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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,
approximately 30% of current FDA-approved medications target GPCRs and that number
is likely to continue to rise with current GPCR-targeted drug 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 approach has yielded
several important medications, the development of selective orthosteric ligands is
challenging and has led to the loss of many promising therapeutic candidates from the drug
development pipeline due to adverse events attributed to off-target effects. Therefore,
alternative strategies to develop GPCR drugs with enhanced selectivity are necessary. One
alternative approach is to target GPCR protein-protein interactions (PPIs) that are selective
for the GPCR of interest and involved in the regulation of the receptor function. This
dissertation provides proof-of-concept data of two PPIs within the serotonin (5-HT) 5-HT2
receptor (i.e., 5-HT2CR and 5-HT2AR) system which may be promising targets for the
treatment of neuropsychiatric disorders. The 5-HT2CR has been implicated in anxiety,
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binge eating disorder, depression, impulsivity, movement disorders, obesity, schizophrenia
and substance use disorders and selective 5-HT2CR agonists display therapeutic potential.
We show that disruption of the 5-HT2CR interaction with the protein phosphatase and tensin
(PTEN) via peptide-based PPI disrupters enhance 5-HT2CR-mediating signaling in vitro
and potentiates selective 5-HT2CR agonists in behavioral rodent models. On the other hand,
antagonism of the 5-HT2AR is postulated to be a critical component in the actions of
atypical antipsychotics (e.g., clozapine) and has been shown to improve symptomatology
in preclinical models of psychostimulant addiction, anxiety, depression and sleep
disorders. Here, we propose that targeting 5-HT2AR:5-HT2AR receptor-receptor
interactions with bivalent ligands that have two pharmacophores that bind the orthosteric
site tethered via a chemical linker provide potential therapeutically beneficial compounds.
This dissertation provides initial characterization of 5-HT2AR:5-HT2AR homobivalent
ligands that retain antagonism properties both in vitro and in vivo. Based on the cases
explored here and other promising examples in the field, PPIs provide a much needed
alternative approach for the selective 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 IMPORTANT DRUG TARGETS
G-protein coupled receptors (GPCRs) are important therapeutic targets for a variety
of human health disorders. In fact, approximately 30% of current FDA-approved
medications target GPCRs and that number is likely to continue to rise with current drug
discovery efforts (Bunnage, 2011; Jacoby et al., 2006). Although vastly diverse, this
superfamily of proteins retain key structural components that classify them as GPCRs.
These structural components include seven transmembrane α-helical domains, linked by
alternating extracellular and intracellular loops as well as an extracellular amino (N-)
terminus and an intracellular carboxyl (C-) terminus. The family of GPCRs responds to a
variety of ligands such as small molecule neurotransmitters, photons, peptides, proteins,
amino acids and ions which induce coupling of heterotrimeric G (guanine nucleotidebinding) proteins to transmit extracellular signals into intracellular processes (for review,
(Rajagopal et al., 2010)). GPCRs are organized in three main classes, Class A, Class B and
Class C, based on receptor structure. Class A, known as rhodopsin-like receptors, are
characterized by several highly conserved residues within the transmembrane domains and
intracellular loops, such as the D-R-Y motif that is present in the second intracellular loop
of all class A GPCRs (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 sub-categories to include the biogenic amine receptors for serotonin, dopamine,
norepinephrine and muscarinic receptors as well as opioid, chemokine and olfactory
receptors, to name a few (Gether, 2000; Jacoby et al., 2006). Clinically approved

medications that target class A GPCRs include Allegra/Telfast® (the histamine H1
antagonist fexofenadine) for the treatment of allergies, Belviq® (the serotonin 5-HT2C
agonist lorcaserin) for weight loss and Diovan® (the angiotensin AT1 antagonist valsartan)
for hypertension. The GPCR class B is composed of peptide, hormone and neuropeptide
receptors including secretin, calcitonin and parathyroid hormone receptors and are
characterized by a long N-terminus tail (Bortolato et al., 2014). Clinically approved
medications that target class B GPCRs include Forteo® (the parathyroid hormone PTH-1
peptide agonist teriparatide) for osteoporosis and Tanzeum® (the glucagon-like peptide
GLP-1 peptide agonist albiglutide) for type 2 diabetes (for review) (Bortolato et al., 2014).
The Class C GPCRs are characterized by very large N- and C-terminus tails and includes
metabotropic glutamate (mGlu) and γ-aminobutyric acid type B (GABAB) receptors
(Jacoby et al., 2006). Clinically approved medications that target class C GPCRs include
Neurontin® (the GABAB 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 orthosteric site (Conn et al., 2009). While this
approach has yielded several important medications, the development of selective
orthosteric ligands is challenging and has led to the loss of many promising therapeutic
candidates from the drug development pipeline due to adverse events attributed to offtarget effects (Bunnage, 2011). Selective targeting of the orthosteric site is challenging due
to the high degree of homology this site possesses between GPCRs that accommodate the
same endogenous ligand. A prominent example of this translational barrier is observed
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within the serotonin (5-HT) family, which consists of at least 14 receptors and will be
discussed in depth later in this chapter. Overall, the current rate of FDA-approved and
launched medications is dramatically 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 offers an 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 protein-protein interactions (Christopoulos 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, including metabotropic glutamate receptors
(Hopkins et al., 2009; Menniti et al., 2013), the muscarinic M4 receptor (Chan et al., 2008)
and the serotonin (5-HT) 5-HT2C receptor (Ding et al., 2012; Im et al., 2003). This approach
is based on the postulation that GPCRs include binding sites that are distinct from the
orthosteric 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 ligand (Melancon et al., 2012). The proposed
heterogeneity of this site 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, on their own, do not induce signal transduction, but can fine-tune receptor function in
the presence of the orthosteric ligand (Wild 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 membrane (Kenakin, 2009; Wild et al., 2014). Allosteric modulators have been
reported for receptors within all three GPCR classes (Conn et al., 2009), some of which
have been FDA-approved, such as Sensipar® (the calcium-sensing receptor positive
allosteric modulator Cinacalcet; Amgen, FDA-approved 2004) for the treatment of
hyperparathyroidism (Gustafsson et al., 2010) and Selzentry® (the chemokine receptor 5
negative allosteric modulator maraviroc; Pfizer, FDA-approved 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
allosteric modulators for key GPCRs.
Allosteric regulation of GPCR signaling can also be achieved via manipulations of
GPCR interactions with other proteins (Milligan 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, the role of β-arrestins and GPCR kinases (GRKs) is
most delineated in their relation to both internalization/desensitization as well as G proteinindependent signaling (for review) (Reiter and Lefkowitz, 2006) However, 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 (Milligan and White, 2001).
These GPCR protein-protein interactions (PPIs) can form between receptoraccessory proteins, as well as receptor-receptor proteins (Brady and Limbird, 2002;
Milligan and White, 2001). Accessory proteins 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,
GRKs or β-arrestins. Since these accessory 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. However, there 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 which is composed of the δ-OR, κ-OR and μ-OR. In this 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 into large sense-core vesicles, chaperones, transcription factors, and
regulation of neurotransmitter release (Georgoussi et al., 2012). Thus, 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 not, such as the interaction that
occurs between the κ-OR and GEC1 (also named GABAA receptor-associated protein like
1 and Apg8L), which facilitates trafficking of κ-OR from the endoplasmic reticulum to the
plasma membrane (Chen et al., 2006). This interaction does not occur with either δ-OR or
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μ-OR and could thus be a target to specifically modulate κ-OR localization and ultimately
function.
Another set of important PPIs that regulate GPCR function are receptor-receptor
interactions. Receptor-receptor 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 receptor-receptor PPIs have been shown to alter both receptor localization
and signaling and, thus, add a previously 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 higher selectivity and reduced side effect profiles.
The functional importance of GPCR receptor-receptor interactions is exemplified
by the interaction between the Class C GPCRs GABAB receptor 1 (GABABR1) and
GABAB receptor 2 (GABABR2) (for review) (Brady and Limbird, 2002). Heterologous
cells expressing either GABABR1 or GABABR2 alone do not result in fully functional
receptors. In the case of GABABR1 expressing cells, receptors are retained in intracellular
compartments and do not traffic to the plasma membrane. In the case of GABABR2
expressing cells, receptors are trafficked to the membrane, but cannot bind GABA or
promote intracellular signaling. However, when cells express both receptors
simultaneously, they are fully functional, located at the plasma membrane and responsive
to GABA stimulation (Ng et al., 1999). It is proposed that this phenomenon occurs due to
an endoplasmic reticulum retention sequence in the C-terminus of GABABR1 that is
occluded by interaction with GABABR2 which allows the heterodimer to traffic to the
plasma membrane. As illustrated by this example, it is important to delineate the functional
significance of receptor-receptor interactions as they pertain to receptor signaling,
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localization and function. Furthermore, since receptor-receptor interactions, be it heteroor homo-oligomerization, can alter receptor function, targeting these PPIs is interesting and
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 non-GPCR PPIs (Arkin and Wells, 2004; Zinzalla and Thurston, 2009). PPI
modulators can be classified as allosteric disrupters, allosteric stabilizers, direct disrupters
and direct stabilizers. “Allosteric” in this context means that the modulator binds one of
the protein partners to stabilize a conformation that either promotes or prevents interaction
with the other partner in the case of PPI stabilizers or disrupters, respectively (Thiel et 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, direct PPI stabilizers
may bind in the interface of an existing interaction and increase the binding affinity of the
proteins involved (Thiel et al., 2012).
One strategy to modulate receptor-receptor interactions is bivalent ligands which
consist of two pharmacophores linked via a tether of optimal length (Hiller et al., 2013).
The pharmacophores can either be the same entity resulting in a homobivalent ligand or
different chemical entities resulting in a heterobivalent ligand (Brogi et al., 2014). These
two pharmacophores each interact with two separate receptors and can thus serve as a tool
to probe homo/heterodimers (Brogi et al., 2014; George et al., 2002). Due to the need to
interact at two binding sites rather than one, these tethered ligands may provide increased
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 none are currently FDA approved (Brogi et
al., 2014). In an interesting example of the therapeutic implications of bivalent ligands,
Portoghese and colleagues demonstrate that morphine-induced tolerance and dependence
in mice is modulated by linker length between a µ-OR agonist and a δ–OR antagonist
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 that MDAN with short linker lengths
display both tolerance and physical dependence that is comparable to treatment with
morphine or the tethered µ-OR agonist lacking the δ–OR antagonist pharmacophore.
Excitingly, MDAN with longer linker lengths did not result in either tolerance or physical
dependence but retained analgesic properties, while the µ-OR agonist with a tether of the
same length lacking the δ–OR antagonist pharmacophore displayed both side effects.
Furthermore, MDAN with the optimal linker length displayed comparable bioavailability
and blood-brain barrier penetration in comparison to morphine (Daniels et al., 2005).
Together these results suggest that a bivalent ligand with a pharmacophore targeting the µOR and one targeting the δ–OR could have extensive therapeutic implications as well as
facilitate the study of this proposed heterodimer and lends support to the investigation of
bivalent ligands with other receptor-receptor pharmacophores.
There are several approaches to improve the drug-like properties of peptide-based
PPI modulators, which are mostly aimed to increase the peptide resistance to proteases.
These approaches 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 groups in the
peptide bonds with non-peptide chemical linkers which makes the peptide derivatives not
recognizable by proteases (Adessi and Soto, 2002; Di, 2015).
One important approach for PPI-based drug discovery is the identification of the
key region for the interaction termed as the PPI “hotspot” (Thangudu et al., 2012). The PPI
hotspot can identified by mutating individual amino acids in the interaction interface with
an alanine; an approach termed alanine scanning. The alanine replacement residues that do
not allow for the interaction to occur, or that decrease the PPI binding affinity, form part
of the PPI hotspot (Arkin and Wells, 2004). If identified, a small molecule can be designed
that will fit into the hotspot and either 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
signaling 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 (5-HT) 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, I will briefly introduce the 5-HT receptor family and highlight the reasons
that support the need for selective drugs.
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Serotonin neurotransmission is implicated in many important physiological
functions, and disruption of 5-HT neurotransmission is involved in a variety of disorders
including anxiety, obesity, schizophrenia, and depression (Hoyer et al., 2002). Therefore,
GPCRs within the 5-HT family are important therapeutic targets 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 system (Hoyer et al., 2002). Serotonin
receptors are divided into seven families (i.e., 5-HT1-7) (for review) (Barnes and Sharp,
1999). Some of these receptors exert inhibitory control over neuronal firing while others
have excitatory control after agonist stimulation (Pytliak et al., 2011). Thus, overall 5-HT
neurotransmission not only depends on the level of 5-HT itself, but also on the receptor
composition and distribution within the brain and other tissues. Serotonin receptors, which
are classified into seven families based on pharmacological properties, all accommodate 5HT within the orthosteric binding site, and thus, selectively targeting individual 5-HT
receptors is challenging.
The serotonin 5-HT2 receptor (5-HT2R) subfamily is composed of the 5-HT2A
receptor (5-HT2AR), 5-HT2BR and 5-HT2CR, all three of which preferentially couple to
Gq/11 proteins to result in phospholipase Cβ-mediated downstream signaling, including
intracellular calcium (Cai2+) release and phosphorylation of extracellular signal regulated
kinases 1 and 2 (ERK1/2) (Hoyer et al., 2002). The 5-HT2AR and 5-HT2CR can also activate
phospholipase A2 (PLA2) and generate arachidonic acid (AA) through an (unidentified)
pertussis toxin-sensitive G protein (Felder et al., 1990) as well as phospholipase D (PLD)
via G12/13 (McGrew et al., 2002; Moya et al., 2011).These three receptors share a high
degree of sequence homology, regulate a vast number of physiological properties, and are
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implicated in various pathological processes, thus making them important drug targets, as
discussed below.

SELECTIVE ACTIVATION OF 5-HT2CR HAS IMPORTANT THERAPEUTIC POTENTIAL
The 5-HT2CR has been implicated in anxiety, binge eating disorder, depression,
impulsivity, movement disorders, obesity, schizophrenia and substance use disorders (for
review) (Di Giovanni and De Deurwaerdere, 2016a). In particular, genetic, biochemical
and pharmacological analyses have implicated 5-HT2CR hypofunction as a regulator of
behaviors related to a variety of neuropsychiatric disorders (for reviews) (Cunningham and
Anastasio, 2014; Di Giovanni and De Deurwaerdere, 2016a, b; Howell and Cunningham,
2015). For example, selective 5-HT2CR agonists have shown efficacy and potency to
reduce food consumption (Fletcher et al., 2009; Gustafson et al., 2013), impulsivity
(Anastasio et al., 2013; Fletcher et al., 2007; Navarra et al., 2008), and the reinforcing
(Cunningham et al., 2011; Fletcher et al., 2004; Higgins et al., 2012; Kasper et al., 2013;
Neelakantan et al., 2017; Neisewander and Acosta, 2007; Swinford-Jackson et al., 2016)
and subjective effects (Callahan and Cunningham, 1995; Higgins et al., 2012) of drugs of
abuse (i.e., cocaine, ethanol, methamphetamine, nicotine, oxycodone), among other
behaviors. Importantly, we have shown that the 5-HT2CR is an important mediator of the
behavioral effects of cocaine. For example, a selective 5-HT2CR agonist suppresses intake
and sensitivity to cocaine-associated cues in rat self-administration models (Anastasio et
al., 2014; Cunningham et al., 2011; Swinford-Jackson et al., 2016) while engineered 5HT2CR hypofunction triggers enhanced cocaine-seeking (Anastasio et al., 2014). These
data suggest that strategies to maximize 5-HT2CR signaling may provide therapeutic
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efficacy in several important disorders and as such development of selective 5-HT2CR
ligands is an important avenue of investigation.
One major barrier to selective 5-HT2CR agonist development has historically been
the potential for adverse effects that arise with activation of the 5-HT2AR and 5-HT2BR.
Activation of 5-HT2AR can result in hallucinogenic effects (Nichols, 2004), which leads to
difficulty in obtaining FDA approval for 5-HT2AR therapeutics. For example, the “first-inclass” 5-HT2CR agonist lorcaserin (Belviq®) was FDA approved in 2012 as a weight loss
drug in obese individuals (ww.us.eisai.com/)(Pharmaceuticals, 2007; Smith et al., 2008).
However, lorcaserin is classified as schedule IV (Shram et al., 2011) because of the
potential for dysphoregenic properties due to its affinity for and partial agonism at the 5HT2AR (Smith et al., 2008), which illustrates one translational barrier in targeting the 5HT2CR. Furthermore, selective 5-HT2CR agonists that have affinity for the 5-HT2BR also
face approval barriers and safety concerns due to their potential to cause valvulopathies
and cardiac pathology (Fitzgerald et al., 2000; Rothman et al., 2000). This is illustrated by
the 5-HT releaser fenfluramine which was approved as a weight loss medication.
Fenfluramine was prescribed as a combination therapy along with phentermine (Fen-Phen)
with the idea that lower doses of each would synergize and produce weight loss with lower
incidence of adverse events (Weintraub et al., 1992). The Fen-Phen combination, which
produced rapid and sustained weight loss, was thought to be a magic pill to treat obesity
and prescriptions exceeded 18 million in 1996 (Capriotti, 1998; Connolly et al., 1997).
However, in the late 1990s, reports emerged demonstrating an alarming rate of cardiac
events in patients on Fen-Phen (Connolly et al., 1997) which eventually led to the removal
of Fen-Phen from the market. Years later, fenfluramine and some of its metabolites were
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shown to exhibit 5-HT2BR agonist actions which were responsible for these adverse events
(Fitzgerald et al., 2000; Rothman et al., 2000). Since that time, compounds with agonist
actions at the 5-HT2BR have faced approval issues for safety concerns and as such, 5HT2CR agonists potentially useful for therapeutic medications must lack the ability to
stimulate the 5-HT2BR.

5-HT2CR:PTEN COMPLEX AS A PPI TARGET – DIRECT PPI INHIBITION
One approach to selectively target the 5-HT2CR is through PPIs that are selective
for 5-HT2CR over 5-HT2AR and 5-HT2BR and which can regulate 5-HT2CR signaling. In
that regard, one PPI of interest is the interaction between the 5-HT2CR 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., 2006). Disruption of 5-HT2CR:PTEN complex
potentiates 5-HT2CR agonist effects in a variety of assays and thus this PPI can be classified
as an allosteric modulator of the 5-HT2CR. PTEN does not interact with the 5-HT2AR
(Anastasio et al., 2013), suggesting that PPI disrupters of the 5-HT2CR:PTEN complex can
selectively enhance 5-HT2CR signaling without effects at 5-HT2AR. Therefore, this
approach may represent a promising strategy to attenuate the current limitations of
orthosteric 5-HT2CR agonists.
The PPI between 5-HT2CR and PTEN was first demonstrated by coimmunoprecipitation assays in PC12 cells and rat ventral tegmental area (Ji et al., 2006)
and subsequently extended to medial prefrontal cortex (Anastasio et al., 2013). Amino
acids Pro283-Arg297 of the rat 5-HT2CR (analogous to Pro280-Arg295 in the human 5HT2CR) are within the third loop of the receptor, and are critical for the 5-HT2CR:PTEN
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interaction. A small peptide, termed 3L4F (3rd loop, 4th fragment), homologous to this
sequence disrupts the 5-HT2CR:PTEN complex both in 5-HT2CR cellular models and rodent
ventral tegmental area (Anastasio et al., 2013; Ji et al., 2006). Treatment with 3L4F in cells
stably expressing the human 5-HT2CR potentiates intracellular calcium (Cai2+) release
evoked by 5-HT or the selective 5-HT2CR agonist WAY163909 (Anastasio et al., 2013).
These data suggest that disruption of the 5-HT2CR:PTEN complex enhances agonistinduced 5-HT2CR signaling. Treatment with 3L4F alone does not induce Cai2+ release
suggesting that, similar to allosteric modulators discussed above, disruption of the 5HT2CR:PTEN complex may “tune up” 5-HT2CR agonist signal transduction rather than
induce signaling on its own. Treatment with 3L4F in 5-HT2AR expressing cells did not
induce Cai2+ release either on its own or in the presence of 5-HT, consistent with the lack
of 5-HT2AR and PTEN co-immunoprecipitation in cells (Anastasio et al., 2013).
The initial in vivo profile of 5-HT2CR:PTEN complex disruption was assessed using
the rat 3L4F analog (r3L4F) conjugated to a short cell penetrant peptide TAT (YGRKKRR)
(Vives et al., 1997) at the N terminus to promote blood brain barrier permeability (TATr3L4F) (Anastasio et al., 2013). Selective 5-HT2CR agonists are known to suppress
spontaneous locomotor activity (Cunningham et al., 2013; Cunningham et al., 2011;
Fletcher et al., 2002; Grottick et al., 2000; Halford et al., 1997). Treatment with TATr3L4F alone dose-dependently (0.1 and 1 µmol/kg) suppressed horizontal, but not vertical
activity, consistent with elevation of 5-HT2CR signaling (Anastasio et al., 2013). The low
dose of TAT-r3L4F (0.1 µmol/kg), which did not suppress motor activity on its own,
enhanced the efficacy of a sub-effective dose of the selective 5-HT2CR agonist
WAY163909 to suppress motor activity (Anastasio et al., 2013). Selective 5-HT2CR
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agonists have also been shown to suppress, while 5-HT2CR antagonists increase, indices of
impulsive action as measured by choice serial reaction time tasks (Cunningham et al., 2011;
Fletcher et al., 2007; Navarra et al., 2008; Winstanley et al., 2004). Treatment with TATr3L4F synergized with a sub-effective dose of WAY163909 to suppress measures of
impulsive action (Anastasio et al., 2013). Lastly, TAT-r3L4F blocked 9tetrahydrocannabinol-induced conditioned place preference, an effect that was mimicked
by the 5-HT2CR agonist Ro-600175 and reversed by 5-HT2CR antagonist SB242084 (Ji 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 by TAT-r3L4F treatment
(Maillet et al., 2008). Together, these results suggest that disruption of the 5-HT2CR:PTEN
complex by TAT-r3L4F enhances 5-HT2CR-mediated effects in vivo.
Disruption of the 5-HT2CR:PTEN complex resulted in potentiation of effects of a
5-HT2CR agonist in a variety of assays which suggests that this PPI may be a viable
therapeutic target. As discussed above, major disadvantages of peptide-based PPI
disrupters include low bioavailability and reduced pharmacokinetic properties, which are
concerns for the therapeutic use of 3L4F. Approaches to overcome this barrier include
shortening of the peptide fragment as well as chemical modifications that enhance the
pharmacokinetic properties of the peptide (Di, 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 enhanced drug-like potential of
small molecules. In an effort to move towards that goal, our laboratory identified that the
first eight amino acids within the 3L4F sequence (Pro280-Arg287) are sufficient for
retaining 3L4F activity in vitro (Anastasio et al., 2013). This dissertation provides further
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evidence that disruption of 5-HT2CR:PTEN complex has the potential for therapeutic
benefits for disorders marked by 5-HT2CR hypofunction as well as moves forward in
generating new direct PPI disrupters that may have enhanced pharmacokinetic properties
(Chapter 2).

SELECTIVE 5-HT2AR ANTAGONISTS HAVE IMPORTANT THERAPEUTIC POTENTIAL
Most atypical antipsychotics are classified as possessing 5-HT2AR inverse
agonist/antagonist properties (Meltzer et al., 2012a; Meltzer et al., 2012b) which 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., haloperidol) (Meltzer et al., 2012b; Meltzer et al., 1989). As such, 5-HT2AR blockade
is an important avenue of investigation. Specifically, 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, 1992). Extrapyramidal effects, which often lead to discontinuation of
medication treatment, are a result of dopamine D2 receptor blockade. On the contrary, most
atypical antipsychotics have higher affinity for 5-HT2AR over D2 receptor (Meltzer et al.,
1989) and are hypothesized to distally modulate serotonergic and dopaminergic
neurotransmission through 5-HT2AR blockade in the medial prefrontal cortex (Meltzer 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 the 5-HT2AR inverse agonist/antagonist
pimavanserin (tradename NUPLAZID®) (ACP-103; ACADIA Pharmaceuticals) for
Parkinson’s disease psychosis (Meltzer et al., 2010). Pimavanserin, which does not block
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D2 receptors (Vanover et al., 2006), has provided the first in-class 5-HT2AR stand-alone
antipsychotic and supports the idea that 5-HT2AR inverse agonist/antagonism may be
useful as a monotherapy for psychosis. Selective 5-HT2AR inverse agonists/antagonists
also show promise to improve symptomatology in preclinical models of psychostimulant
addiction (Anastasio et al., 2011; Burmeister et al., 2004; Fink et al., 2015; Fletcher et al.,
2012; Nic Dhonnchadha and Cunningham, 2008; Nic Dhonnchadha et al., 2009), anxiety
(Carr and Lucki, 2011; Pillay and Stein, 2007; Weisstaub et al., 2006), depression (Berg et
al., 2008; Celada et al., 2004; Zaniewska et al., 2010) and sleep disorders (Holshoe, 2009;
Landolt and Wehrle, 2009; Popa et al., 2005; Teegarden et al., 2008).
Thus, selective inhibition of 5-HT2AR has important therapeutic implications.
However, the potential for inverse agonism/antagonism at the 5-HT2CR, and other GPCRs
(i.e., histamine H1, adrenergic α1A and 5-HT6 receptors), may present translational barriers
for 5-HT2AR inverse agonist/antagonist development, as illustrated by atypical
antipsychotics (e.g., clozapine) (Kroeze et al., 2003). Although atypical antipsychotics do
not induce extrapyramidal side effects like typical antipsychotics, the main adverse effect
of this medication class is substantial weight gain which affects 40-80% of patients on
these medications (Masand, 1999; Umbricht et al., 1994). The weight gain, which often
exceeds 20% of ideal body weight (Masand, 1999; Umbricht et al., 1994), can result in
increased incidence of metabolic-associated diseases including type 2 diabetes,
hyperglycemia, and hypertension, as well as lower medication compliance (Green et al.,
2000; Meltzer and Roth, 2013). In an interesting epidemiological study, Fountaine and
colleagues estimated that clozapine treatment, which is the current gold-standard, resulted
in avoidance of 492 suicide deaths per 100,000 schizophrenic patients in 10 years.
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However, the authors also estimated that clozapine resulted in an additional 416 deaths
related to antipsychotic-induced weight gain. Therefore, the clinical benefit induced by
clozapine is outweighed by the adverse effect of weight gain (Fontaine et al., 2001).
Interestingly, weight gain is an adverse effect associated predominantly with atypical, over
typical, antipsychotics (Green et al., 2000), and could be attributed to enhanced
serotonergic involvement in this class of medications. Inverse agonism/antagonism of 5HT2CR, which is present in most atypical antipsychotics, is thought to contribute to the
metabolic side effects of atypical antipsychotics (Kroeze et al., 2003). This adverse effect
of 5-HT2CR antagonism is not unexpected due to the fact that activation of the 5-HT2CR
has been repeatedly shown to result in weight loss. Therefore, development of ligands that
selectively antagonize the 5-HT2AR with little to no activity as a 5-HT2CR antagonist could
have the potential of harnessing the current therapeutic benefits of atypical antipsychotics
while avoiding weight gain and could thus greatly benefit this patient population.
5-HT2AR HOMODIMERS AS PPI TARGET – PPI STABILIZATION
One approach to develop 5-HT2AR antagonists with enhanced therapeutic potential
may be to target 5-HT2AR:5-HT2AR homodimer interactions. Traditionally, GPCRs were
conceptualized as existing as monomers, however emerging evidence suggest that GPCRs
can form receptor-receptor complexes which can alter localization and signaling. Brea and
colleagues provided evidence supporting the existence of homodimeric 5-HT2AR:5-HT2AR
interactions through the use of co-immunoprecipitation and fluorescence resonance energy
transfer (FRET). They expressed N-terminus FLAG-tagged 5-HT2AR as well as c-myctagged 5-HT2AR in human embryonic kidney (HEK) cells and showed that anti-FLAG
antibody immunoprecipitation followed by c-myc immunoblotting results in a clear 55 kDa
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immunoreactive band which is consistent with 5-HT2AR molecular weight. Similarly they
showed that HEK cells expressing yellow fluorescent protein-tagged 5-HT2AR and cyan
fluorescent protein-tagged 5-HT2AR produced a robust and saturable FRET signal. These
data suggest that at least two distinct 5-HT2AR are in complex together which provides
support for this receptor existing, at least in part, as a homodimer (Brea et al., 2009).
Furthermore, 5-HT2AR:5-HT2AR homodimers have been proposed to be the minimum
functioning unit of the PLCβ and PLA2 mediated signaling pathways induced by 5-HT2AR
agonists in vitro (Iglesias et al., 2016). Additionally, molecular dynamics modeling studies
suggest that the putative 5-HT2AR ligand binding sites displace differently in simulations
of monomers vs. homodimers, which may suggest that receptor-receptor interactions may
prefer different 5-HT2AR ligands (Bruno et al., 2011). Therefore, development of tools to
explore 5-HT2AR homodimer relevance in signal transduction are necessary.
Here, we propose that targeting 5-HT2AR: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 dissertation provides initial
characterization of 5-HT2AR:5-HT2AR homobivalent ligands that retain antagonism
properties both in vitro and in vivo (Chapter 3). Although our homobivalent ligands do not
display enhanced selectivity for the 5-HT2AR over the 5-HT2CR, these ligands may be used
as tools for the exploration of homodimer impact in behaviors where 5-HT2AR inverse
agonists/antagonists show efficacy. Since GPCR dimers are known to alter ligand binding
sites, signaling properties and trafficking (Hiller et al., 2013), it is possible that 5-HT2AR:5HT2AR homodimers may differentially regulate behaviors implicated in these important
disorders, which has been difficult to study, especially in vivo.
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Along with enhance therapeutic potential, 5-HT2R ligands with enhanced
selectivity are necessary to advance the scientific understanding of the distinct roles of 5HT2Rs in physiological and pathological processes. At the moment, it is difficult to
disentangle the exact roles for these receptors due to a lack of highly specific ligands (Di
Giovanni and De Deurwaerdere, 2016a). Better delineation of in vivo receptor function and
thus biological contribution will further expand and inform drug discovery efforts as well
as the understanding of the development of important psychiatric disorders. Therefore,
approaches that allow for the selective manipulation of GPCRs within the 5-HT2R
subfamily are necessary. Overall, this dissertation explores the hypothesis that direct PPI
stabilizers and disrupters can allosterically regulate 5-HT2R signaling and are therefore
promising targets for drug development.
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Chapter 2: In Vivo and In Vitro Analyses of Novel Peptidomimetic
Disruptors for the Serotonin 5-HT2C Receptor Interaction with
Phosphatase and Tensin Homolog (PTEN) (Soto et al.)
INTRODUCTION
The serotonin (5-HT) 5-HT2C receptor (5-HT2CR) is engaged in normal physiology
(e.g., appetite) (Heisler et al., 2003) while 5-HT2CR dysfunction is implicated in multiple
pathological disorders (e.g., anxiety, depression, obesity, substance use disorders) (Bubar
and Cunningham, 2008; Howell and Cunningham, 2015; Miller, 2005; Tecott et al., 1995).
In particular, genetic, biochemical and pharmacological analyses have implicated 5-HT2CR
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, 2015)). For example, selective 5-HT2CR agonists have
shown efficacy and potency to reduce food consumption (Fletcher et al., 2009; Gustafson
et al., 2013), impulsivity (Anastasio et al., 2013; Fletcher et al., 2007; Navarra et al., 2008),
and the reinforcing (Cunningham et al., 2011; Fletcher et al., 2004; Higgins et al., 2012;
Kasper et al., 2013; Neelakantan et al., 2017; Neisewander and Acosta, 2007; SwinfordJackson et al., 2016) and subjective effects (Callahan and Cunningham, 1995; Higgins et
al., 2012) of drugs of abuse (i.e., cocaine, ethanol, methamphetamine, nicotine,
oxycodone), among other behaviors. As such, therapeutic molecules that enhance 5-HT2CR
activity have important clinical implications.
Agonist binding to the 5-HT2CR results in dynamic changes in receptor
conformation and induction of a variety of intracellular signaling pathways (Berg et al.,
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1994b; Labasque et al., 2008; Werry et al., 2005). Best characterized is coupling of the 5HT2CR to Gαq/11 proteins to activate phospholipase Cβ (PLCβ) resulting in increased
intracellular calcium (Cai2+) release (Hannon and Hoyer, 2008; Millan et al., 2008), among
various other signaling outcomes (Berg et al., 1994b; McGrew et al., 2002). The sequence
of ligand binding to a GPCR and subsequent activation of downstream signaling can be
positively or negatively modulated by binding of ligands at allosteric sites which are
topographically distinct from the orthosteric ligand binding site (Christopoulos and
Kenakin, 2002; Conn et al., 2009; May et al., 2007; Wild et al., 2014). There are theoretical
reasons (i.e., increased selectivity, upper ceiling effects, separate control of affinity and
efficacy) as to why allosteric ligands may be preferred therapeutic chemical targets
(Kenakin and Miller, 2010). Therefore, 5-HT2CR allosteric modulators present a novel drug
design strategy to selectively tune up or down signaling in response to endogenous 5-HT
or synthetic 5-HT2CR agonists in disorders marked with 5-HT2CR hypofunction.
Allosteric modulation can be accomplished via targeting allosteric binding sites on
the GPCR or stabilizing/disrupting allosteric protein-protein interactions involved in signal
transduction (Christopoulos and Kenakin, 2002). One protein-protein interaction of interest
occurs between 5-HT2CR and protein phosphatase and tensin (PTEN) in the third
intracellular loop of the 5-HT2CR (Anastasio et al., 2013; Ji et al., 2006). PTEN is a dual
phosphatase that contains distinct lipid and protein phosphatase activities and is involved
in the suppression of cell proliferation pathways through the lipid phosphatase activity (Lee
et al., 1999; Maehama and Dixon, 1998; Ning et al., 2004; Stambolic et al., 1998).
Disruption of the 5-HT2CR:PTEN complex enhances selective 5-HT2CR agonist-induced
effects in both cellular and rodent models (Anastasio et al., 2013; Ji et al., 2006). As such,
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disruption of the 5-HT2CR:PTEN complex is a potential target to selectively potentiate
agonist activity at the 5-HT2CR and may hold therapeutic promise.
Previous studies have employed a 16 amino acid peptide homologous to a fragment
of the third intracellular loop of the human 5-HT2CR (h3L4F (1); Figure 2.1; AcPNQDQNARRRKKKERR-NH2; Pro280-Arg295) and its shorter version (peptide 2;
Figure 2.1; Ac-PNQDQNAR-NH2; Pro280-Arg287) to disrupt the 5-HT2CR:PTEN
complex (Anastasio et al., 2013; Ji et al., 2006). Peptides h3L4F (1) and 2 enhance 5HT2CR agonist-mediated Cai2+ release in Chinese hamster ovary cells stably expressing the
human 5-HT2CR (h5-HT2CR-CHO) (Anastasio et al., 2013). Additionally, treatment with
peptides h3L4F (1) and 2 alone do not induce Cai2+ release in h5-HT2CR-CHO cells,
suggesting that these peptides do not possess agonist activity but rather fine tune agonistinduced 5-HT2CR signaling. The initial in vivo profile of 5-HT2CR:PTEN complex
disruption was assessed using a peptide homologous to an analogous fragment of the rat 5HT2CR third intracellular loop (r3L4F; Ac-PNPDQKPRRKKKEKR-NH2) conjugated to a
short cell penetrant peptide TAT (YGRKKRR) (Vives et al., 1997) at the N terminus to
promote blood brain barrier permeability (TAT-r3L4F (3); Figure 2.1) (Anastasio et al.,
2013). Selective 5-HT2CR agonists are known to suppress spontaneous locomotor activity
(Cunningham et al., 2013; Cunningham et al., 2011; Fletcher et al., 2002; Grottick et al.,
2000; Halford et al., 1997). Treatment with TAT-r3L4F alone dose-dependently (0.1 and
1 µmol/kg) suppressed horizontal, but not vertical activity, consistent with elevation of 5HT2CR signaling (Anastasio et al., 2013). The low dose of TAT-r3L4F (0.1 µmol/kg),
which did not suppress motor activity on its own, enhanced the efficacy of a sub-effective
dose of selective 5-HT2CR agonist WAY163909 to suppress motor activity (Anastasio et
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al., 2013). Selective 5-HT2CR agonists have also been shown to suppress, while 5-HT2CR
antagonists increase, indices of impulsive action as measured by choice serial reaction time
tasks (Cunningham et al., 2011; Fletcher et al., 2007; Navarra et al., 2008; Winstanley et
al., 2004).

Treatment with TAT-r3L4F synergized with a sub-effective dose of

WAY163909 was found to suppress measures of impulsive action (Anastasio et al., 2013).
Lastly, TAT-r3L4F blocked 9-tetrahydrocannabinol-induced conditioned place
preference, an effect that was mimicked by the 5-HT2CR agonist Ro-600175 and reversed
by 5-HT2CR antagonist SB242084 (Ji et al., 2006). Together, these results suggest that
disruption of the 5-HT2CR:PTEN complex by TAT-r3L4F enhances 5-HT2CR-mediated
effects in vivo.

Figure 2.1: Parent peptides h3L4F (1), peptide (2) and TAT-r3L4F (3).
In the present study, we further investigate the effects of TAT-r3L4F in vivo as
well as explored the signal transduction pathways recruited in TAT-r3L4F-mediated
effects in vivo through the use of a drug discrimination paradigm. Drug discrimination is a
widely used rodent model for the assessment of novel compounds and has face validity as
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an assessment for the subjective effects of compounds in animals and humans (Appel and
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 elicited by the drug. The drug discrimination behavioral
model can be employed to assess mechanisms of action of a novel compound as well as to
assess abuse liability of new chemical compounds (Colpaert, 1999). To assess mechanisms
of action, rats are trained to discriminate a training drug with a known mechanism of action
(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 cues recognized as similar to the training drug. Receptor involvement in the
mechanism of action can thus be discerned based on rats performance on this task.
Additionally, the abuse liability and similarity to an abused drug can be assessed using the
drug discrimination model. For this assessment, rats are trained to discriminate a drug of
abuse (e.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 elicited by these drugs (e.g., euphoria, relaxation), the interoceptive
cues elicited by drugs of abuse can promote the addiction cycle (Bubar and Cunningham,
2008). Notably, selective 5-HT2CR agonists suppress the stimulus effects of cocaine
(Callahan and Cunningham, 1995) as well as other addiction related behaviors (Bubar and
Cunningham, 2008; Howell and Cunningham, 2015). Thus, in the present behavioral
analyses, we explored the ability of TAT-r3L4F to affect the stimulus properties of
selective 5-HT2CR agonists or cocaine.

40

We show that TAT-r3L4F enhances the discriminative stimulus effects of the
selective 5-HT2CR agonists lorcaserin and WAY163909 in a potentially PLCβ-independent
manner. Given that 5-HT2CR agonists are known to suppress stimulus effects of the
psychostimulant cocaine, we also tested TAT-r3L4F in a cocaine versus saline
discrimination assay and show that treatment with TAT-r3L4F enhances the suppressive
effects of 5-HT2CR agonists. Thus, disruption of the 5-HT2CR:PTEN complex potentiates
5-HT2CR agonist-induced effects suggesting that this protein-protein interaction is a
promising target to allosterically modulate the 5-HT2CR.
An important disadvantage of peptide-based protein-protein interaction disrupters
is their unfavorable pharmacokinetic properties (e.g., short half-life, low permeability, and
poor absorption distribution, metabolism and excretion (ADME) properties) which is a
concern for their therapeutic use (Adessi and Soto, 2002; Di, 2015). The 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 and facilitates renal clearance (Gongora-Benitez
et al., 2014). Our chemistry efforts focused on the design and synthesis of novel constrained
peptide derivatives based on the sequence of peptide 2 which are expected to improve upon
the pharmacokinetic profiles of the original peptides h3L4F and 2. An alanine scan was
employed to determine which amino acids residues were critical for in vitro peptide
activity. Based on those results, cyclized peptides and peptidomimetic derivatives were
designed and synthesized and shown to retain in vitro potency and efficacy.
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RESULTS AND DISCUSSION
We first investigated the effects of the parent peptide TAT-r3L4F (3; Figure 2.1)
in vivo through the use of a two-lever, water-reinforced drug discrimination paradigm in
three separate cohorts of rats. In the first set of experiments, rats were trained to
discriminate lorcaserin or WAY163909 from saline to investigate the effects of TATr3L4F on the interoceptive cues elicited by the 5-HT2CR agonists and to begin to elucidate
the signal transduction pathways that are recruited for 3L4F-mediated effects. Note, the
TAT-conjugated TAT-r3L4F peptide was employed in all rodent experiments.

Lorcaserin-Saline and WAY163909-Saline 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 within an average of 51 two-lever 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 min pretreatment) versus saline within an average of 44 twolever training sessions (range 39-57); response rates after WAY163909 (17.2 ± 1.44/min)
were statistically lower than rates after saline (22.1 ± 1.3/min; p<0.05). Substitution tests
indicated that saline (Figure 2.2A, 2.2B, SAL) engendered <10% drug-lever responding
in both cohorts. Both lorcaserin and WAY163909 evoked similar dose-related (0.125 – 1
mg/kg) increases in drug-appropriate responding (Figure 2.2A, 2.2B) as well as
suppression of response rates (Figure 2.2C, 2.2D). In the lorcaserin-saline 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 (p<0.05; Figure 2.2C).
Similarly, in the WAY163909 versus saline trained rats, drug-appropriate lever responding
after WAY163909 (0.125, 0.25, 0.5 mg/kg) was significantly different from the previous
WAY163909 maintenance session (p<0.05; Figure 2.2B), while response rates were
different at 0.5 mg/kg (p<0.05; Figure 2.2D). The dose of lorcaserin predicted to elicit
50% lorcaserin-lever responding (ED50) was 0.58 mg/kg (95% CL 0.51-0.64 mg/kg). The
ED50 of WAY163909 was 0.60 mg/kg (95% CL 0.37-0.82 mg/kg).
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Figure 2.2: Lorcaserin and WAY163909 induce dose-dependent stimulus
discrimination
Results of dose-response tests in (A) rats (n=14) trained to discriminate lorcaserin (LOR;
0.75 mg/kg) from saline, and (B) rats (n=12) trained to discriminate WAY163909 (WAY;
0.75 mg/kg) from saline. Closed symbols denote the mean (±SEM) percentage of druglever responding. C,D: open symbols denote the mean (±SEM) response rate per minute.
For comparison, the percentage of drug-appropriate responding and response rate observed
after saline tests are included (SAL: squares). *p<0.05 vs. previous drug maintenance
session.
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Substitution Tests in Lorcaserin-Saline and WAY163909-Saline Cohorts
We assessed whether TAT-r3L4F substitutes for either lorcaserin or WAY163909
as a measure of intrinsic 5-HT2CR agonist activity in vivo (Figure 2.3). WAY163909 (0.75
mg/kg) induced a full substitution in the lorcaserin-saline trained cohort (Figure 2.3A) and
suppressed response rates similar to the training drug (Figure 2.3C). Additionally,
lorcaserin (1 mg/kg) induced a full substitution in the WAY163909-saline trained cohort
(Figure 2.3B) and also suppressed response rates versus saline (Figure 2.3D). Given that
lorcaserin and WAY163909 are similar in structure and have similar (but not identical)
pharmacological properties (Dunlop et al., 2006; Thomsen et al., 2008), cross substitution
analysis indicate that lorcaserin and WAY163909 induce similar interoceptive cues.
Pretreatment with TAT-r3L4F (1, 2 µmol/kg) resulted in <10% drug-like
responding in either rats trained on lorcaserin (Figure 2.3A) or WAY163909 (Figure
2.3B), suggesting that TAT-r3L4F does not induce similar interoceptive cues associated
with 5-HT2CR agonists. Pretreatment with TAT-r3L4F (2 µmol/kg) resulted in response
rates that were significantly higher than the rate on the previous lorcaserin maintenance
session in the lorcaserin-saline cohort (with a trend for 1 µmol/kg TAT-r3L4F) while rates
elicited by both tested doses of TAT-r3L4F were significantly higher than from the
previous WAY163909 maintenance session in the WAY163909-saline 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 the training drugs. These
results are consistent with previously published cellular assays in which h3L4F lacks
efficacy to induce 5-HT2CR-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 TAT-r3L4F
(3L4F; 1, 2 μmol/kg) substitution tests in lorcaserin-saline (A, C; n=13) and WAY163909saline trained rats (B, D; n=10). A,B: Data represent the mean percentage of drug (A,
lorcaserin: LOR; B, WAY163909: WAY)-lever responding (±SEM) observed during test
sessions. C,D: Rate of response in tests depicted in Panels A and B. For comparison, the
percentage of drug-appropriate responding and response rate observed after training drug
(0.75 mg/kg; black bar) and saline (SAL; white bar) are presented left of the dashed line.
*p<0.05 vs. previous drug maintenance session.
Combination Tests in Lorcaserin-Saline and WAY163909-Saline Cohorts
Combination tests were employed to assess the ability of TAT-r3L4F to potentiate
5-HT2CR agonist-elicited interoceptive cues. The same doses of TAT-r3L4F (1, 2
µmol/kg) that did not substitute in either the lorcaserin, or WAY163909, versus saline
discrimination, enhanced drug-lever responding when combined with lorcaserin (0.5
mg/kg; p<0.025; Figure 2.4A) or WAY163909 (0.5 mg/kg; p<0.025; Figure 2.4B) with
no change in response rates (Figure 2.4C, 2.4D). These data suggest that disruption of the
5-HT2CR:PTEN complex by TAT-r3L4F (Anastasio et al., 2013) enhances the
interoceptive cues elicited by lorcaserin or WAY163909. These results are expected and
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consistent with previous reports that h3L4F enhances 5-HT2CR signaling in vitro and
potentiates the behavioral effects of a selective 5-HT2CR agonist in vivo (Anastasio et al.,
2013; Ji et al., 2006).
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Figure 2.4: TAT-r3L4F potentiates lorcaserin and WAY163909 stimulus effects
Response on combination test of lorcaserin (0.5 mg/kg) and TAT-r3L4F (1, 2 µmol/kg) in
lorcaserin-saline (A, C; n=14) and WAY163909-saline (B, D; n=11) trained rats. A,B: Data
represent the mean percentage of drug (A, lorcaserin: LOR; B, WAY163909: WAY)-lever
responding (±SEM) observed during test sessions. C,D: Rate of response in tests depicted
in Panels A and B. *p<0.025 vs. lorcaserin or WAY163909 (0.75 mg/kg; black bar).
This paradigm was then employed to explore the role of PLCβ in the effects of
TAT-r3L4F to enhance the stimulus effects of 5-HT2CR agonists. Stimulation of the 5HT2CR is known to recruit Gαq-mediated signal transduction through PLCβ to result in Cai2+
release, but is also known to induce signaling in PLCβ-independent, and perhaps G proteinindependent, mechanisms (Felder et al., 1990; Labasque et al., 2008). We hypothesized
that lorcaserin and WAY163909, both of which are full agonists to induce Cai2+ release in
vitro, may evoke their discrimination stimulus effects, in part, through PLCβ-dependent
mechanisms. To test this hypothesis, we employed the PLCβ inhibitor U73122 which has
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been shown to suppress PLCβ-mediated inositol phosphate and Cai2+ release in a variety of
cells, including neurons (Jin et al., 1994), as well as suppress Cai2+ release elicited by 5HT in 5-HT2CR-expressing cells (Labasque et al., 2008). Additionally, systemic
administration of U73122 in rats has been employed to assess the involvement of PLCβ in
dopamine D1 receptor locomotion in rats (Medvedev et al., 2013) Here, U73122 (0.5
mg/kg) evoked saline-appropriate responding in the lorcaserin and WAY163909 cohort
(data not shown). In the lorcaserin-saline and the WAY163909-saline cohorts, U73122 (0.5
mg/kg) modestly, but not significantly, suppressed drug-lever responding evoked by the
training dose (0.75 mg/kg; p<0.05; Figure 2.5A,B) with no change in response rate (data
not shown). These results suggests that perhaps lorcaserin- and WAY163909-induced
internal cues are mediated in part by PLCβ-dependent signaling, consistent with 5-HT2CR
actions through Gαq protein signaling in vitro. 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 lorcaserin-saline trained cohort; thus, these doses were not pursued in
subsequent tests (data not shown).
Interestingly, the full substitution elicited by TAT-r3L4F plus a low dose of
lorcaserin in the lorcaserin-saline cohort (Figure 2.5C) and TAT-r3L4F plus a low dose of
WAY163909 in the WAY163909-saline cohort (Figure 2.5D) is insensitive to PLCβ
inhibition, unlike the full substitution elicit by the respective training drug alone. This
finding may suggest that TAT-r3L4F-mediated potentiation of lorcaserin- or
WAY163909-elicited interoceptive cues may involve PLCβ-, and perhaps Gαq protein-,
independent mechanism, suggesting modulation of an intracellular signaling pathway by
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this protein-protein interaction distinct from a full 5-HT2CR agonist. Future studies in vitro
and in vivo are needed to support this interpretation.
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Figure 2.5: U73122 suppresses full substitution in the absence, but not presence, of
TAT-r3L4F
Results of indicated combination tests in lorcaserin-saline (A, C; n=12) and WAY163909saline (B, D, n=11) trained rats. Data represent the mean percentage of drug (A,C lorcaserin:
LOR; B,D WAY163909: WAY)-lever responding (±SEM) observed during test sessions.
Dashed line represents criterion for full substitution. *p<0.05 vs. lorcaserin (0.75 mg/kg).
Response rates were not significantly different (data not shown)
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Selective 5-HT2CR agonists suppress behaviors associated with drugs of abuse (for
review, (Cunningham and Anastasio, 2014). One of these behaviors is the suppression of
the stimulus effects of the psychostimulant cocaine (Callahan and Cunningham, 1995; Filip
and Cunningham, 2002; Frankel and Cunningham, 2004). Cocaine produces robust
subjective effects that contribute to its abuse (Kleven et al., 1990) and, as such, therapeutics
that suppress the stimulus effects of cocaine may have important clinical implications.
Here, we hypothesize that TAT-r3L4F will potentiate selective 5-HT2CR agonist-induced
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.

Cocaine-Saline Discrimination
All rats (n=12) acquired the discrimination of cocaine (5 mg/kg; 15 min
pretreatment) versus saline within an average of 36 two-lever training sessions (range 3242); response rates after cocaine (25.6 ± 0.55/min) were not statistically different from rates
after saline (27.2 ± 1.3/min). During dose-response tests, cocaine (0.313 – 5 mg/kg)
produced a dose-dependent increase in cocaine-appropriate responding (Figure 2.6A).
Saline (Figure 2.6A, SAL) engendered <10% cocaine-lever responding. The mean
response rates after cocaine (0.313 – 5 mg/kg) did not differ significantly from those on
the previous cocaine maintenance session (p>0.05; Figure 2.6B).

50

C o c a in e - S a lin e C o h o r t
B
100

80

60

*
*

40

*

20

*
0

(M e a n  S E M )

R a te ( R e s p o n s e s /m in )

100

(M e a n  S E M )

% C o c a in e - L e v e r R e s p o n d in g

A

80

60

40

*

20

0
SAL

0 .3 1 3

0 .6 2 5

1 .2 5

2 .5

5

SAL

C o c a in e D o s e ( m g /k g )

0 .3 1 3

0 .6 2 5

1 .2 5

2 .5

5

C o c a in e D o s e ( m g /k g )

Figure 2.6: Cocaine induces dose-dependent stimulus discrimination
Results of dose-response tests in rats (n=16) trained to discriminate cocaine (COC; 5
mg/kg) from saline. (A) Closed symbols denote the mean (±SEM) percentage of cocainelever responding; (B) open symbols denote the mean (±SEM) response rate per minute.
For comparison, the percentage of cocaine-appropriate responding and response rate
observed after saline test are included (SAL: squares). *p<0.05 vs. previous cocaine
maintenance session.
Substitution and Combination Tests in Cocaine-Saline Cohort
We confirmed previous studies that showed that 5-HT2CR agonists suppress
cocaine stimulus effects (Callahan and Cunningham, 1995; Filip and Cunningham, 2002;
Frankel and Cunningham, 2004) by testing lorcaserin in the presence versus absence of
selective 5-HT2CR antagonist SB242084. As expected, both lorcaserin (1 mg/kg) and
SB242084 (0.5 mg/kg) engendered primarily saline-lever responding indicating that
neither drug substituted for cocaine (Figure 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.
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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 (1 mg/kg), and
SB242084 (0.5 mg/kg) and combination tests (B,D) with cocaine (2.5 mg/kg), lorcaserin
(1 mg/kg) and SB242084 (0.5 mg/kg). A,B: Data represent the mean percentage of cocaine
(COC)-lever responding (±SEM) observed during indicated test session. C,D: Rate of
response following tests depicted in Panels A and B. n/N indicates the number of rats
completing the fixed ratio 20 versus the number of rats tested. ^p<0.05 vs. previous cocaine
maintenance session; *p<0.017 vs. cocaine (2.5 mg/kg); n=16 rats unless otherwise
indicated.
A full substitution of 2.5 mg/kg of cocaine was observed (Figure 2.7B).
Pretreatment with lorcaserin (1 mg/kg) significantly reduced cocaine (2.5 mg/kg) leverappropriate responding (p<0.017; Figure 2.7B) and response rates (p<0.017; Figure 2.7D)
consistent with previously reports that 5-HT2CR 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) lever-responding (Figure 2.7B) or response rate (Figure 2.7D). The lorcaserinmediated suppression of cocaine (2.5 mg/kg) of lever responding and response rate was
fully recovered by SB242084 pretreatment (Figure 2.7B, 2.7D), further supporting that
lorcaserin suppresses the stimulus effects of cocaine and response rate via 5-HT2CR
agonism.
We then investigated whether TAT-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 tests, TAT-r3L4F (1, 2 µmol/kg), lorcaserin (0.5 mg/kg) and the
combination of TAT-r3L4F (1, 2 µmol/kg) plus lorcaserin (0.5 mg/kg) evoked salineappropriate responding and significant reduction in response rates versus the previous
cocaine maintenance session (data not shown). Cocaine (2.5 mg/kg) evokes full
substitution which is not suppressed by lorcaserin (0.5 mg/kg; Figure 2.8A) indicating that
at this dose, lorcaserin does not suppress the stimulus effects of cocaine. Excitingly,
pretreatment with the combination of TAT-r3L4F (1, 2 µmol/kg) with lorcaserin (0.5
mg/kg) significantly reduced cocaine-appropriate responding versus cocaine (2.5 mg/kg)
alone (p<0.01; Figure 2.8A) suggesting that TAT-r3L4F enhances the efficacy of
lorcaserin to suppress the stimulus effects of cocaine. However, the triple combination of
TAT-r3L4F (1, 2 µmol/kg) plus lorcaserin (0.5 mg/kg) plus cocaine (2.5 mg/kg) is not
statistically different from lorcaserin (0.5 mg/kg) plus cocaine (2.5 mg/kg). Lorcaserin (0.5
mg/kg) and the combination of TAT-r3L4F (1, 2 µmol/kg) plus lorcaserin (0.5 mg/kg)
significantly suppressed the response rates associated with cocaine (2.5 mg/kg; p<0.01;
Figure 2.8C). Of note, treatment with TAT-r3L4F (1 or 2 µmol/kg) alone did not alter the
stimulus effects of cocaine (2.5 mg/kg; Figure 2.8B) or the associated response rate
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(Figure 2.8D) in the absence of lorcaserin. The lack of effect with TAT-r3L4F treatment
in the absence of lorcaserin is not unexpected given that TAT-r3L4F is not predicted to
act as a 5-HT2CR agonist, but rather potentiate the effects of 5-HT2CR activation. However,
given that cocaine enhances the levels of endogenous 5-HT, it could be hypothesized that
TAT-r3L4F treatment might suppress the stimulus effects of cocaine by enhancing
endogenous 5-HT-induced 5-HT2CR signaling. One potential explanation for failure to see
this outcome may be that the levels of endogenous 5-HT generated by cocaine exposure
under the employed conditions are not sufficient for TAT-r3L4F to potentiate, which is
consistent with h3L4F inability to potentiate low 5-HT concentrations in cellular assays
(Anastasio et al., 2013) ( and see Figure 2.11).
Overall, these experiments provide further evidence that TAT-r3L4F enhances 5HT2CR agonist-mediated effects in vivo. Although the magnitude of TAT-r3L4F effects
in these data is modest, TAT-r3L4F effects are reproducible in rats trained to discriminate
the interoceptive cues of two selective 5-HT2CR agonists. The modest effect size may be
attributable to poor bioavailability and peptide distribution and perhaps more robust effects
could be attained with 5-HT2CR:PTEN complex disrupters with more favorable
pharmacokinetic properties. In an effort to achieve this goal, we next developed
constrained peptide derivatives via cyclization of the peptide 2 sequence as well a
replacement of peptide backbone with a rigid, non-peptide linker. These constrained
peptide derivatives are expected to enhance pharmacodynamics profile of 3L4F by
reducing the potential for peptide proteolysis, increase membrane penetration and decrease
renal clearance (Adessi and Soto, 2002; Di, 2015; Gongora-Benitez et al., 2014). We began
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with peptide 2 (Figure 2.1), an eight amino acid derivative of h3L4F, as the scaffold due
to its retention of activity in vitro (Anastasio et al., 2013).
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Figure2.8: TAT-r3L4F enhances lorcaserin-induced suppression of cocaine stimulus
effects
Results of combination tests with cocaine (2.5 mg/kg), lorcaserin (0.5 mg/kg) and TATr3L4F (1, 2 μmol/kg). A,B: Data represent the mean percentage of cocaine (COC)-lever
responding (±SEM) observed during indicated combination test session. C,D: Rate of
response following combination tests depicted in Panels A and B. *p<0.01 vs. cocaine (2.5
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 loss of in vitro activity.
Each amino acid in the peptide 2 sequence was sequentially replaced with an alanine which
resulted in seven alanine peptide analogs, since amino acid 7 is already an alanine (Figure
2.9A). Alanine replacement was used to determine the amino acid side chains critical for
the activity of the peptide.(Morrison and Weiss, 2001) Thus, by replacing a critical amino
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acid with an alanine, the peptide analog is predicted to lose activity, while replacement of
amino acids 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 potentiate 5-HTinduced intracellular calcium (Cai2+) release was tested in h5-HT2CR-CHO cells. Serotonin
induces a concentration-dependent increase in Cai2+ release (pEC50 = 8.1 ± 0.1, EC50 = 7.8
nM). Pretreatment with h3L4F or peptide 2 elevates the maximum Cai2+ release induced
by 5-HT by ~30% and ~20% respectively (p<0.05; Figure 2.9B; black bars), with no
change in EC50 versus 5-HT alone (data not shown). As shown in Figure 2.9B, analogs
with an alanine replacement in positions 3-6 retain significant potentiation of 5-HTinduced Cai2+ release (p<0.05; Ala3, EMAX = 118 ± 3.8; Ala4, EMAX = 121 ± 2.0, Ala5, EMAX
= 122 ± 2.7; Ala6, EMAX = 132 ± 6.4) that is comparable to the parent peptides h3L4F
(EMAX = 131 ± 6.3) and 1 (EMAX = 118 ± 4.0). This suggests that the Q-D-Q-N sequence in
the middle portion of the peptide can be manipulated without loss of activity. Analogs Ala1
(EMAX = 125 ± 9.3), Ala2 (EMAX = 118 ± 6.8) and Ala8 (EMAX = 131 ± 17) exhibited a
marked increase in variability from assay to assay and did not significantly potentiate 5HT-induced Cai2+ release (p>0.05). Based on these results, these residues were not
manipulated in subsequent modifications.
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Figure 2.9: Results from alanine scan of peptide 2
Alanine derivatives of peptide 1 (A) were tested in Cai2+ release assay in live h5-HT2CRCHO cells in the presence of 5-HT (B). The maximum 5-HT-induced Cai2+ release in the
absence of the compounds was set as 100% (dashed line). Bars represent the average EMAX
produced by 1 nM alanine derivative in the presence of 5-HT, shown as mean ± SEM of 45 biological replicates. *p<0.05 vs. 5-HT alone (dashed line).
Based on the results from the alanine screen, and previous work in which modeling
of peptide 2 indicated a potential preference for a turn-type conformation,(Anastasio et al.,
2013) peptide derivatives of 2 shown in Figure 2.10 were synthesized. The head to tail
cyclized versions (4 and 5) were designed to improve the stability of the molecules, limit
their conformational flexibility and increase their potency over the linear peptide
precursor.(Venkatesan and Kim, 2002) Peptide derivative 6 was cyclized through the side
chains in an i, i+2 orientation in order to mimic a turn-type conformation. Peptide
derivative 7 was designed to be a peptide turn-mimic in which the pyrrolidine-3,4dicarboxamide replaced the middle four amino acids, but retained the necessary orientation
for the amino acids at the N and C terminal ends.(Whitby et al., 2011) In addition to
increasing in vitro stability, 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 of Peptide Derivatives 4, 5 and 6
The amide cyclized peptide derivative 4 was synthesized starting with a linear
precursor with side chains protected but a free amine and acid in the N- and C-terminus
(Scheme 2.1). The linear peptide was synthesized by using an arginine preloaded 2chlorotrityl chloride (2-CTC) resin, which can be cleaved under mild acid conditions
without deprotecting the peptide side chains. After standard peptide coupling to provide
the sequence, Fmoc-4-amino butyric acid (10) was added to the amino end of the linear
peptide. Cleavage from the polymer resin was accomplished by treating with 10% of AcOH
in CH2Cl2 followed by the removal of Fmoc from the amino butyric acid end in the
presence of DBU in CH2Cl2. The key intramolecular macrocyclization was performed
under high dilution conditions using HBTU/HOBt as the coupling reagents and DIPEA as
the base. The side chain protecting groups (Trt, tBu, and Pbf groups) were then removed in
a single step with TFA solution (TFA/TIPS/H2O 95:2.5:2.5) to give cyclized peptide
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derivative 4. The crude material was purified by reverse-phase HPLC to furnish pure cyclic
peptide in 13% yield based on the initial resin loading.

Scheme 2.1: Synthesis of cyclic peptide derivative 4
Standard amide formation and copper catalyzed azide-alkyne cycloaddition
(CuAAC) were used to perform cyclizations in the approach to 5 and 6. The cyclic peptide
5 was cyclized by formation of a 1,2,3-triazole ring (Scheme 2.2) (Ingale and Dawson,
2011; Jagasia et al., 2009). The synthesis was started with the reaction of bromoacetic
anhydride with Rink amide resin to afford 15. The bromide was then substituted by
propargyl amine to incorporate the necessary alkyne for triazole ring formation (16). The
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 an on-resin strategy in the
presence of Cu(I) catalyst and 2,6-lutidine in DMSO. The cyclic peptide was then cleaved
from the resin to give 5 in 40% yield, based on the initial loading of the resin.

59

Scheme 2.2: Synthesis of cyclic peptide derivative 5
The synthesis of 6, the peptide derivative linked through side chains in i, i+2
positions, was perform by using similar procedure as utilized for 5, with two presynthesized
alkyne and azide moieties (Scheme 2.3) incorporated in the peptide sequence. After linear
precursor 27 was generated, the cyclic peptide derivative 6 was obtained on the resin by
Cu(I) catalyzed cycloaddition followed by subsequent TFA deprotection and cleavage
(Scheme 2.3).
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Scheme 2.3: Synthesis of side chain-to-side chain cyclized peptide derivative 6
Synthesis of Turn Mimic 7
The synthesis of the pyrrolidine-3,4-dicarboxamide was carried out according to
the report of Boger (Whitby et al., 2011). With this β-turn template 36 in hand, we moved
our synthetic efforts to the preparation of peptide fragments, which were installed on the
template. In order to achieve the maximum similarity of the 3L4F sequence, two amino
acid residues of each (N- and C-) terminus were preserved in the synthesis (Scheme 2.4).
The first fragment was synthesized by coupling the proline tert-butyl ester amine with
Fmoc-Asn(Trt)-OH followed by removal of Fmoc to yield amine 30 in 87% yield. The
fragment for the other position on the pyrrolidine was obtained by esterification of
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commercial Fmoc-Arg(Pbf)-OH (31) with tBuOH in the presence of POCl3 and pyridine
(52% yield) followed by deprotection of N-terminal Fmoc with DBU (91% yield). Amide
formation with alanine, and deprotection provided dipeptide 35 in 76% yield (Scheme 2.4).
Dipeptide 30 was coupled to 36 (Scheme 2.5) by reaction with HOAt and the subsequent
acid hydrolysis produced the diastereomers 37 and 37’ (75% yield). After addition of
dipeptide 35 and separation of the diastereomers, the removal of Troc group was conducted
via EDC/HOAt and zinc dust to give 38 and 38’ in 32% and 33% yield, respectively. A
solution of TFA cocktail solution was used to remove all other protecting groups in one
step to give the crude material by cold ether precipitation. Finally, the diastereomeric βturn peptidomimetics 7 and 7’ were obtained (71% and 67% yields) after the preparative
HPLC system purification.

Scheme 2.4: Synthesis of intermediates for turn mimic peptide derivative 7
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Scheme 2.5: Synthesis of turn mimic peptide derivative 7
We tested the ability of these molecules to potentiate 5-HT-induced 5-HT2CR
signaling in the Cai2+ release assay (Table 2.1; Figure 2.11). Derivative 4 (EMAX = 128 ±
7.4; p<0.05), a head-to-tail cyclized version of 2, results in potentiation of 5-HT induced
Cai2+ release that is comparable to the parent peptides h3L4F (1) and peptide 2.
Interestingly, 5 (EMAX = 107 ± 5.2), another head-to-tail cyclized peptide and its linear
analog 19 (EMAX = 109 ± 12), did not potentiate 5-HT induced Cai2+ release, suggesting
that these modifications may not allow the peptide to disrupt the 5-HT2CR:PTEN complex.
The side chain-to-side chain cyclized peptide derivative 6 (EMAX = 120 ± 3.0;
p<0.05) retained activity in the Cai2+ assay. The peptidomimetic derivative 7 (EMAX = 125
± 5.2; p<0.05) also potentiated 5-HT induced Cai2+ release which is consistent with the
hypothesis from the alanine scan that amino acids 3-6 are not necessary for retention of
peptide activity. Furthermore, activity of 6 and 7 suggests that a β-turn conformation in the
middle portion of the peptide may facilitate disruption of the 5-HT2CR:PTEN complex. Of
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note, none of the peptides alter the 5-HT potency in this assay (Figure 2.11). Importantly,
these results demonstrate that activity in vitro and, presumably, disruption of the 5HT2CR:PTEN complex is retained after peptide 2 modifications predicted to enhance
peptide pharmacokinetic properties.
Table 2.1: Effects of h3L4F and peptide 2 derivatives on 5-HT-induced Cai2+
release in h5-HT2CR-CHO cells
Peptide Derivative
ID

EMAX
(%5-HT)a

p-Value

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

Maximum 5-HT-induced Cai2+ release (EMAX) in the presence of 1 nM of test peptide
derivative; the screen utilized concentrations of 5-HT (vehicle, [10-11] to [10-6 M]) to
establish the EMAX of 5-HT in the presence of the test peptide derivative as described in
methods. Statistical analyses were conducted using the unpaired t test with Welch's
correction. The criterion for statistically significant difference was set at 0.05. Data
represented as mean ± SEM of 4-5 biological replicates run in technical triplicates.
a
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Figure 2.11: Derivatives of peptide 2 potentiate Cai2+ release in h-5-HT2CR
expressing cells
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Lastly, the ability of h3L4F (1), peptide 2 and derivatives 4-7 to suppress PTEN
lipid phosphatase activity was assessed. PTEN, a dual phosphatase that contains distinct
lipid and protein phosphatase functions, is proposed to regulate 5-HT2CR signaling through
the protein phosphatase activity (Ji et al., 2006) and 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 potential for carcinogen properties. The lipid phosphatase function of
PTEN is critical for the suppression of the AKT-mediated cell proliferation pathway by
dephosphorylation PI(3,4,5)P3 to PI(4,5)P2 (Maehama and Dixon, 1998; Stambolic et al.,
1998) and thus PI(4,5)P2 was used as an output measure for the assessment of PTEN lipid
phosphatase activity in a competitive ELISA-based assay. Recombinant PTEN (Echelon
Biosciences) was incubated with PTEN inhibitor SF1670 (200 µM) or h3L4F and peptide
derivatives 2, 4-7 (10 µM) followed by addition of PI(3,4,5)P3 substrate. The absorbance,
which is inversely related to the amount of generated PI(4,5)P2, was assessed and compared
to the absorbance generated by PTEN and PI(3,4,5)P3 alone. There is a main effect of
treatment [F(8,9) = 8.71, p < 0.05; Figure 2.12]; and a priori comparisons show that, as
expected, the PTEN inhibitor SF1670 suppresses PTEN lipid phosphatase activity.
Conversely, peptides h3L4F (1), 2 and peptide derivatives of 2 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 peptide 1 derivatives on PTEN lipid phosphatase activity. Absorbance is
inversely correlated to amount of PIP2 generated in reaction of PTEN and PIP3 in the
absence of (dashed line) or presence (checkered bars) of peptide derivatives (10 μM). Thus,
elevated absorbance indicates reduced PTEN lipid phosphatase activity. PTEN inhibitor,
SF1670 (200 µM; gray bar) is included as a positive control. The bars represent mean
absorbance fold change over PTEN + PIP3 alone (± SD) of 2 independent experiments run
in triplicate. *p < 0.05 vs. PTEN + PIP3 alone (dashed line).
In summary, the peptide TAT-r3L4F (3), which disrupts the 5-HT2CR:PTEN
complex (Anastasio et al., 2013; Ji et al., 2006), enhanced the interoceptive cues elicited
by both selective 5-HT2CR agonists lorcaserin and WAY163909. Pretreatment with TATr3L4F (3) also enhanced lorcaserin-induced suppression of the stimulus effects of cocaine,
which solidifies the potential therapeutic use for ligands that disrupt the 5-HT2CR:PTEN
complex. Additionally, we have demonstrated that the sequence of peptide 2 can be
modified to potentially increase drug-like properties and retain activity to potentiate 5HT2CR signaling in vitro while not disrupting the lipid phosphatase activity of PTEN.
Together, these data suggest that disruption of the 5-HT2CR: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 protein-dependent
and -independent mechanisms, which can impact overall signaling outcomes of receptor
activation. Different ligands for the same receptor have been shown to induce certain
intracellular signaling pathways over others, a concept known as biased signaling or
functional selectivity (Kenakin and Christopoulos, 2013; Whalen et al., 2011). Our results
suggest that TAT-r3L4F (3) may alter the signaling pathways induced by lorcaserin and
WAY163909 in vivo which could suggest that disruption of the 5-HT2CR:PTEN complex
may alter recruitment of downstream effectors or stabilize different receptor
conformations. Future studies should explore the potential of this protein-protein
interaction to bias signaling of the 5-HT2CR.
This is the first report, to our knowledge, that employs PLCβ inhibitor U73122 in
the drug discrimination paradigm. Here, we show that systemic administration of U73122
can modestly, but not significantly, suppress the stimulus discrimination generated by
CNS-located targets. Since PLCβ is a known downstream effector of Gαq protein-mediated
signal transduction, this report 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 use of PLCβ 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 in vivo (Zhou and Bohn, 2014). It will be
interesting to assess in vitro characterized biased ligands in this behavioral paradigm in
future studies.
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Finally, the present study demonstrates that modifications predicted to enhance
peptide drug-like properties are able to retain in vitro activity. Future studies will explore
in vivo absorption, distribution, metabolism and excretion properties to confirm that these
modifications do in fact enhance the pharmacokinetic properties of the parent peptides
(Figure 2.1).
Overall, the present study provides further evidence that 5-HT2CR activity can be
modulated through an allosteric protein-protein interaction. As such, this work provides
the groundwork for the continued exploration of protein-protein 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 interest and thus enhanced clinical utility.

MATERIALS AND METHODS
Drug Discrimination Assays
ANIMALS. Experimentally naïve male Sprague-Dawley rats (n=47; Harlan, Inc.)
weighing 300-325 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 12-h light-dark cycle (0700-1900 h). Rats were maintained at 80-90%
of their free-feeding weights by restricting access to water. Rats received water during daily
training sessions (5-6 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 Health Guide for the Care and Use of Laboratory Animals and with
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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 available two-lever
operant chambers (Med Associates, St. Albans, USA). Each chamber was equipped with a
water-filled dispenser mounted equidistantly between two retractable response levers on
the wall and housed in a light- and sound-proof cubicle. Illumination came from a 28-V
house light; ventilation and masking noise were provided by a ventilation fan in the right
side wall. A computer with Med-PC IV software was used to run programs and record all
experimental events.
DRUG DISCRIMINATION PROCEDURE. Standard two-lever, water-reinforced drug
discrimination procedures were used (Appel and Cunningham, 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=15-16/cohort) were trained to discriminate an
injection of a training drug from saline (1.0 ml/kg, i.p) administered 15 min before start of
daily (Monday – 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 discriminate the 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
lorcaserin-saline cohort were excluded from the present study due to loss of discrimination
part of the way through completion of the presented tests. Additionally, rats in the
WAY163909-saline cohort also participated in additional studies currently under
submission (Wild et al., 2017, in preparation).
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Errorless training. During this phase, only the stimulus-appropriate (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 animals were responding
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; conditions were 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 responding stabilized, both levers were presented
simultaneously during 15-min training sessions. The rats were required to respond on the
stimulus-appropriate (correct) lever to obtain water reinforcement. There were no
programmed consequences for responding on the incorrect lever. This phase of training
continued until the performance of all rats attained criterion (defined as mean accuracies
of at least 80% stimulus-appropriate responding for ten consecutive sessions).
Test protocols. Test sessions were initiated 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 training 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 rat was removed from the chamber, returned to the colony, and allowed
free access to water for 15 min beginning 2-3 hours 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 tests, rats were administered various doses of the training drugs (lorcaserinsaline: 0.125-1.0 mg/kg lorcaserin; WAY163909-saline: 0.125-1.0 mg/kg WAY163909;
cocaine-saline: 0.313-5 mg/kg cocaine), saline or test compounds. In combination tests,
rats were tested for lever selection following intraperitoneal administration (unless
otherwise indicated) of a fixed dose of a test compound, or compounds, prior to a dose of
the training drug. In lorcaserin-saline trained rats, 3L4F (1, 2 µmol/kg) was given 30 min
prior to testing, and PLCβ inhibitor U73122 (0.5 mg/kg), WAY163909 (0.75 mg/kg) and
lorcaserin (0.5 or 0.75 mg/kg) were given 15 min prior to testing. In WAY163909-saline
trained rats, 3L4F (1, 2 µmol/kg), PLCβ inhibitor U73122 (0.5 mg/kg), lorcaserin (1 mg/kg,
subcutaneous) and WAY163909 (0.5 or 0.75 mg/kg) were given 15 min prior to testing. In
cocaine-saline trained rats, 3L4F (1-2 µmol/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 testing. Full substitution was defined as ≥ 80% drugappropriate responding and not statistically different from the training drug, and partial
substitution as ≥ 40% and < 80% drug-appropriate responding.
DRUGS. R-TAT-3L4F (r-3L4F; Ac-YGRKKRRPNPDQKPRRKKKEKR-NH2;
pepMic

Co.,

China),

lorcaserin

([(1R)-8-chloro-2,3,4,5-tetrahydro-1-methyl-1H-3

benzazepine]; Hangzhou Trylead Chemical Technology Co., Ltd, Hangzhou, China),
WAY163909

([(7b-R,10a-R)-1,2,3,4,8,9,10,10a-octahydro-7bH-cyclopenta[b][1,4]
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diazepino [6,7,1hi] indole]; gift from Pfizer, Inc., New York, NY) and (—)-Cocaine
(National Institute on Drug Abuse, Research Triangle Park, NC, USA) were dissolved in
0.9% NaCl for in vivo studies. U73122 (Tocris, UK) was dissolved in 0.4% tween-20 in
0.9% NaCl. Due to solubility issues, U73122 first grinded in 100% tween-20 using 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 drug-lever responses to total responses upon completion
of an FR 20 on either lever. Response rates (responses per minute) were also evaluated
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 taken to complete the first
ratio. For substitution tests, Student’s t-test for repeated measures was used to compare the
percentage of drug-lever responding and response rate during test sessions with the
corresponding values for the previous drug maintenance session. Combination tests were
analyzed by one-tailed Student’s t-test for repeated measures with bonferroni correction
for preplanned comparisons. All statistical analyses were conducted with an
experimentwise error rate of =0.05.

In vitro Screening
CELL LINES AND CELL CULTURE. Chinese hamster ovary K1 (CHO-K1) cells stably
transfected with human unedited 5-HT2CR (h5-HT2CR-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 h5HT2CR-CHO cells express approximately 200 fmol/mg of 5-HT2CR protein which
approaches physiological levels in brain (Berg et al., 2001; Gavarini et al., 2006; Seitz et
al., 2012; Stout et al., 2002). Cells were grown at 37°C, 5% CO2 and 85% relative humidity
environment in GlutaMax™-MEM medium (Invitrogen, Carlsbad CA) containing 5% fetal
bovine serum (Atlanta Biologicals, Atlanta GA), and 100 µg/ml hygromycin (Mediatech,
Manassas VA), and were passaged when they reached 80% confluence.
LIGANDS. Serotonin (5-HT; Acros Organics, ThermoFisher Scientific, Pittsburgh,
PA) was dissolved in 1X Hank’s balanced salt solution (HBSS; Cellgro, Invitrogen).
Peptides (h3L4F, Ac-PNQDQNARRRKKKERR-NH2; 1, Ac-PNQDQNAR-NH2) were
dissolved in DMSO to a concentration of 10 mM working stock solutions for functional
assays. PTEN inhibitor SF1670 (Echelon Biosciences, Salt Lake City, UT) was dissolved
in DMSO to a working concentration of 5 mg/ml.
INTRACELLULAR CALCIUM ASSAY. The Cai2+ release assay was performed
according to our recent publications with minor modifications (Anastasio et al., 2013; Chen
et al., 2017; Ding et al., 2012; Seitz et al., 2012). Briefly, 150 µL cells from passage 6-16
were plated in black-walled flat clear bottom 96-well tissue culture plates at a density of
14,000-16,000 cells/well in serum-replete 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 for 20 min. Approximately 24 h following
plating, the medium was removed and cells were fed with serum-free (SF) GlutaMax™MEM medium supplemented with 1 µM putrescine (Sigma-Aldrich, St. Louis, MO), 10
mM progesterone (Sigma-Aldrich), and 1:100 ITS (1000 mg/L human recombinant insulin,
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550 mg/L human recombinant transferrin, 0.67 mg/L selenious acid; Corning Inc, Corning,
NY) (SF+ medium). Following a 3 h incubation, SF+ medium was replaced with 40 μL
Hank’s balance saline solution (HBSS; without CaCl2 or MgCl2, pH 7.4) plus 40 μL
Calcium 4 dye solution (FLIPR No-wash kit, Molecular Devices, Sunnyvale, CA, part #
R8142) supplemented with 2.5 mM water-soluble probenicid (Sigma) to inhibit
extracellular transport of the dye. Plates were incubated for 60 min at 37 °C followed by
15 min at RT in the dark. Calcium-induced fluorescence signal (λex = 485 nm, λem = 525
nm) was measured with a FlexStation 3 instrument (Molecular Devices). A baseline was
established for each well during the initial segment of each run. Addition of 20 μL of 5×
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,
following another 17 s baseline recording, 25 μL of 5× concentrated 5-HT was added and
fluorescence was again measured every 1.7 s for 240 s. Maximum peak heights and area
under the curve (AUC) of the Cai2+ transient were determined by the SoftMax software
(Pro 5.4.5) for each well. After the final readings, cells were 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
µL of filtered crystal violet solution (0.1% in water) was added for 10 min at RT and the
wells were rinsed again. Cell-adsorbed dye was extracted by the addition of 50 µl of 10%
acetic acid (10 min, RT) and absorbance read at 590 nm. AUC of the Cai2+ transient was
normalized to the crystal violet values for each well and then expressed as a percent of the
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maximum and minimum Cai2+ response. The AUC of Cai2+ transients was utilized as this
measure incorporates both information on the duration of the calcium signal as well as the
maximum amount of ligand-evoked calcium release (King et al., 2015). The pIC50 and
EMAX values for Cai2+ assay were determined using 3-parameter nonlinear regression
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 Cai2+ release induced by 5-HT (100%) and are presented as the
mean ± SEM% of 5-HT. An unpaired Welch’s t-test was conducted to compare EMAX of 5HT in the presence and absence of peptide derivative (1 nM). All statistical analyses were
conducted with an experimentwise error rate of =0.05.
PTEN LIPID PHOSPHATASE ACTIVITY ASSAY. Lipid phosphatase activity of PTEN
was quantified using a PTEN activity ELISA kit from Echelon Biosciences (K-4700,
Echelon Biosciences, Salt Lake City, UT) following manufacture protocol. Briefly, 1 ng/µl
PTEN enzyme (E-3000, Echelon Bioscience, Salt Lake City, UT) was incubated with
PTEN inhibitor SF1670 (200 µM), 1, 2, and 2 derivatives (10 µM) for 15 min at 37°C.
Then PI(3,4,5)P3 substrate was added for a final concentration of 4 µM and the reaction
was incubated at 37°C for 2.25 h. The lipid phosphatase activity of PTEN was quantified
by measuring the amount of PI(4,5)P2 by competitive ELISA in which final absorbance is
inversely related to the amount of PI(4,5)P2. The absorbance was measured by FlexStation3
at 450 nm (Molecular Devices). Results are represented as fold change over PTEN +
PI(3,4,5)P3 alone (mean ± SD) of two independent experiments run in technical triplicates
and analyzed by one way ANOVA with a priori comparison to PTEN + PI(3,4,5)P3 alone
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(Dunnett’s; GraphPad Prism 7.02). All statistical analyses were conducted with an
experimentwise error rate of =0.05

Chemistry
GENERAL. All starting material and reagents were purchased from Sigma-Aldrich,
Acros, AstaTech and Aapptec and unless noted were used without further purification. The
azide and alkyne functionalized where purchased or prepared by the methods of
Pedersen.(Sminia and Pedersen, 2012) Thin layer chromatography (TLC) was performed
on Silicycle glass backed plates (extra hard layer, 0.25 mm thick, 60 Å, with F-254
indicator) and components were visualized by UV light (254 nm) and/or p-anisaldehyde,
basic permanganate (KMnO4) solution, ninhydrin solution. Flash column chromatography
was performed using Silicycle silica gel (particle size 40-

-400 mesh). NMR

spectra were obtained using JEOL ECX-400 spectrometer (400 MHz for 1H NMR and 100
MHz for 13C NMR), JEOL ECA-500 spectrometer (500 MHz for 1H NMR and 125 MHz
for 13C NMR) or JEOL ECX-600 spectrometer (600 MHz for 1H NMR and 150 MHz for
13

C NMR). Chemical shifts were referenced to the residual chloroform-H peak at 7.26 ppm

(1H) and 77 ppm (13C) in CDCl3 or to DMSO-H peak at 2.5 ppm (1H) and 39.5 ppm (13C)
in DMSO-d6 or to D2O at 4.79 ppm (1H). Chemical shifts were reported in parts per million
(ppm, δ). Multiplicity were indicated as s for singlet, d for doublet, t for triplet, q for quartet,
m for multiplet, br for broad resonance and the coupling constants (J) were reported in Hz.
High resolution mass spectra were recorded on an Agilent 6530 Accurate Mass Q-TOF
LC-MS (high resolution ESI) from University of Texas at Austin, Mass Spectrometry
Facility (MSF) of Department of Chemistry 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 RP-HPLC was run on an
HP1100 series instrument using A. Thermo Scientific BetaBasic column (C8, 100 x 4.6
mm, 5 μm particle size with a flow rate of 0.8 mL/min), B. Beckman Coulter column (C18,
250 x 4.6 mm, 5 μm particle size with a flow rate of 1.0 mL/min), or C. Grace Vydac
column (C18, 250 x 4.6 mm, 5 μm particle size with a flow rate of 1.0 mL/min). The
analyses were executed with the following solvent systems: 0.1% TFA in H2O (A) and
MeCN containing 0.1% TFA (B). Detection was performed with a photodiode array
detector at a wavelength of λ=215 nm unless otherwise stated. Preparative purification was
performed on a Gilson series instrument using a Grace Vydac protein & peptide C18
column (C18, 250 x 18 mm, 10 μm particle size). The analyses were executed with a flow
rate of 8－12 mL/min and with the following solvent systems: H2O containing 0.1% TFA
(A) and MeCN (B).
GENERAL METHOD

FOR

SOLID-PHASE PEPTIDE SYNTHESIS (SPPS). Automated

solid-phase peptide synthesis was performed at room temperature on Endeavor 90 III
peptide synthesizer (AAPPTEC). All syntheses were executed using a standard Fmoc/tBu
strategy. The resin (Rink amide resin or 2-Cl Trityl chloride (2-ClTrT) resin) was swollen
in the solvent used in the reaction for 20 minutes prior to reaction. The first amino acid was
attached to 2-ClTrT 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 coupling conditions. Briefly, the coupling reactions were
carried out (for both Rink amide resin and 2-CTC resin) in NMP using 2 equiv of N-Fmoc
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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 was then 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 twice. N-terminal Fmoc deprotection was achieved
using 20% piperidine in DMF (vol/vol). The resin was washed with methanol, DMF,
MeCN, and CH2Cl2 after every coupling and deprotection step. Peptide cleavage and side
chain deprotection were carried out by agitating the crude peptide-loaded resin in TFA
cocktail solution (95% TFA: 2.5% TIPS: 2.5% H2O) for 3 h at room temperature or at 0°C.
The ingredients were varied depending on the peptide sequence. The crude material was
precipitated in cold diethyl ether, centrifuged, and purified by HPLC using 0－100%
gradient in MeCN over 30 min. The purified aqueous solution was lyophilized to afford
the final product. In the case of 2-ClTrT resin, peptide cleavage can be accomplished using
AcOH/TFE/CH2Cl2 (1:1:8) solution to generate side chain protected peptide acid. The
crude material was precipitated 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 H-Arg(bf)-2-CTC resin (0.29 mmole) was swollen
in CH2Cl2 for 20 minutes prior to coupling. The attachment of the next 7 amino acid
residues, Fmoc-Ala-OH, Fmoc-Asn(Trt)-OH, Fmoc-Gln(Trt)-OH, Fmoc-Asp(tBu)-OH,
Fmoc-Gln(Trt)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Pro-OH, and linker (Fmoc-GABA-OH)
was conducted in 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 loaded-2-ClTrT resin was treated with 5 mL of AcOH/TFE/CH2Cl2 (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 solvent until all the AcOH was removed) to give of crude peptide (591 mg, 0.26 mmol),
which was dissolved in 3 mL of CH2Cl2, 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 residue was purified by flash chromatography (using eluent gradient EtOAc to 1:9
methanol-dichloromethane) 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 dissolved 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 of H2O and was extracted with EtOAc
(3x120 mL). The combined organic extracts were washed with 5% aqueous HCl (100 mL),
sat. aqueous NaCl (100 mL), and H2O (100 mL), dried over MgSO4, filtered, and
concentrated with

rotary evaporator. The crude material was used without further

purification. The crude material (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 RP-HPLC to give pure cyclic derivative 4 (38 mg) in 13% yield based on the
initial resin loading. The NMR spectra were reported as a mixture of two conformations.
1

H NMR (500 MHz, D2O) δ 4.70 (dd, J = 15.8, 9.2 Hz, 0.2H), 4.67–4.55 (m, 2.7H), 4.53

(dd, J = 8.7, 2.7 Hz, 0.2H), 4.37–4.28 (m, 2H), 4.28–4.15 (m, 2.7H), 3.69–3.51 (m, 1.8H),
3.47 (dd, J = 17.8, 9.8 Hz, 0.2H), 3.30–3.09 (m, 4H), 2.96 (dd, J = 17.1, 5.7 Hz, 1H), 2.93–
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2.84 (m, 3H), 2.84–2.71 (m, 2H), 2.52–2.38 (m, 1.8H), 2.38–2.21 (m, 5.4H), 2.21–2.07 (m,
2.2H), 2.07–1.82 (m, 6.2H), 1.82–1.68 (m, 3H), 1.68–1.50 (m, 2H), 1.43–1.36 (m, 3H). 13C
NMR (126 MHz, D2O) δ 177.82, 177.79, 176.04, 174.88, 174.77, 174.63, 174.53, 174.33,
174.10, 173.34, 173.12, 173.04, 172.59, 172.33, 171.89, 156.73, 131.47, 60.82, 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 mmol), which 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 (pre-generated free amine
form, 1030 mg, 0.65 mmol, 0.63 mmol/g) and the reaction vessel was shaken for 80 min,
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 resin in a pre-generated anhydride
(3.25 mmol) style. After the deprotection of Fmoc, the following 7 amino acid, Fmoc-AlaOH, Fmoc-Asn(Trt)-OH, Fmoc-Gln(Trt)-OH, Fmoc-Asp(tBu)-OH, Fmoc-Gln(Trt)-OH,
Fmoc-Asn(Trt)-OH, Fmoc-Pro-OH, and linker (4-azidobutyric acid) was attached by
SPPS. A plastic vessel was charged with the peptide loaded-resin and 58 mL of DMSO
(solvent was freshly deoxygenated by bubbling with nitrogen for 5 min) Cu(I)I (56 mg,
0.29 mmol) and 2,6-lutidine were added and the vessel was sealed and shaken for 48 h.
After the reaction, the resin was then washed with DMF, MeCN, H2O, sat. aqueous
disodium EDTA solution (2x10 min), H2O, MeCN, CH2Cl2, and ether. The peptide was
cleaved from resin with 95% TFA via standard protocol. The crude material was purified
by RP-HPLC to give pure cyclic peptide 5 (298 mg) in 40% yield based on the initial resin
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loading. The NMR spectra were reported as a mixture of conformations. 1H NMR (600
MHz, D2O) δ 8.05 (s, 0.5H), 7.99 (s, 0.1H), 7.87 (s, 0.4H), 5.09 (d, J = 15.5 Hz, 0.3H),
5.03 (d, J = 15.3 Hz, 0.1H), 4.91 (m, 0.2H), 4.69 (m, 0.2H), 4.61 (ddd, J = 19.5, 12.5, 6.6
Hz, 2H), 4.57–4.51 (m, 1.3H), 4.50–4.34 (m, 2.6H), 4.33–4.28 (m, 0.5H), 4.25 (ddd, J =
16.4, 10.7, 6.3 Hz, 2H), 4.19–4.01 (m, 3.2H), 3.93 (d, J = 16.8 Hz, 0.1H), 3.59–3.36 (m,
2H), 3.12 (ddd, J = 20.6, 14.3, 6.9 Hz, 2H), 2.92 (dd, J = 17.1, 6.1 Hz, 0.9H), 2.86–2.76
(m, 2.7H), 2.75–2.69 (m, 2H), 2.50–2.41 (m, 0.5H), 2.41–2.16 (m, 6H), 2.16–2.02 (m,
4.2H), 2.02–1.83 (m, 5H), 1.76 (d, J = 6.8 Hz, 1H), 1.69 (dt, J = 14.3, 9.4 Hz, 1.6H), 1.59–
1.51 (m, 1.8H), 1.48–1.34 (m, 0.7H), 1.25 (d, J = 7.2 Hz, 1.2H), 1.22 (d, J = 7.1 Hz, 1.5H),
1.19 (d, J = 7.2 Hz, 0.3H). 13C NMR (151 MHz, D2O) δ 177.66, 177.57, 177.53, 174.68,
174.62, 174.55, 174.43, 174.28, 174.17, 174.08, 173.97, 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, 35.69, 35.21, 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/g)-bound desired peptide sequence was obtained by standard
SPPS. The peptide loaded resin was swollen in CH2Cl2 for 10 min. After the resin was
filtered, a solution of Cu(I)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 H2O (1.6 mL), 2,6-lutidine (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 N2
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 the resin was washed with DMF, MeCN, H2O, sat. aqueous disodium
EDTA solution (2x10 min), H2O, MeCN, CH2Cl2, and ether. The resin was treated with
20% piperidine in DMF (2x10 mL) to deprotect the N-Fmoc. Finally, the peptide was
cleaved from resin with 10 mL of TFA/TIPS/H2O (95:2.5:2.5) solution via standard
protocol. The crude material was purified by RP-HPLC to give pure cyclic peptide 6 (40
mg) in 21% yield based on the initial resin loading. 1H NMR (600 MHz, DMSO-d6) δ 9.22
(br, 1H), 8.75 (d, J = 7.4 Hz, 1H), 8.55 (br, J = 5.3 Hz, 1H), 8.22 (d, J = 7.8 Hz, 1H), 8.15–
8.07 (m, 2H), 8.05 (dd, J = 7.3, 3.7 Hz, 2H), 7.95 (s, 1H), 7.84 (d, J = 8.0 Hz, 1H), 7.54
(br, 1H), 7.43 (s, 1H), 7.33 (s, 1H), 7.27 (d, J = 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, J = 12.9, 6.1 Hz, 1H), 4.48 (d, J
= 12.4 Hz, 1H), 4.43–4.35 (m, 2H), 4.32–4.20 (m, 4H), 4.15 (dd, J = 13.6, 7.8 Hz, 2H),
3.51 (dd, J = 9.5, 5.7 Hz, 1H), 3.26–3.20 (m, 1H), 3.20–3.15 (m, 1H), 3.08 (dd, J = 12.9,
6.6 Hz, 2H), 2.59 (dd, J = 15.8, 4.7 Hz, 1H), 2.44 (dd, J = 15.8, 8.9 Hz, 1H), 2.28 (dd, J =
8.1, 5.5 Hz, 1H), 2.13–2.07 (m, 2H), 2.00 (t, J = 8.0 Hz, 2H), 1.94–1.82 (m, 5H), 1.79–
1.63 (m, 6H), 1.55–1.36 (m, 4H), 1.22 (d, J = 7.2 Hz, 3H), 1.04 (d, J = 7.5 Hz, 2H). 13C
NMR (151 MHz, DMSO-d6) δ 174.03, 173.97, 173.14, 172.07, 171.38, 171.05, 170.94,
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, 40.03, 36.80, 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)-4-amino-2-((3S,4S)-4-((S)-1-((S)-1-carboxy-4-

guanidinobutylamino)-1-oxo-propan-2-ylcarbamoyl)pyrrolidine-3-carboxamido)-4oxobutanoyl)pyrrolidine-2-carboxylic acid (turn mimic 7)
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N-Troc protected turn mimic (trans-pyrrolidine-3,4-dicarboxamide) was prepared
by the procedure of Boger(Whitby et al., 2011) and was used for the preparation of 7 by
standard peptide coupling methods. To a solution of the N-Troc protected turn mimic (120
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 toluene azeotrope to
afford crude 30 (93 mg), which was employed directly into the next reaction without further
purification. 3 mL of TFA/TIPS/H2O (95:2.5:2.5) solution was added to the crude product
(93 mg) and the mixture was stirred at room temperature for 3 h. Cold ether (30 mL) was
added to the reaction mixture and the resulting white precipitation was centrifuged,
collected, dried under vacuum, and purified by RP-HPLC to give pure turn mimic 7 (33
mg, 71%). 1H NMR (500 MHz, D2O) δ 4.96 (dd, J = 10.2, 4.2 Hz, 1H), 4.40 (dd, J = 8.7,
4.9 Hz, 1H), 4.34 (dd, J = 9.1, 5.1 Hz, 1H), 4.30–4.20 (m, 1H), 3.79 (dt, J = 10.3, 6.6 Hz,
1H), 3.68 (dt, J = 10.0, 6.5 Hz, 1H), 3.62–3.50 (m, 4H), 3.36–3.25 (m, 2H), 3.19 (t, J = 6.9
Hz, 2H), 2.80 (dd, J = 15.7, 4.2 Hz, 1H), 2.56 (dd, J = 15.8, 10.2 Hz, 1H), 2.37–2.24 (m,
1H), 2.11–1.95 (m, 3H), 1.95–1.84 (m, 1H), 1.81–1.69 (m, 1H), 1.63 (tt, J = 13.5, 6.9 Hz,
2H), 1.37 (d, J = 7.4 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 173.34, 173.28, 172.93,
170.48, 170.33, 170.21, 170.00, 156.88, 58.77, 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 5-HT2A Receptor Antagonists Exhibit High
Affinity and Potency In Vitro and Efficacy In Vivo (Soto et al.)
INTRODUCTION
Serotonin (5-HT) 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 disorder) and is therefore,
an important medications target. Actions of 5-HT 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 (5-HT1R – 5-HT7R) according to their structural and functional
characteristics (Hoyer et al., 2002). The metabotropic 5-HT2R family (5-HT2AR, 5-HT2BR,
5-HT2CR) plays an important role in the regulation of CNS function and dysfunction. The
receptors in the 5-HT2 family couple predominantly to Gαq/11 proteins to activate
phospholipase Cβ (PLCβ) resulting in downstream intracellular calcium (Cai2+) release and
phosphorylation of ERK1/2 (pERK1/2) and can also induce arachidonic acid release through
phospholipase A 2-dependent mechanism (Felder et al., 1990). Abnormalities of 5-HT2R
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., 2004) and active initiatives are underway to develop novel
5-HT2R ligands as therapies for such disorders (Howell and Cunningham, 2015).
The 5-HT2AR is of particular interest as a key target of atypical antipsychotics
which are thought to improve symptoms and cognitive functioning in schizophrenia due to
potent 5-HT2AR antagonist actions (Gray and Roth, 2007; Meltzer et al., 2012b; T., 2001).
Other selective 5-HT2AR 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), depression (Berg et al., 2008; Celada et al.,
2004; Zaniewska et al., 2010), and sleep disorders (Landolt and Wehrle, 2009; Popa et al.,
2005; Teegarden et al., 2008). Selective 5-HT2AR antagonists have been in clinical trials
for neurological and/or psychiatric disorders including volinanserin [MDL100907,
M100907;

(R)-(+)-α-(2,3-dimethoxyphenyl)-1-[2-(4-fluorophenyl)ethyl]-4-

piperidinemethanol; Aventis Pharmaceuticals; compound 1; Figure 3.1) (de, 2001;
Maurel-Remy et al., 1995) and structurally similar 5-HT2AR antagonists/inverse agonists
for schizophrenia (Meltzer et al., 2004; Talvik-Lotfi et al., 2000) and sleep disorders (AlShamma et al., 2010; Ancoli-Israel et al., 2011). Of these, the 5-HT2AR inverse
agonist/antagonist pimavanserin (tradename NUPLAZID®; ACP-103; ACADIA
Pharmaceuticals) has recently been approved by the FDA for Parkinson’s Disease
psychosis (Meltzer et al., 2010) and the 5-HT1AR agonist/5-HT2AR antagonist flibanserin
(tradename Addyi®; BIMT 17; Sprout Pharmaceuticals) has been approved for the
treatment of hypoactive sexual desire disorder in pre-menopausal women (Fisher and Pyke,
2017).
Traditional drug discovery efforts for GPCRs like the 5-HT2AR have been designed
to target monomeric receptors and conceptualized as the pharmacophore interacting at one
receptor binding site (George et al., 2002). However, in recent years, the importance of
GPCR dimerization and oligomerization on receptor signaling, trafficking and localization
has been demonstrated for a variety of GPCRs, highlighting the need to investigate
receptor-receptor interactions in disease pathology (for review, (George et al., 2002)).
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Existence of homodimeric 5-HT2AR:5-HT2AR interactions is supported by coimmunoprecipitation

and

fluorescence

resonance

energy

transfer

(FRET)

experiments(Brea et al., 2009) and 5-HT2AR homodimers have been proposed as the
minimum functioning unit of the PLCβ- and PLA2-mediated signaling pathways induced
by 5-HT and synthetic 5-HT2AR agonists (Iglesias et al., 2016). Additionally, molecular
dynamics modeling studies suggest that the putative 5-HT2AR ligand binding sites displace
differently in simulations of monomers versus homodimers, which suggests that
receptor:receptor interactions may prefer different 5-HT2AR ligands (Bruno et al., 2011).
Therefore, tools to explore 5-HT2AR 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 ligands. These 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 pair (Shonberg et al.). Bivalent ligands have been synthesized to
examine various neurotransmitter receptor systems (Portoghese, 2001), including 5-HT
receptors (Bruno et al., 2009; Choi et al., 2008; Heinrich et al., 2004) such as the 5-HT4R
(Lezoualc'h et al., 2009; Soulier et al., 2005) and 5-HT1BR (Decker and Lehmann, 2007;
Halazy et al., 1996; Perez et al., 1998). Here, we characterize homobivalent ligands with
the pharmacophore of the piperidine M100907 which may serve as future tools to
pharmacologically probe 5-HT2AR:5-HT2AR homodimer biology. The active (+)-isomer of
M100907 [(+)-M100907; compound 1, Figure 3.1] binds the 5-HT2AR with high affinity
and has >100 fold selectivity over the 5-HT2BR and 5-HT2CR.(Herth et al., 2009; Knight et
al., 2004) The pharmacology of M100907 has been demonstrated in a wide diversity of in
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vitro (Seitz et al., 2012; Shashack et al., 2011) and in 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 (compound 1, Figure 3.1)
(Shashack et al., 2011). To select the best location for the attachment of the tether used to
link the molecules, derivatives with substitutions of the p-fluorine (compound 2) or the
methoxy group (compound 3) were tested for their ability to inhibit 5-HT-stimulated Cai2+
release in a Chinese hamster ovary (CHO) cell line stably expressing the human 5-HT2AR
(h5-HT2AR). The replacement of the fluorine with a hydroxyl or ether moiety (compound
2) resulted in significant loss of antagonist potency to inhibit 5-HT-induced Cai2+ release
(Shashack et al., 2011). Attachment of an ethylene glycol at the OH of the catechol
(compound 3) was found to retain significant activity (Shashack et al., 2011). Thus, this
site was selected as the tether attachment site for synthesizing bivalent molecules. An
active first pass metabolite of M100907 (des-3-methyl-ketone-M100907; compound 4),
which lacks a chiral center, also proved to be a potent (IC50 = 2.3 nM) 5-HT2AR antagonist
in the Cai2+ release bioassays (Shashack et al., 2011). This molecule was selected as the
starting material for the synthesis of tethered analogs to avoid generation of diasteromeric
intermediates and eliminate the need for chiral resolution of the molecules. Two versions
of compound 4 were synthesized with ethylene glycol groups (5a-b) and tested in the Cai2+
bioassay to determine whether the polyether tether would have a deleterious effect on the
activity of the ligand and found to retain nanomolar potency (Shashack et al., 2011).
Finally, the desired bivalent molecules (6a-g) were synthesized and tested. The bivalent
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ligands exhibited sub-micromolar potency to inhibit 5-HT-induced Cai2+ release
demonstrating the retention of antagonist properties (Shashack et al., 2011). These studies
suggested that intermediate tether lengths of 12-18 atoms in length are optimal for activity
in Cai2+ 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 quantification of ERK1/2

phosphorylation which represents a distal downstream signaling outcome of 5-HT2AR
activation. Phosphorylation of ERK1/2 serves as an integration point of multiple upstream
signaling pathways, including G protein dependent- and independent signal transduction
(Hoyer et al., 2002; Kurrasch-Orbaugh et al., 2003; Raymond et al., 2001; Seitz et al.,
2012). In addition, affinity of these compounds for the 5-HT2AR and selectivity over the
highly homologous 5-HT2BR or 5-HT2CR was determined. We found that the bivalent
ligands (Compound 6 series) retained activity and selectivity similar to that of (+)M100907 (Compound 1) and that the optimal tether length is between 8- and 21- atom
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linkers in the ERK1/2 activation cellular assay. Thus, a homobivalent ligand with an
intermediate tether length (compound 6c) was selected for the first in vivo studies to
evaluate the behavioral profile of a homobivalent 5-HT2AR antagonist molecule. These
studies open the door to the development of new bivalent molecules with the potential to
elucidate the neurobiological role of 5-HT2AR:5-HT2AR homodimers in the CNS.

RESULTS AND DISCUSSION
The inhibitory potency of M100907 analogs (Figure 3.1) was evaluated in an
ERK1/2 activation assay in h5-HT2AR-CHO cells (Figure 3.2; Table 3.1). Activation of
ERK1/2 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, see (Roskoski, 2012)). Serotonin induces a concentration-dependent increase in
phosphorylated ERK1/2 (pERK1/2) with an EC50 of ~72 nM (Figure 3.2A). Compound 1
and its analogs (4-6g; 10-10–10-4 M) were examined for their ability to antagonized ERK1/2
activation induced by a maximally effective concentration (1 µM) of 5-HT. The pIC50 and
IC50 values are reported in Table 3.1. Compound 1, the active isomer (+)-M100907
(Ullrich and Rice, 2000), and compound 4, the des-3-methyl-ketone derivative starting
material for synthesis of the bivalent ligands, displayed low nanomolar potency in
inhibiting 5-HT-evoked ERK1/2 activation (Table 3.1, Figure 3.2B).
The evaluation of inhibitory potency of compounds 5a and 5b, derivatives of
compound 4 with 12- or 14-atom ethylene glycol linkers, revealed that the addition of the
12-atom linker (5a) retained comparable potency compared to the parent compounds, while
addition of a 14-atom linker (5b) reduced the potency ~23-fold compared to the ketone
starting material (4). This reduction in potency is not surprising since others (Shonberg et
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al., 2011) have also noted that mere addition of the polyether tether diminishes the
functional activity of the ligand. Although both 5a and 5b maintained sub-micromolar
potency to inhibit 5-HT-mediated ERK1/2 activation, these data suggest that the 12-atom
chain may be of optimal length. The potency of the homobivalent ligands (6a-g) to inhibit
5-HT-mediated pERK1/2 was diminished compared to the parent compounds and varied
modestly as a function of linker length (Table 3.1). Interestingly, the homobivalent with
the shortest (6 atoms; 6a) and the longest (24 atoms; 6g) linkers had the lowest potency
which suggests that there is an optimal linker length for maintenance of antagonist activity.
Comparison of the inhibitory potency of the 6c, the 12-atom linked bivalent ligand, and 5a,
its respective 12-atom monovalent counterpart, show that the potency of 6c is decreased
by ~20-fold versus 5a, suggesting that addition of a second pharmacophore decreased the
functional activity (Figure 3.2B). On the contrary, comparison of the 14-atom linker
bivalent ligand (6d) to its respective 14 atom monovalent counterpart (5b) resulted in a
slight increased potency (Table 3.1). These findings are consistent with previously
published effects of these compounds in the Cai2+ bioassay (Shashack et al., 2011) and,
together, may suggest that linker length impacts the potency of these ligands and should be
considered for future experiments.
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Figure 3.2: 5-HT2AR antagonist homobivalent ligands suppress 5-HT-induced
ERK1/2 activation n h5-HT2AR-CHO expressing cells
Representative ERK1/2 activation response in h5-HT2AR-CHO cells. (A) 5-HT evokes a
concentration-dependent elevation of pERK1/2 expression (pEC50 = 7.14 ± 0.04; EC50 =
72.4 nM) and 1 μM 5-HT induces maximal ERK1/2 activation. (B) M100907 derivatives
induces a concentration-dependent inhibition of 1 μM 5-HT. pIC50 and IC50 values are
listed in Table 1.
Table 3.1: Potency of M100907derivatives on ERK1/2 activation in h5-HT2AR-CHO
cells.
ID
Linker # pIC50 ± SEMa
IC50 (nM)
1
—
8.29 ± 0.52
5.13
2
—
N.T.
N.T.
3
—
N.T.
N.T.
4
—
8.00 ± 0.08
10.1
5a
12
8.11 ± 0.05
7.76
5b
14
6.65 ± 0.07
224
6a
6
6.53 ± 0.41
295
6b
8
7.60 ± 0.53
25.1
6c
12
6.55 ± 0.19
179
6d
14
7.00 ± 0.13
100
6e
18
6.78 ± 0.39
166
6f
21
6.72 ± 0.14
191
6g
24
6.55 ± 0.12
284
a
pIC50 is presented as mean ± SEM (n = 3-6). IC50 values were calculated from averaged
pIC50 values. “—“ indicates that there is no atom linker on this compound. “NT” indicates
compound has not been tested in this assay.

92

The affinity and selectivity of the synthesized M100907 derivatives for the 5HT2AR versus the highly homologous 5-HT2BR and 5-HT2CR, were assessed via
radioligand binding assays at the Psychoactive Drug Screening Program (PSDP). The
resultant Ki values for binding to 5-HT2AR, 5-HT2BR and 5-HT2CR, as assessed by
displacement of [3H]-ketanserin (0.5 nM), [3H]-LSD (1 nM) and [3H]-mesulergine (0.5
nM), respectively, are shown in Table 3.2. All ligands displayed nanomolar affinity for the
5-HT2AR, but Ki values were ~4-8 fold lower than that previously reported for the high
affinity (+)-M100907 isomer (Compound 1; Ki = 3 nM) (Kehne et al.). According to the
PDSP, variations of this magnitude can be expected in Ki assessments, thus the differences
in Ki values observed for 5-HT2AR for most of the M100907 analogs versus the compound
1 were modest (Table 3.2). Only the bivalent ligand with the 24-atom linker (6g) exhibited
a substantial decrease (~10 fold) in affinity for the (5-HT2AR, Ki = 32 nM) which coincides
with the decrease in potency observed for this molecule in the ERK1/2 activation assay. In
addition, the presence of the second pharmacophore in the 12- (6c) and 14-atom (6d)
tethered bivalent ligands afforded no overt gain in affinity compared to their respective
monovalent counterparts (5a, 5b). These lack of differences may just be due to the inherent
variability in Ki measurements, and/or the lack of measurement of actual
association/dissociation constants of the ligands; the binding analysis was done at
equilibrium, as opposed to during the dynamic state related to the functional endpoints
(Christopoulos et al., 1999).
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Table 3.2: Affinity profile of M100907 derivatives
ID

Linker
#

5-HT2AR
pKi

1

5-HT2BR

Ki (nM)

pKi

2

Ki (nM)

5-HT2CR
pKi

3

Ki (nM)

4

3.0
612
41
1
-6.2
7.4
8.5
2
-N.T.
N.T.
N.T.
3
-N.T.
N.T.
N.T.
1.6
261
15
4
-8.8
6.6
7.8
5.4
701
312
5a
12
8.3
6.2
6.5
5
472
5b
14
6.9
8.2
6.3
N.D.
4
3.1
202
27
6a
6
6.7
7.6
8.5
4
7.2
476
64
6b
8
6.3
7.2
8.1
4
5.9
126
79
6c
12
6.9
7.1
8.2
4
3.4
157
84
6d
14
6.8
7.1
8.5
4
3.0
267
50
6e
18
6.6
7.3
8.5
4
4.4
238
97
6f
21
6.6
7.0
8.4
4
32
1399
543
6g
24
5.9
6.3
7.5
Ki determinations were generously provided by the NIMH Psychoactive Drug Screening
Program.
1
Determined by displacement of [3H] ketanserin (0.5 nM) relative to displacement by 10
µM clozapine; 2Determined by displacement of [3H] LSD (1.0 nM) relative to displacement
by 10 µM methysergide; 3Determined by displacement of [3H] mesulergine (0.5 nM)
relative to displacement by 10 µM chlorpromazine. 4Determined in two independent
assays; N.D. = Not determined; Displacement by 10 µM of methylsergide was < 50%.
N.T.= Not tested in this assay

The inclusion of the second pharmacophore in the bivalent molecules did not afford
any improvement in selectivity of the compounds for the 5-HT2AR versus the 5-HT2BR or
5-HT2CR compared to the parent compounds. However, all the M100907 analogs
maintained ~10-fold or greater affinity for the 5-HT2AR over the 5-HT2CR and >21-fold
selectivity over the 5-HT2BR. Due to the high degree of homology between these receptors,
the selectivity of 6c and 6d bivalent compounds for the 5-HT2AR was confirmed by
assessment of these ligands in a functional assay of Cai2+ release, in 5-HT2CR-expressing
cells. Similar to compound 1, compounds 6c and 6d had no effect upon 5-HT2CR-mediated
Cai2+ release evoked by 1 µM 5-HT at concentrations <10 µM (data not shown).
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The bivalent ligand with an intermediate (12-atom) linker (6c) was selected for
initial in vivo efficacy studies based upon the in vitro results described above. Previous
studies have reported that (+)-M100907 (Compound 1; 0.02-2 mg/kg) significantly
suppresses cocaine-evoked, but not spontaneous, locomotor activity (McMahon and
Cunningham, 2001; Szucs et al., 2005). Therefore, the effects of compound 6c on
spontaneous (saline) - versus cocaine-evoked locomotor activity was assessed in rats
(Figure 3.3). Locomotor activity was measured after (intraperitoneal) injection with
vehicle (1% Tween 80 with 2% ethanol in 0.9% NaCl) or bivalent ligand 6c (2 mg/kg) 30
minutes prior to saline (1 ml/kg) or cocaine (15 mg/kg) injection. Data are presented as
mean total horizontal ambulations summed for the entire 90 minute session (Figure 3.3A)
or in 5-min bins (Figure 3.3B) and mean total vertical activity counts summed for the entire
90 min session (Figure 3.3C) or in 5-min bins (Figure 3.3D). A main effect of treatment
was observed for both mean total horizontal ambulations [F(3,27) = 9.71, p<0.05; Figure
3.3A] and mean total vertical activity counts in the 90-min session [F(3,27) = 13.90, p<0.05;
Figure 3.3B]. A priori comparisons indicated that bivalent ligand 6c did not suppress
saline-evoked horizontal ambulations or vertical activity counts in the 90-min session
(p<0.05). Additionally, as expected, administration of vehicle plus cocaine (Veh + Coc)
elevated total horizontal ambulations and vertical activity counts versus vehicle plus saline
(Veh + Sal) administration for the entire 90-min session (p<0.05) which was similarly
observed at all twelve 5-min intervals (Figure 3.3B and 3.3D). A priori comparisons
showed that the bivalent ligand 6c significantly suppressed cocaine-evoked horizontal
ambulations (p<0.05; Figure 3.3A) and vertical activity counts (p<0.05; Figure 3.3C).
Thus, similar to the previously published (+)-M100907 (McMahon and Cunningham,
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2001), the bivalent ligand 6c suppressed cocaine-evoked, but not spontaneous, locomotor
activity. These data provide the first positive confirmation that a newly synthesized
homobivalent ligand displays efficacy to produce behavioral effects similar to the parent
5-HT2AR antagonist.
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Figure 3.3: 5-HT2AR antagonist homobivalent ligands suppresses cocaine-, but not
saline-evoked locomotor activity
Effects of pretreatment with the bivalent derivative 6c. Rats (n=8/group) were treated (i.p.)
with vehicle (Veh) or bivalent ligand 6c (2 mg/kg) 30 min prior to injection with saline
(Sal; 1 ml/kg) or cocaine (Coc; 15 mg/kg) immediately before the test session commenced.
Data are presented as mean (± SEM) total horizontal ambulation summed for the entire 90
min session (A) or in 5-min time bins (B) and vertical activity counts in summed for the
entire 90 min session (C) or 5-min time bins (D).
The present data indicates that the series of covalently-linked homobivalent 5HT2AR antagonist ligands based on the structure of the potent 5-HT2AR antagonist (+)M100907 (Compound 1) retain potency and efficacy in vitro and in vivo. These ligands
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maintained nanomolar affinity for the 5-HT2AR, selectivity over the 5-HT2BR and 5HT2CR, and nanomolar potency as 5-HT2AR antagonists in a cellular assay of ERK1/2
activation. Furthermore, these results suggest that tether lengths of 8-21 atoms in length
are optimal to suppress ERK1/2 activation (present studies), which is consistent with our
previous findings in the Cai2+ assay (Shashack et al., 2011). Encouragingly, we also
demonstrated that the covalently-linked homobivalent ligand with optimal spacing
suppresses cocaine-evoked behavior in vivo, reaching similar levels of efficacy as the wellcharacterized parent ligand (+)-M100907. Thus, we have generated homobivalent ligands
that retain effects consistent with 5-HT2AR antagonism both in vitro and in vivo. Future
studies are required to explore whether the addition of a second pharmacophore results in
a second binding site which could represent the active site of a second interacting receptor,
as might be expected given that the 5-HT2AR has been demonstrated to exist as a receptor
homodimer (Brea et al., 2009; Bruno et al., 2011; Iglesias et al., 2016; Teitler and Klein,
2012). Thus, these newly-designed bivalent ligands may provide useful tools to further
explore 5-HT2AR function and homodimerization in relation to human disease and
development of novel therapeutics.

MATERIALS AND METHODS
CELL LINES AND CELL CULTURE. A CHO-K1 cell line stably transfected with the 5HT2AR (5-HT2AR-CHO cells; FA4 line) was a generous gift of K. Berg and W. Clarke
(University of Texas Health Science Center at San Antonio). This line expresses
transfected h5-HT2AR in the p198-DHFR-Hygro vector containing a hygromycin
resistance gene (Berg et al., 1994a). Reverse transcription of RNA followed by a
quantitative real time PCR assay confirmed that 5-HT2AR-CHO cells expressed 5-HT2AR
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mRNA (estimated to be approximately 3-4% of the mRNA level of the housekeeping gene
cyclophilin; data not shown), but did not express either 5-HT2BR or 5-HT2CR mRNA (Berg
et al., 2001); the parental CHO-K1 cell line did not express detectable amounts of any 5HT2R mRNAs (Seitz et al., 2012). Cells were grown at 37°C, 5% CO2 and 85% relative
humidity in GlutaMax α-MEM (Invitrogen, Carlsbad CA), 5% fetal bovine serum (Atlanta
Biologicals, Atlanta GA), 100 µg/ml hygromycin (Mediatech, Manassas VA) and were
passaged when they reached 80% confluence.
LIGANDS. Serotonin (5-HT; Acros Organics, ThermoFisher Scientific, Pittsburgh,
PA) was dissolved in 1X Hank’s balanced salt solution (HBSS; Cellgro, Invitrogen) for in
vitro

studies.

The

(+)-M100907

(1)

[R-(+)-(2,3-dimethoxyphenyl)-1-[2-(4-

fluorophenylethyl)]-4-piperidine-methanol] was synthesized in the Drug Design and
Synthesis Section, National Institute on Drug Abuse (National Institutes of Health) as
described (Ullrich and Rice, 2000), and was dissolved in 1X HBSS for in vitro studies. The
(+)-M100907 (1), des-3-methyl-ketone-M100907 (4), and the monovalent and bivalent
M100907 derivative compounds (5, 6; see Fig. 1.) were synthesized as described
previously (Shashack et al., 2011) and dissolved in 1X HBSS for in vitro studies.
Compound 6c was dissolved in 1% Tween 80 + 2% ethanol in 0.9% NaCl for in vivo
studies. (-)-Cocaine (National Institute on Drug Abuse, Research Triangle Park, NC, USA)
was dissolved in 0.9% NaCl.
PLATE IMMUNOASSAY

FOR

ERK1/2 ACTIVATION. We adapted a previously

developed plate immunoassay (Bulayeva et al., 2004), to measure levels of pERK1/2
expression following ligand administration, with optimized fixation and antibody
incubation conditions for use in this cell line (Seitz et al., 2012). Cells were plated in serum-
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replete medium at 16-20K cells in 150 µl in clear-sided, clear bottom 96-well tissue culture
plates. Cells were grown for 24 hr in serum-replete medium, and then shifted overnight to
serum-free medium. The day of the experiment, cells were fed with 80 µl of serum-free
medium and returned to the incubator for 1-2 hrs, as adding medium alone caused a
measurable pERK1/2 that subsided by 1 hr (data not shown), as seen by others (Kim et al.,
2005).
Test compounds were added as 20 µl of a 5x stock concentration and plates were
incubated at 37°C for 15 min. Cells were then stimulated with 1 µM of 5-HT (25 µl of a 5
µM stock) and incubated at 37°C for 5 min. Full concentration-response curves (10-11-10-4
M) for 5-HT and each compound were performed in each experiment. Reactions were
stopped by the addition of 2% paraformaldehyde (PFA) in phosphate buffered saline (PBS,
pH 7.4). Cells were fixed for 45 min at room temperature (RT) then rinsed with PBS. Cells
were then permeabilized with ice-cold methanol to ensure antibody access to intracellular
antigens, washed with PBS and blocked for 45 min at RT with 0.1% fish gelatin (Sigma,
St. Louis MO). Cells were then incubated with a 1:500 dilution of mouse monoclonal antipERK1/2 (p44/42; Cell Signaling, Danvers MA; #9106) overnight at 4°C with gentle
shaking. Background was determined in wells incubated with no primary antibody. After
washing with PBS, biotin-conjugated secondary antibody (Vector Labs, Burlingame CA;
# BA-9200, 1:500 diluted in blocking solution) was added and incubated for 1 hr at RT.
Following washing, alkaline phosphatase (AP) complexed with avidin (Vector Labs,
#AK5000) was prepared according to the manufacturer’s directions, added to the wells and
incubated for 1 hr at RT. After washing, 50 µl of the AP substrate para-nitrophenylphosphate (pNpp; Vector Labs, #SK-5900) with levamisole (an inhibitor of endogenous
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phosphatases; Vector Labs, #SP-5000; two drops/10 ml), freshly prepared in 100 mM
sodium bicarbonate was added, and the plate was incubated at 37°C for 30 min. The
absorbance of the yellow product para-nitrophenol (pNp) was measured at 405 nm (A405).
Data were normalized to total cell mass in each well as measured by crystal violet staining
(below) and expressed as A405/A590. The pIC50 values for pERK1/2 expression were
determined using 3-parameter nonlinear regression analysis (GraphPad Prism 7.02) and
calculated from at least three independent experiments, each conducted in technical
replicates of 3-8, and are presented as the mean ± SEM.
CRYSTAL-VIOLET STAINING. Total cell mass in each well was measured by crystal
violet staining, a value proportional to cell number used to estimate cell number in each
well. Upon completion of an experiment, wells were rinsed with water, air dried and 50 µl
of crystal violet solution (0.1% in water) was added for 30 min at RT, followed by one
additional rinse. Cell-absorbed dye was extracted by the addition of 10% acetic acid (30
min, RT) and absorbance read at 590 nm (A590).
RADIOACTIVE BINDING ASSAYS. Ki determinations were generously provided by the
NIMH Psychoactive Drug Screening Program (PDSP; http://pdsp.med.unc.edu/). Briefly,
binding assays were performed using crude membrane fractions from cell lines transiently
or stably transfected with the appropriate receptor. The 5-HT2AR binding was determined
by displacement of [3H] ketanserin (0.5 nM) relative to displacement by 10 µM clozapine.
The 5-HT2BR binding was determined by displacement of [3H] LSD (1.0 nM) relative to
displacement by 10 µM methysergide. The 5-HT2CR binding was determined by
displacement of [3H] mesulergine (0.5 nM) relative to displacement by 10 µM
chlorpromazine. An initial screen measured net displacement of bound ligand by 10 µM of
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each synthetic antagonist. Ki values then were determined on all compounds that yielded
> 50% displacement by performing competitive binding curves using 11 concentrations
spanning six orders of magnitude, with triplicate determinations for each concentration.
Binding determinations were repeated for the racemic M100907 and for the bivalent
molecules and the resultant Ki values are represented as mean ± SEM.
ANIMALS. A total of 32 male Sprague-Dawley rats (Harlan, Inc., Indianapolis, IN,
USA) weighing 225-325 g at the start of the experiments were used. Rats were allowed to
acclimate for 5-7 days in a colony room at a constant temperature (21-23C) and humidity
(45-50%) on a 12 hr light-dark cycle (lights on 0700-1900 hr). Rats were housed two rats
per cage and food and water was available ad libitum. All experiments were carried out in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals (2011) and with the approval of the UTMB Institutional Animal Care and Use
Committee. All efforts were made to minimize animal suffering, to reduce the number of
animals used, and to utilize alternatives to in vivo techniques, when available.
IN VIVO BEHAVIORAL ASSESSMENT. Locomotor activity was monitored and
quantified under low light conditions using a modified open field activity system (San
Diego Instruments, San Diego, CA) according to previous publications with minor
modifications (Anastasio et al., 2013; Cunningham et al., 2013; Cunningham et al., 2011;
McMahon and Cunningham, 2001). Clear Plexiglass chambers (40 x 40 x 40 cm) were
surrounded by a 4 x 4 photobeam matrix positioned 4 cm from the chamber floor.
Consecutive photobeam breaks within the 16 x 16 cm of the activity monitor were recorded
as central ambulation. Peripheral ambulation was counted as consecutive beam breaks in
the surrounding perimeter. Central and peripheral ambulations were summed to provide a
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measure of total horizontal ambulation. Vertical activity was quantified as the sum of the
upper photobeam breaks that occurred within the activity monitor every 5 min. Rats were
acclimated to the colony room and following 1 week of handling, rats were habituated to
the activity monitors for 3 h/day for 2 days before the test day. Using a between-subjects
design, rats (n=7-8/group) received vehicle (1% Tween 80 + 2% ethanol in 0.9% NaCl, 1
ml/kg, i.p.), or compound 6c (2 mg/kg, i.p.), followed 30 minutes later by an injection of
either saline (1 ml/kg, i.p.) or cocaine (15 mg/kg, i.p) and were immediately placed in
activity monitors; locomotor activity was assessed for 90 min. Due to a misinjection, one
rat was removed from vehicle plus cocaine group for a final n=7 in that group; all other
groups were n=8.
Locomotor activity data are presented as mean total horizontal ambulation or
vertical activity (± SEM) across the session the entire 90-min session or within 5 min time
bins. The main effect of treatment on total horizontal ambulation and vertical activity were
analyzed with a one-way ANOVA using the GLM procedure (SAS for Windows).
Subsequent a priori comparisons between means for total horizontal ambulation and
vertical activity were made using the Bonferroni correction. All statistical analyses were
conducted with an experimentwise error rate of =0.05.
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Chapter 4: Discussion
This dissertation provides evidence that modulators proposed to disrupt (Chapter 2) or
stabilize (Chapter 3) PPIs within the 5-HT2 receptor family, can be developed to regulate
signaling in vitro and alter behavior in vivo. As discussed, compounds such as the ones
presented here may allow for more selective targeting of desired receptors over other highly
homologous receptors. In the case of the 5-HT2CR:PTEN complex, for example, PTEN has
not been shown to interact with the 5-HT2AR and is not expected to interact with the 5HT2BR (Anastasio et al., 2013). Thus, this new druggable interface allows for distinction
between these three highly homologous receptors which is difficult to achieve via the
orthosteric binding site. Discovery and targeting of GPCR PPIs is likely to yield many
additional targets to consider in future drug discovery efforts.
Along with the opportunity for enhanced target selectivity, GPCR PPIs may also afford
a variety of additional advantages that could positively impact drug discovery efforts. First,
PPIs may allow for tissue- or region-specific targeting of GPCRs. Second, PPIs may also
allow for induction of specific signal transduction mechanisms. Third, PPIs may allow for
modulation of other related PPIs. These three advantages, which will be further discussed
below, could overall allow for more detailed modulation of targeted GPCRs than that
afforded by receptor binding sites.

REGION AND TISSUE-SPECIFIC SELECTIVITY
An important and exciting attribute of PPIs is not only their potential for enhanced
receptor selectivity between other homologous receptors, but PPIs may also allow for
tissue- or region-specific targeting. Orthosteric ligands are designed to bind to the GPCR
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itself, and thus in whatever brain region or tissue the receptor is expressed, the orthosteric
ligand is likely to bind and regulate receptor activity, assuming that the ligand is distributed
within those regions. PPIs, on the other hand, depend on the interacting proteins being
expressed in the same cell and within compartments that allow for the interaction to occur.
This constraint could be harnessed for the development of tissue and region selective PPI
modulators.
For example, disruption of the 5-HT2CR:PTEN complex which enhances 5-HT2CR
agonist-induced signaling (Chapter 2) (Anastasio et al., 2013; Ji et al., 2006) may allow for
brain region specific targeting of the 5-HT2CR depending on the expression pattern of both
5-HT2CR and PTEN. The 5-HT2CR is highly expressed in various brain regions, including
the lateral habenula (Clemett et al., 2000; Pompeiano et al., 1994). An interesting study by
Han and colleagues implicates 5-HT2CR localized to the lateral habenula modulates
depression-like behaviors in the rat (Han et al., 2015). In this study, the authors infused the
5-HT2CR agonist Ro-600175 directly into the lateral habenula. As a result, rats displayed a
decrease in sucrose consumption in a sucrose preference test as well as increased
immobility in the forced swim test, which are rodent models of depressive-like behaviors
(Porsolt et al., 1977). Both findings were reversed by intra-lateral habenular administration
of selective 5-HT2CR antagonist SB242084, supporting the involvement of 5-HT2CR
agonism in these behaviors (Han et al., 2015). Based on these results, it could be
hypothesized that that systemic 5-HT2CR agonist administration, which is likely to activate
the 5-HT2CR localized to the lateral habenula, could lead to depressive-like symptoms in
humans, which may thus limit clinical utility of 5-HT2CR agonists. Interestingly, PTEN
expression in the lateral habenula is very low in comparison to PTEN expression in other
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brain regions (Cai et al., 2009). The differing expression patterns of 5-HT2CR and PTEN
could suggest that 5-HT2CR:PTEN interaction may be lower or, perhaps, non-existent in
the lateral habenula versus brain regions where both proteins are highly expressed (e.g.,
frontal cortex, ventral tegmental area) (Cai et al., 2009; Clemett et al., 2000; Pompeiano et
al., 1994). Thus, one could hypothesize that 5-HT2CR:PTEN complex disrupters may not
enhance 5-HT2CR signaling in the lateral habenula and, thus, not enhance 5-HT2CR agonistinduction of depressive-like behaviors. Experiments must, of course, be conducted to test
this hypothesis, but this example illustrates the important clinical implication that targeting
GPCRs in a region/tissue specific manner could provide and which could be achieved
through targeting GPCR PPIs.
Future studies should assess receptor interactomes in different tissues and compartment
as an effort to identify novel druggable targets that may allow for region specific
therapeutics. For example, proteomics could be conducted in various brain regions for
CNS-localized GPCRs, like the 5-HT2CR, and explore if different brain regions possess
differing PPIs. This information could then be used to develop PPI modulators that may
allow for the targeting of certain neurociruits over others and, as such, enhance the
therapeutic efficacy of the developed modulator, as well as increase the understanding of
the role of the targeted receptor in specific neurocircuits.

MODULATION OF SPECIFIC RECEPTOR SIGNAL TRANSDUCTION CASCADES
The GPCR PPIs may allow for modulation of specific receptor signal transduction
mechanisms, a concept known as biased signaling or functional selectivity (Kenakin and
Christopoulos, 2013; Whalen et al., 2011). Classically, GPCRs were considered to signal
solely through G protein-dependent mechanisms, but recent transformative work has
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demonstrated that other proteins, like β-arrestins (i.e., β-arrestin1 or β-arrestin2), can
mediate additional signaling pathways that is independent and distinguishable from G
protein-dependent mechanisms (Lefkowitz and Shenoy, 2005). Additionally, ligands have
been developed that can preferentially induce certain signaling pathways over others and
display overall differing effects in vitro and in vivo (Allen et al., 2011; Bruchas and
Chavkin, 2010; Gesty-Palmer et al., 2006; Lovell et al., 2015; Marti-Solano et al., 2015;
Masri et al., 2008). To understand how GPCR PPIs may modulate biased signaling, it is
important to understand the mechanisms that lead to bias which are related to the signal
transduction cascades induced by receptor activation, as described below.
In the presence of an agonist, GPCRs assume an active state and catalyze the exchange
of guanosine diphosphate for guanosine triphosphate on the Gα subunit of a G protein
which then leads to dissociation and release of the heterotrimeric subunits and activation
of G protein-dependent signaling (Ritter and Hall, 2009). The second messengers that are
subsequently activated depend on the G protein that associates with the receptor. In the
case of the 5-HT2AR and 5-HT2CR, agonist activation preferentially induces coupling of
the Gq/11 family of G proteins that results in activation of phospholipase C (PLC) which
generates intracellular second messengers inositol-1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG). IP3 interacts with the IP3 receptor leading to increased intracellular
calcium (Cai2+) release (Hannon and Hoyer, 2008; Millan et al., 2008) and DAG activates
protein kinase C (PKC) which then activates the MAP kinase cascade resulting in
phosphorylation of ERK1/2 (Werry et al., 2005). The 5-HT2AR and 5-HT2CR can also
activate phospholipase A2 (PLA2) and generate arachidonic acid (AA) through an
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(unidentified) pertussis toxin-sensitive G protein (Felder et al., 1990) as well as
phospholipase D (PLD) via G12/13 (McGrew et al., 2002; Moya et al., 2011).
Once the GPCR is in an active conformation, GPCR kinases (GRKs) and other protein
kinases (e.g., PKA and PKC) phosphorylate the receptor at serine and threonine sites which
then induces β-arrestin recruitment to the receptor (Gurevich and Gurevich, 2006).
Importantly, an active receptor conformation and receptor phosphorylation are required for
a high affinity interaction of β-arrestins with the receptor. The active receptor conformation
exposes the β-arrestin2 binding site and the receptor phosphorylation stabilizes a required
β-arrestin conformation by disrupting the polar core within the β-arrestin protein (Gurevich
and Gurevich, 2006). The β-arrestin interaction with the GPCR results in receptor
desensitization by sterically hindering the G protein binding site, thus preventing further G
protein-dependent signal transduction (Gurevich and Gurevich, 2006). β-arrestins are
scaffolding proteins that are best known for arresting G protein-dependent signaling and
leading to receptor internalization by facilitating receptor interaction with clathrin and
endocytosis machinery (DeWire et al., 2007). However, recent work has also implicated βarrestins in signal transduction by which β-arrestins serve as a scaffolding protein for
signaling cascades including the MAP kinase pathway (Kholodenko et al., 2010).
Biased signaling ensues when an agonist or allosteric modulator differentially engage
downstream signaling cascades by recruiting specific immediate effectors (e.g., G proteins
vs. β-arrestins). Depending on the immediate effectors that are recruited, differing signal
transduction patterns ensue. For example, G protein-dependent signaling pathways result
in activation of specific downstream signaling effectors and kinases (e.g., Cai++, pERK1/2)
while β-arrestin2-dependent signaling can result in a different subset of downstream
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effectors as well as different subcellular distribution of shared effectors (e.g., cytoplasmic
vs. nuclear pERK1/2). These signaling profiles can then lead to distinct overall effects of
GPCR activation (Gesty-Palmer et al., 2006). Targeting G protein- vs. β-arrestin2dependent mechanisms can allow for the selective induction of certain outcomes of
receptor activation and, therefore, reduce undesired side effects and minimize translational
barriers to therapeutic development, an hypothesis which is supported by work in various
GPCR systems (Allen et al., 2011; Bruchas and Chavkin, 2010; Gesty-Palmer et al., 2006;
Lovell et al., 2015; Marti-Solano et al., 2015; Masri et al., 2008).
A recent publication has suggested that β-arrestin2 involvement in β2-adrenergic
receptor (β2-AR) signaling may relate specifically to β-arrestin2 scaffolding of G proteinactivated pERK1/2 in specific cellular compartment, rather than β-arrestin2 mediated
signaling that is independent of the cognate G protein (O'Hayre et al., 2017). Previous work
has implicated β-arrestin2 in the phosphorylation of pERK1/2 in G protein-independent
mechanism (Lefkowitz and Shenoy, 2005), particularly for the angiotensin II receptor (Ahn
et al., 2004), and, thus, the exact role of β-arrestin2 in β2-AR signaling and other GPCR
signal transduction remains to be resolved.
The therapeutic potential of biased signaling has only recently begun to be harnessed.
Important examples of enhanced therapeutic efficacy with reduced side effect profiles of
both G protein and β-arrestin biased ligands have been demonstrated across all three classes
of GPCRs (for review) (Rankovic et al., 2016). A prominent example is the class A G
protein coupled µ-opioid receptor (µ-OR) which is an important target for the treatment of
pain and a site of action for morphine. Morphine administration in β-arrestin2 knockout
mice results in enhanced antinociceptive effects versus wild type mice while
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simultaneously produces a reduction in morphine-associated side effects (e.g., tolerance,
constipation, colonic propulsion, respiratory suppression) (Bohn et al., 2000; Bohn et al.,
1999; Raehal et al., 2005). These studies suggested that β-arrestin2-dependent mechanisms
contribute to the adverse effect of morphine and, as such, sparked an interest in the
development of G protein biased ligands that has culminated in the development of
TRV130 which is currently in clinical trials. In clinical trials, TRV130 produced greater
categorical pain relief compared to morphine and displayed no serious adverse effects,
including reduced respiratory suppression, which is the most detrimental side effect of
morphine and generally the cause of death in cases of opiate overdose (Soergel et al., 2014;
Viscusi et al., 2016).
Another important example of the therapeutic potential of biased ligands comes from
the class B G protein coupled angiotensin II receptor 1 (AT1R) which is a target for the
treatment of hypertension. Unbiased AT1R blockers (e.g., losartan) are clinically approved
for the treatment of hypertension (Burnier, 2001). However, losartan, and other AT1R
blockers, also suppress AT1R-mediated inotropy (force of contraction) which
consequently reduces cardiac output and limits the clinical utility of these medications.
Recent work has developed the β-arrestin2 biased agonist TRV027 which retained the
therapeutic benefit of losartan without significant adverse effects in humans and has
recently proceeded to phase 2b clinical studies (Violin et al., 2014).
As evidenced by these two examples, both G protein and β-arrestin biased ligands have
shown therapeutic benefit over non-biased ligands, and, thus, approaches to bias receptor
signaling are attractive avenues of investigation. However, like most GPCR drug discovery
efforts, the main focus for development of bias signaling modulators currently underway
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focuses on the orthosteric binding site (Rankovic et al., 2016). There are some examples in
which researchers are focused on allosteric receptor binding sites for the development
biased signaling modulators, but this is a newer approach (Sengmany et al., 2017). As
discussed in Chapter 1, targeting the orthosteric site can be challenging and thus alternative
approaches may have important clinical impact.
Biased signaling is induced by differential recruitment of immediate effectors (i.e., G
proteins, β-arrestins) and secondary messengers (i.e., cAMP, Cai2+, pERK1/2). Thus,
approaches that impact the recruitment of these signaling molecules may induce bias. One
approach is through the stabilization of certain receptor conformations that “open” binding
sites for certain effectors over others, which is the main concept of current bias signaling
development via orthosteric and allosteric biased ligands (Whalen et al., 2011). However,
GPCRs interact with a variety of other protein partners, some of which, as shown for the
5-HT2CR (Chapter 2) can regulate receptor signaling. It could be conceived that PPIs may
impact the differential recruitment of downstream effectors and thus modulate biased
signaling.
Biased signaling of the 5-HT2CR may be modulated by PTEN through the regulation
of receptor phosphorylation, which is one of the triggers for β-arrestin2 recruitment. Ji and
colleagues conducted phospho-band shift Western blot analyses to suggest that PTEN
dephosphorylates the 5-HT2CR in cellular models (Ji et al., 2006). Furthermore, the
dephosphorylation of 5-HT2CR is suppressed by treatment with 3L4F, suggesting that
disruption of the 5-HT2CR:PTEN complex allows the receptor to be phosphorylated (Ji et
al., 2006). Since receptor phosphorylation is one of the triggers of β-arrestin2 recruitment,
disruption of the 5-HT2CR:PTEN complex may enhance recruitment of β-arrestin2 by
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allowing the receptor to remain phosphorylated and as such may induce β-arrestin2dependent signaling. Preliminary evidence to support this hypothesized change in signal
transduction comes from the lorcaserin-saline drug discrimination experiments (Chapter
2). In these experiments, rats were trained to discriminate the interoceptive cue elicited by
the selective 5-HT2CR agonist lorcaserin from saline in a two-lever drug discrimination
model. We demonstrate that the full substitution of the training dose of lorcaserin (0.75
mg/kg) was suppressed by treatment with PLCβ inhibitor U73122, suggesting that PLCβmediated signaling is involved in the generation of the stimulus discrimination. Excitingly,
the full substitution elicited by a combination of a low dose of the training drug plus 3L4F
was not sensitive to the PLCβ inhibitor, suggesting that 3L4F may enhance the stimulus
effects of the 5-HT2CR agonists in a PLCβ-independent mechanism. While these results
alone do not imply that 3L4F induces β-arrestin2-mediated signal transduction, these
outcomes support the interpretation that disruption of the 5-HT2CR:PTEN complex may
shift signaling away from PLCβ-, and thus Gαq-dependent mechanisms and as such may
suggest that this PPI modulates biased signaling of the 5-HT2CR. Future studies should be
conducted to investigate β-arrestin2 recruitment and probe a variety of intracellular
effectors following administration of 5-HT2CR:PTEN complex disruptors to determine if
disruption of this PPI alters the signal transduction mechanisms elicited by 5-HT and
synthetic 5-HT2CR agonists. As illustrated by this example, it is likely that receptorreceptor and receptor-accessory protein interactions impact the recruitment of G proteins
and β-arrestins by regulating receptor phosphorylation states and conformations (e.g.,
through steric hindrance of intracellular loops) and may, thus, provide a new loci for the
development of biased GPCR ligands.
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REGULATION OF RELATED PPIS
A third potential advantage of targeting GPCR PPIs is the potential to influence various
receptor interaction through the stabilization or disruption of one PPI. For example,
stabilization of 5-HT2AR:5-HT2AR homodimers through the use of homobivalent ligands
or other PPI stabilizers, could alter 5-HT2AR heterodimerization with other proposed
GPCRs [i.e., mGluR2 (Gonzalez-Maeso et al., 2008); 5-HT2CR (Moutkine et al., 2017)].
The 5-HT2AR interaction with mGluR2 is suggested to be involved in the psychosis-like
behavior effect of 5-HT2AR hallucinogenic agonists in rodent models (Gonzalez-Maeso et
al., 2008; Moreno et al., 2011; Moreno et al., 2012). Additionally, the 5-HT2AR:mGluR2
interaction may be dysregulated in schizophrenic patients and may play a role in the
positive symptoms of the disorder (Moreno et al., 2012). Overall, available data on the 5HT2AR:mGluR2 interaction suggest that disrupting this interaction suppresses the
psychosis-like behaviors of 5-HT2AR agonists and, as such, may be a target in the treatment
of schizophrenia (Moreno et al., 2012).
One potential approach to disrupt the 5-HT2AR:mGluR2 interaction could be to
sequester the 5-HT2AR in homodimers, thereby reducing the available 5-HT2AR to interact
with mGluR2. Thus, PPI modulators that stabilize the 5-HT2AR:5-HT2AR homodimer may
also indirectly reduce the 5-HT2AR:mGluR2 heterodimer. It yet remains to be determined
whether disruption of 5-HT2AR:mGluR2 interaction will have clinical implications for the
treatment of schizophrenia or other disorders. However, if disruption of 5-HT2AR:mGluR2
interaction proves to be beneficial, 5-HT2AR antagonist homobivalent ligands could
provide enhanced therapeutic benefit over a single-pharmacophore 5-HT2AR antagonist by
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suppressing 5-HT2AR signaling (Chapter 3) (Shashack et al., 2011) while at the same time
potentially decreasing the 5-HT2AR:mGluR2 interaction thought to contribute to
hallucinogenic properties of 5-HT2AR agonism. As illustrated by this example, PPI
modulators could provide an approach to potentially impact associated PPIs that could be
related to outcomes of interest.
Overall, PPIs remain an under-explored attribute of GPCRs in the drug discovery arena
(George et al., 2002). As this work suggests, PPI have potential as targets for the discovery
of highly selective drugs for GPCRs that have historically been difficult to manipulate.
Although consideration of PPIs, both receptor-receptor and receptor–accessory proteins,
complicates the GPCR drug discovery field, these interesting interactions should be
considered, studied and exploited for their potential clinical implications.
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