL),
sat. aqueous NaCl (100 mL), andCH (100 mL), dried over MgSgQ filtered, and
concentrated with rotary evaporator. The crude material was used without further
purification. The crude matal (500 mg) was treated with 20 mL of 95% TFA solution

and stirred for 3 h at room temperature. The resulting solution was added to cold ether (400
mL), and the white precipitation was centrifuged, collected, dried under vacuum, and
purified by RRHPLC to give pure cyclic derivativé (38 mg) in 13% yield based on the
initial resin loading. The NMR spectra were reported as a mixture of two conformations.
IH NMR (500 MHz, DO) U 4 J=716.8, 0.21Hz, 0.2H), 4.64.55 (m, 2.7H), 4.53

(dd,J = 8.7, 2.7 Hz, 0.2H), 4.34.28 (m, 2H), 4.284.15 (m, 2.7H), 3.6%.51 (m, 1.8H),

3.47 (ddJ=17.8, 9.8 Hz, 0.2H), 3.38.09 (m, 4H), 2.96 (dd= 17.1, 5.7 Hz, 1H), 2.93
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2.84 (m, 3H), 2.842.71 (m, 2H), 2.522.38 (m, 1.8H), 2.38.21 (m, 5.4H), 2.212.07 (m,
2.2H), 2.071.82 (m, 6.2H), 1.821.68 (m, 3H), 1.681.50 (m, 2H), 1.481.36 (m, 3H)C
NMR (126 MHz, DO) a 177. 82, 177. 79, 176. 04, 174.
174.10, 173.34, 173.12, 173.04, 172.59, 172.33, 171.89, 156.73, 130.87, 53.95,

53.62, 53.41, 50.81, 50.73, 50.39, 47.99, 40.45, 38.86, 35.92, 35.50, 35.08, 31.71, 31.27,
31.13, 30.91, 29.59, 27.81, 27.51, 26.21, 25.92, 24.57, 24.43, 23.79, 22.38, 16.77, 16.48.
CycLic PEPTIDE (5). Bromoacetic acid anhydride (3.25 mmolhieh was freshly

generated by treating bromoacetic acid (903 mg, 6.50 mmol) with DIC (410 mg, 3.25

mmol) in DMF (13 mL), was added to the Rink amide resin-@aeerated free amine
form, 1030 mg, 0.65 mmol, 0.63 mmol/g) and the reaction vessel was shal&nhrhin,
followed by standard wash. DMF (13 mL) was added to the resulting resin followed by the
addition of propargylamine and allowed it to shake for 20 h at room temperature. The first
amino acid, arginine, was attached to the alkyl installed resirpregenerated anhydride
(3.25 mmol) style. After the deprotection of Fmoc, the following 7 amino acid, At@ec

OH, FmoeAsn(Trt}OH, FmoeGIn(Trt)-OH, FmoecAsp(tBu}OH, FmoeGIn(Trt)-OH,
FmocAsn(TrtyOH, FmoeProOH, and linker (4azidobutyric acid) ws attached by
SPPS. A plastic vessel was charged with the peptide laadedand 58 mL of DMSO
(solvent was freshly deoxygenated by bubbling with nitrogen for 5 min) Cu(l)l (56 mg,
0.29 mmol) and 24utidine were added and the vessel was sealed ahkersiier 48 h.

After the reaction, the resin was then washed with DMF, MeCHQ, i$at. aqueous
disodium EDTA solution (2x10 min), 40, MeCN, CHCI», and ether. The peptide was
cleaved from resin with 95% TFA via standard protocol. The crude material whsdour

by RRHPLC to give pure cyclic peptide(298 mg) in 40% yield based on the initial resin
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loading. The NMR spectra were reported as a mixture of conformatidriSMR (600
MHz,D-O) U0 8. 05 (s, O0.5H), 7.99=165Hz, 0BH)1H) ,
5.03 (d,J = 15.3 Hz, 0.1H), 4.91 (m, 0.2H), 4.69 (m, 0.2H), 4.61 (ddd19.5, 12.5, 6.6
Hz, 2H), 4.574.51 (m, 1.3H), 4.50.34 (m, 2.6H), 4.3%.28 (m, 0.5H), 4.25 (ddd,=
16.4, 10.7, 6.3 Hz, 2H), 4.18.01 (m, 3.2H), 3.93 (d] = 16.8 Hz 0.1H), 3.583.36 (m,
2H), 3.12 (ddd, = 20.6, 14.3, 6.9 Hz, 2H), 2.92 (dii= 17.1, 6.1 Hz, 0.9H), 2.88.76
(m, 2.7H), 2.752.69 (m, 2H), 2.502.41 (m, 0.5H), 2.412.16 (m, 6H), 2.162.02 (m,
4.2H), 2.021.83 (m, 5H), 1.76 (d] = 6.8 Hz, 1H), 1.69 (lJ = 14.3, 9.4 Hz, 1.6H), 1.59
1.51 (m, 1.8H), 1.481.34 (m, 0.7H), 1.25 (d}= 7.2 Hz, 1.2H), 1.22 (d,= 7.1 Hz, 1.5H),
1.19 (d,J = 7.2 Hz, 0.3H)1*C NMR (151 MHz, RO) a 177. 66, 177. 57,
174.62, 174.55, 174.43, 174.28, 174.17, 184103.97, 173.93, 173.74, 173.66, 173.51,
173.20, 173.01, 172.88, 172.55, 172.47, 172.32, 171.81, 156.67, 156.60, 143.04, 142.90,
60.73, 54.30, 54.09, 53.43, 51.11, 50.89, 50.51, 49.96, 49.70, 49.58, 49.49, 49.01, 47.90,
44.50, 40.55, 40.38, 36.16, 35.68%.21, 31.41, 30.98, 30.90, 30.49, 28.09, 26.02, 25.08,
24.80, 24.29, 16.59.

SIDE CHAIN-TO-SIDE CHAIN CycLic PEPTIDE (6). A Rink Amide resin (300 mg,
0.189 mmol, 0.63 mmol/ghound desired peptide sequence was obtained by standard
SPPS. The peptide loadeesin was swollen in CKl> for 10 min. After the resin was
filtered, a solution of Cu(l)Br (27 mg, 0.189 mmol) in 9 mL of DMSO (freshly
deoxygenated by bubbling with nitrogen for 5 min at least), a solution of sodium ascorbate
(37 mg, 0.189 mmol) in O (1.6 mL), 2,6lutidine (203 mg, 1.89 mmol), and DIPEA (244
mg, 1.89 mmol) were added to resin in a plastic vessel. The mixture was purged with N

for 5 min and the vessel was sealed and shaken for 20 h at room temperature. The solvent
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was drained and theesin was washed with DMF, MeCN @, sat. aqueous disodium
EDTA solution (2x10 min), KO, MeCN, CHCI, and ether. The resin was treated with
20% piperidine in DMF (2x10 mL) to deprotect theAwmoc. Finally, the peptide was
cleaved from resin with 10 mL of FA/TIPS/HO (95:2.5:2.5) solution via standard
protocol. The crude material was purified by-RPLC to give pure cyclic peptidg (40
mg) in 21% yield based on the initial resin loaditg NMR (600 MHz, DMSGds) U 9. 22
(br, 1H), 8.75 (dJ = 7.4 Hz, 1H) 8.55 (brJ = 5.3 Hz, 1H), 8.22 (d] = 7.8 Hz, 1H), 8.16
8.07 (m, 2H), 8.05 (dd] = 7.3, 3.7 Hz, 2H), 7.95 (s, 1H), 7.84 (b5 8.0 Hz, 1H), 7.54
(br, 1H), 7.43 (s, 1H), 7.33 (s, 1H), 7.27 {d; 18.9 Hz, 2H), 7.13 (s, 1H), 6.99 (s, 1H),
6.80 (d,J = 18.5 Hz, 2H), 4.63 4.56 (m, 2H), 4.53 (dd] = 12.9, 6.1 Hz, 1H), 4.48 (d,
= 12.4 Hz, 1H), 4.434.35 (m, 2H), 4.304.20 (m, 4H), 4.15 (dd] = 13.6, 7.8 Hz, 2H),
3.51 (ddJ = 9.5, 5.7 Hz, 1H), 3.26.20 (m, 1H), 3.208.15 (m, 1H), 3.08 (dd] = 12.9,
6.6 Hz, 2H), 2.59 (dd] = 15.8, 4.7 Hz, 1H), 2.44 (dd= 15.8, 8.9 Hz, 1H), 2.28 (dd=
8.1, 5.5 Hz, 1H), 2.12.07 (m, 2H), 2.00 (tJ = 8.0 Hz, 2H), 1.941.82 (m, 5H), 1.70
1.63 (m, 6H), 1.561.36 (m, 4H), 1.22 (d) = 7.2 Hz, 3H), 1.04 (dJ = 7.5 Hz, 2H).23C
NMR (151 MHz, DMSQds) a 174. 03, 173.97, 173. 14, 17
170.75,170.41, 169.32, 168.10, 156.64, 143.22, 123.99, 68.86, 62.91, 58.87, 52.11, 52.07,
51.92, 51.84, 51.66, 50.16, 49.43, 48.44, 45.81, 40.39, 486(8#), 31.82, 31.35, 29.51,
29.26, 28.86, 28.47, 28.15, 25.01, 23.45, 22.28, 17.84.

TURN Mimic 7. (S)1-((S)y4-aminc2-((3S,4S)4-((S)1-((S)-1-carboxy4-
guanidinobutylaminge)l-oxo-propan2-ylcarbamoyl)pyrrolidine3-carboxamido}-

oxobutanoyl)pyrrolidine2-carboxylic acid (turn mimi@)
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N-Troc protected turn mimic (trafpyrrolidine-3,4-dicarboxamidewas prepared
by the procedure of Bog&Whitby et al., 2011and was usetbr the preparation of by
standard peptide coupling methods. To a solution of tiedd protected turn mimig120
mg, 0.09 mmol) in 1.8 mL of AcOH/THF (1:2) was added zinc dust (114 mg, 1.74 mmol).
The resulting suspension was stirred at room temperature for 8 h, and was then filtered
through celite to remove zinc. The filtrate was concentrated with a tolueogcgeeto
afford crude 30 (93 mgyvhich was employed directly into the next reaction without further
purification. 3 mL of TFA/TIPS/HO (95:2.5:2.5) solution was added to the crude product
(93 mg) and the mixture was stirred at room temperature foC8ld.ether (30 mL) was
added to the reaction mixture and the resulting white precipitation was centrifuged,
collected, dried under vacuum, and purified by-IRPLC to give pure turn mimic (33
mg, 71%).!H NMR (500 MHz, BO) U 4 J=916.2, 4.21H{z, ), 4.40 (ddJ=8.7,
4.9 Hz, 1H), 4.34 (dd] = 9.1, 5.1 Hz, 1H), 4.3(.20 (m, 1H), 3.79 (dt] = 10.3, 6.6 Hz,
1H), 3.68 (dtJ = 10.0, 6.5 Hz, 1H), 3.63.50 (m, 4H), 3.363.25 (m, 2H), 3.19 (1= 6.9
Hz, 2H), 2.80 (ddJ = 15.7, 4.2 Hz, 1H), 2.561¢,J = 15.8, 10.2 Hz, 1H), 2.32.24 (m,
1H), 2.111.95 (m, 3H), 1.961.84 (m, 1H), 1.8011.69 (m, 1H), 1.63 (tt) = 13.5, 6.9 Hz,
2H), 1.37 (dJ = 7.4 Hz, 3H)3C NMR (101 MHz, DMSGds) & 173. 34, 173.
170.48, 170.33, 170.21, 170.00, 156.88,77, 51.95, 48.83, 48.57, 47.11, 46.88, 46.50,

46.11, 40.34, 35.85, 28.60, 28.04, 25.23, 24.56, 17.70.
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Chapter 3: Novel Bivalent 5HT 2a Receptor Antagonists Exhibit High

Affinity and Potency In Vitro and Efficacy In Vivo (Soto et al.)

INTRODUCTION

Serotonin (5HT) neurotransmission is critically involved in the regulation of
normal behavior (e.g., cognition, mood, satiety, sexual behavior, sleep) and pathological
disorders (e.g., anxiety, depression, schizophrenia, substance use Y&ssutdetherefore,
an important medications target. Actions eflb are mediated by at least 14 subtypes of
5-HT receptors, 13 of which are G protein coupled receptors (GPCRs) and are presently
grouped into seven families-(3T:R 1 5-HT7R) according to tir structural and functional
characteristicgHoyer et al., 2002)The metabotropic-BiT2R family (5HT2aR, 5HT2eR,
5-HT2cR) plays an important role in the regulation of CNS function and dysfunction. The
receptors in the BT f ami | 'y coupl e pdJuepdoeims to adlitate y  t
phospholipase §XPLCs) resulting in downstream intracellular calcium farelease and
phosphorylation oERK1/2 ()ERKz1/2) and can also induce arachidonic acid release through
phospholipase A-Blependent mechanistielder et B, 1990) Abnormalities of BHT2R
function have been implicated in several neuropsychological and neurological disorders
(Bubar and Cunningham, 2008; Cunningham and Anastasio, 2014; Hoyer et al., 2002;
Meltzer et al., 2010; Roth et al., 20@4)d active initiatives are underway to develop novel
5-HT2R ligands as therapies for such disordetswell and Cunningham, 2015)

The 5HT2aR is of particular interest as a key target of atypical antipsychotics
which are thought to improve symptoms and cognitive functioninghizgphrenia due to
potent 5HT2aR antagonist action$ray and Roth, 2007; Meltzer et al., 2012b; T., 2001)

Other selective HT2aAR antagonists show promise to improve symptomology in
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preclinical models of psychostimulant substance use disorder (i.e., cocaine, nicotine)
(Anastasio et al., 2011; Burmeister et al., 2004; Fletcher et al., 2012; Nic Dhonnchadha et
al., 2009)anxiety(Weisstaub et al., 2006§lepressior{Berg et al., 2008; Celada et al.,
2004; Zaniewskat al., 2010)and sleep disorde(eandolt and Wehrle, 2009; Popa et al.,
2005; Teegarden et al., 2008elective BHT2aR antagonists have been in clinical trials
for neurological and/or psychiatric disorders includiuglinanserin [MDL100907,
M100907, (R)(+)-U-(2,3-dimethoxyphenyh1-[2-(4-fluorophenyl)ethyl}4-
piperidinemethanol; Aventis Pharmaceuticals; compoand-igure 3.1) (de, 2001;
MauretRemy et al., 1995and structurally similar H{T2aR antagonists/inverse agonists
for schiophrenia(Meltzer et al., 2004; Talvikotfi et al., 2000)and sleep disorde(#\ -
Shamma et al., 2010; AncdBrael et al.,, 2011)Of these, the HT2aR inverse
agonist/antagonist pimavanserifftradename NUPLAZID®; ACHO03; ACADIA
Phar maceutical s) has recently been approv
psychosigMeltzer et al., 2010and the 8HT1aR agonist/S8HT2aR antagonist flibanserin
(tradename Addyi®; BIMT 17; Sprout Pharmaceuticals) has been approved for the
treatment of hypoactive sexual desire disorder impeaopausal womg(risher and Pyke,
2017)

Traditional drug discovery efforts for GPCRs like thEIb2AR have been designed
to target monomeric receptors and conceptualizedegshiirmacophore interacting at one
receptor binding sitéGeorge et al., 2002However, in recent years, the importance of
GPCR dimerization and oligomerization on receptor signaling, trafficking and localization
has been demonstrated for a variety of GPCRs, highlightingh¢led to investigate

receptofreceptor interactions in disease pathology (for revi@eorge et al., 200R)
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Existence of homodimeric -BT2aR:5-HT2aR interactions is supported by -co
immunoprecipitation and fluorescence resonance energy transfer (FRET)
experiment@Brea et al., 2009and 5HT2AR homodimers have been proposed as the
mi ni mum f unct i oniandPLA-mediatedsignalinghpathwRykdGced

by 5HT and synthetic 81T2aR agonistglglesias et al., 2016)Additionally, molecular
dynamics modeling studies suggest that the putatd&fR ligand binding sites displace
differently in simulations of monomers versus homodimers, which suggests that
receptor:receptor interactions may prefer differeftTaaR ligands(Bruno et al., 2011)
Therefore, tools to explore3T.AR homodimer relevance in signal transduction as well
as behavioral outcomes are necessary.

One proposed approach to probe homodimer signaling and function is through the
use of bivalent ligandsThese ligands are comprised of two pharmacophores covalently
tethered via a suitable spacer which are hypothesized to interact with a binding site on each
receptor in the dimer pa{Shonberg et al.)Bivalent ligands have been synthesized to
examine various neurotransmitter receptor syst@ostoghese, 2001)ncluding 5HT
receptorgBruno et al., 2009; Choi et al., 2008; Heinrich et al., 2G0¢h as the-HT4sR
(Lezoualc'h et al., 2009; Soulier et al., 20880 5HT1gR (Decker and Lehmann, 2007,
Halazy et al., 1996; Perez et al., 1998¢re, we characterize homobivalent ligands with
the pharmacophore of the piperidine M100907 which may serve as future tools to
pharmacologically probe-BT2AR:5-HT2AR homodimer biology. The active ¢(gomer of
M100907 [(+}M100907; compound, Figure 3.1] binds the BHT2aR with high affinity
and has >100 fold selectivity over théd3 2R and 5HT.cR.(Herth et al., 2009; Knight et

al., 2004)The pharmacology d#1100907 has been demonstrated in a wide diversiiy of
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vitro (Seitz et al., 2012; Shashack et al., 204449lin vivo (Anastasio et al., 2011; de;
McMahon and Cunningham, 2001; Nic Dhonnchadha et al., 2009; Pockros et al., 2011)
studies.

We have previously reported the synthesis and initial characterization of several
bivalent analogues based on a modified structure of M100907 (comfipinglire 3.1)
(Shashack et al., 2011)o select the best location for the attachment of the tether used to
link the molecules, derivatives with substitutions of ga#uorine (compound?) or the
methoxy group (compour) were tested for their ability to inhitBtHT-stimulated C&*
release in a Chinese hamster ovary (CHO) cell line stably expressing the hithasR5
(h5-HT24R). The replacement of the fluorine with a hydroxyl or ether moiety (compound
2) resulted in significant loss of antagonist potency tobint&-HT-induced C&" release
(Shashack et al., 2011Attachment of an ethylene glycol at the OH of the catechol
(compound3) was found to retain significant activi{ghashack et al., 2011)hus, this
site was selected as the tether attachment site for synthesizing bivalent molecules. An
active first pass metabolite of M100907 (¢emethylketoneM100907; compound),
which lacks a chiral center, also proved to be a potegs 2.3 nM)5-HT2AR antagonist
in the C&" release bioassayShashack et al., 2011yhis molecule was selected as the
starting material for the synthesis of tethered analogs to avoid generation of diasteromeric
intermediates and eliminate the needdboiral resolution of the molecules. Two versions
of compoundt were synthesized with ethylene glycol groupa-0) and tested in the &a
bioassay to determine whether the polyether tether would have a deleterious effect on the
activity of the ligand andound to retain nanomolar poten¢ghashack et al., 2011)

Finally, the desired bivalent moleculega{g) were synthesized and tested. The bivalent

88



ligands exhibited sulmicromolar potency to inhibit5-HT-induced C&* release
demonstrating the retention of antagonist prope(Bésishack et al., 201Ijhese studies
suggested that intermediate tether lengths ef@2atoms in length are optimal for activity

in Ca?* assay(Shashack et al., 2011)

Figure 3.1: Chemical structures of (+}M100907 derivatives
In the present report, we provide further functional characterization of these

compounds. The compounds were additionally profiled through quantificatioRI&f/E
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phosphorylation whichrepresents a distal downstream signaling outcome-ldT AR
activation. Phosphorylation &RKz/2 serves as an integration point of multiple upstream
signaling pathways, including G protein dependant independent signal transduction
(Hoyer et al., 2002; KurraseDrbaugh et al., 2003; Raymond et al., 2001; Seitz et al.,
2012) In addition, affinity of these compounds for théih.AR and selectivity over the
highly homologous #1T28R or 5HT2>cR was determined. We found that the bivalent
ligands (Compounds series) retained activity and selectivity similar to that of- (+)

M100907 (Compound) and that the optimal tether length is betweemr® 21 atom
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linkers in theERKy2 activation cellular ssay. Thus, a homobivalent ligand with an
intermediate tether length (compoufid was selected for the firsh vivo studies to

evaluate the behavioral profile of a homobivalesfi AR antagonist molecule. These
studies open the door to the developméntew bivalent molecules with the potential to

elucidate the neurobiological role ofbl2aR:5-HT2aR homodimers in the CNS.

RESULTS AND DISCUSSION

The inhibitory potency of M100907 analogsiqure 3.1) was evaluated in an
ERKJy2 activation assay in hBT2aR-CHO cells Figure 3.2; Table 3.). Activation of
ERKu2 occurs by phosphorylation of the kinase which, in turn, phosphorylates other
downstream targets to regulate gene expression and a variety of cellular processes (for
review, segRoskoski, 2012) Serotonin induces a concentratid@pendent increase in
phosphorylated ER# (pERKu12) with an EGo of ~72 nM Figure 3.2A). Compoundl
and its analogs#6g; 101% 104 M) were examined for their ability to antagonized BERK
activation induced by a maximally effective concentration (1 uM)-BIfT5 The plGo and
ICs0 values are reported ifiable 3.1 Compoundl, the active isomer (+y1100907
(Ullrich and Rice, 200Q)and compouth 4, the des3-methylketone derivative starting
material for synthesis of the bivalent ligands, displayed low nanomolar potency in
inhibiting 5-HT-evokedERKj/, activation(Table 3.1, Figure 3.2B).

The evaluation of inhibitory potency of compounsis and 5b, derivatives of
compound4 with 12- or 14-atom ethylene glycol linkers, revealed that the addition of the
12-atom linker ba) retained comparable potency compared to the parent compounds, while
addition of a 14atom linker Bb) reduced the potency ~28ld compared to the ketone

starting material4). This reduction in potency is not surprising since ot(®h®nberg et

90



al., 2011)have also noted that mere addition of the polyether tether diminishes the
functional activity of the ligand. Although botha and 5b maintained swumicromolar
potency to inhibit BHT-mediatedERKy/> activation, these datsuggest that the i&tom

chain may be of optimal length. The potency of the homobivalent ligé&aety (o inhibit
5-HT-mediated pERK. was diminished compared to the parent compounds and varied
modestly as a function of linker lengthable 3.1). Interestingly, the homobivalent with

the shortest (6 atom&g) and the longest (24 aton®By) linkers had the lowest potency
which suggests that there is an optimal linker length for maintenance of antagonist activity.
Comparison of the inhibitory patey of the6c, the 12atom linked bivalent ligand, arih,

its respective l-atom monovalent counterpart, show that the poten®&cad decreased

by ~20fold versusba, suggesting that addition of a second pharmacophore decreased the
functional activity Figure 3.2B). On the contrary, comparison of the-d#m linker
bivalent ligand §d) to its respective 14 atom monovalent countergzb} (esulted in a

slight increased potencyldble 3.1). These findings are consistent with previously
published effects fathese compounds in the €abioassay(Shashack et al., 201&nd,
together, may suggest that linker length impacts the potency of these ligands and should be

considered for future experiments.
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